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Evaluating the biogeochemical cycle of selenium in San Francisco Bay through modeling

Shannon L. Meseck1 and Gregory A. Cutter
Old Dominion University, Department of Ocean, Earth, and Atmospheric Sciences, Norfolk, Virginia 23529

Abstract

A biogeochemical model was developed to simulate salinity, total suspended material, phytoplankton biomass,
dissolved selenium concentrations (selenite, selenate, and organic selenide), and particulate selenium
concentrations (selenite + selenate, elemental selenium, and organic selenide) in the San Francisco Bay estuary.
Model-generated estuarine profiles of total dissolved selenium reproduced observed estuarine profiles at
a confidence interval of 91–99% for 8 different years under various environmental conditions. The model
accurately reproduced the observed dissolved speciation at confidence intervals of 81–98% for selenite, 72–91%
for selenate, and 60–96% for organic selenide. For particulate selenium, model-simulated estuarine profiles
duplicated the observed behavior of total particulate selenium (76–93%), elemental selenium (80–97%), selenite +
selenate (77–82%), and organic selenide (70–83%). Discrepancies between model simulations and the observed
data provided insights into the estuarine biogeochemical cycle of selenium that were largely unknown (e.g.,
adsorption/desorption). Forecasting simulations investigated how an increase in the discharge from the San
Joaquin River and varying refinery inputs affect total dissolved and particulate selenium within the estuary. These
model runs indicate that during high river flows the refinery signal is undetectable, but when river flow is low (70-
day residence time) total particle-associated selenium concentrations can increase to .2 mg g21. Increasing the
San Joaquin River discharge could also increase the total particle-associated selenium concentrations to
.1 mg g21. For both forecasting simulations, particle-associated selenium was predicted to be higher than current
conditions and reached levels where selenium could accumulate in the estuarine food web.

Extensive research has been done on modeling how
physical, biological, or chemical parameters in an estuary
individually affect the distribution and speciation of a trace
element (e.g., Paucot and Wollast 1997; Mwanuzi and De
Smedt 1999), but little work has been done using models to
simulate the complete biogeochemical cycle of a trace
element (i.e., coupling physical, biological, and chemical
processes). With recent advances in estuarine modeling,
more extensive simulations of biogeochemical cycles of an
element are now possible. Coupling empirical observations
with modeling enables estuarine processes to be more
completely elucidated than using either approach individ-
ually. In this respect, selenium presents some compelling
reasons for use as the ‘‘test’’ element. Human activities
(e.g., irrigation, petroleum refining, power production, and
mining), have increased the input of selenium to some
aquatic systems. This mobilization has been implicated in
elevated concentrations of selenium in waterfowl, fish, and
bivalves of some estuaries like the San Francisco Bay
(Ohlendorf et al. 1986).

Selenium exists in four oxidation states (II, 0, IV, and
VI), and in different chemical forms (i.e., organic and

inorganic) within these oxidation states. In oxygenated
marine and fresh waters, dissolved selenium is found as
selenite (Se+IV, ca. 35% of the total selenium; Measures et
al. 1980), selenate (Se+VI), and organic selenides (Se-II),
with some of the organic species as selenium-containing
amino acids and peptides (Cutter and Bruland 1984) and
methylated forms (Cooke and Bruland 1987). Significantly,
the biotic uptake and toxicity of dissolved selenium
depends not only on its concentration, but also on its
chemical speciation (Riedel et al. 1996). Thus, any
modeling efforts with selenium must include the capability
for accurate speciation predictions.

The biogeochemical cycle of dissolved selenium in
estuarine waters (Takayanagi and Cossa 1985; Cutter
1989; Cutter and Cutter 2004) and sediments (Belzile and
Lebel 1988; Velinsky and Cutter 1991) and its bioavail-
ability in the food web (Doblin et al. 1999) have all been
examined. The biogeochemical cycle of dissolved selenium
in an estuary (Fig. 1) includes inputs via rivers, anthropo-
genic sources, and exchange with the open ocean.
Advection and diffusion move selenium through the
estuary, while internal transformations occur through
biotic and abiotic reactions during transport. The trans-
formation reactions (biotic and abiotic) include the
oxidation of dissolved organic selenide to selenite and
selenite to selenate. Biotic reactions affecting selenium in an
estuary include dissolved selenite, selenate, and organic
selenide uptake by phytoplankton, and incorporation into
various biochemical components (Fig. 1).

The sources of particulate selenium to an estuary are
particles from rivers (biogenic and mineral detritus),
biogenic particles produced in the water column (phyto-
plankton detritus), and sediment resuspension. Suspended
particulate organic selenide can undergo remineralization
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to dissolved organic selenide or it can sink and become part
of the sedimentary record (Fig. 1). In sediments, particulate
selenium can undergo a variety of oxidation-reduction
reactions that may cause selenium to become mobile or
permanently buried (Velinsky and Cutter 1991). For
example, particulate selenium in the bed of an estuary
can undergo regeneration to dissolved organic selenide. In
this way, sediments can become a source of dissolved
selenium to the estuary via pore-water exchange with the
overlying water. A biogeochemical model of selenium needs
to include all of the processes in Fig. 1, including physical
forcing (tidal and riverine transport, resuspension) that
moves it through an estuary. Such a model can be used to
test or evaluate the understanding of this complex cycle
(e.g., the relative importance of phytoplankton versus
sediment resuspension in controlling suspended particulate
selenium).

Selenium concentrations in the particulate (Doblin et al.
2006), dissolved (Cutter 1989; Cutter and Cutter 2004), and
sedimentary phases (Meseck and Cutter unpubl. data) have
been determined in the San Francisco Bay estuary. These
studies were conducted during a 16-year time period and
provide data that were used to construct a biogeochemical
model of selenium in the estuary based on Fig. 1. This
article describes the model and its performance with past
and present-day data (so-called ‘‘validation’’) and then
presents future simulations of dissolved and particulate
selenium in the San Francisco Bay under altered conditions
of river flows and industrial inputs.

Methods

Study area—The San Francisco Bay is divided into what
is known as the Northern Reach and the South Bay. The
Northern Reach includes Central Bay, San Pablo Bay, and
Suisun Bay (Fig. 2) and is the focus of this modeling effort;
the South Bay will not be discussed further. Seawater enters
the bay through the Golden Gate and proceeds into the
Northern Reach, whereas freshwater from the Sacramento
River and the San Joaquin River enters the bay through
a complex series of channels, embayments, and marshes
known as the ‘‘Delta.’’ The Northern Reach has many
features in common with other estuaries, namely, short
residence time, strong tidal influences, a well to partially
mixed water column, and natural and anthropogenic inputs
of nutrients and trace elements. Freshwater residence times
in the San Francisco Bay range from about 1 week during
a high flow period to 3–5 weeks during low flow periods
(Cutter 1989).

Model description—The Center for Coastal and Marine
Sciences at the Plymouth Marine Laboratory, United
Kingdom, developed the biogeochemical model ECoS 3,
which can simulate biological productivity, total suspended
material, salinity, nutrients, and trace metal behavior in the
Tamar estuary. It is commercially available, and therefore
only modifications made to the model to simulate the
biogeochemical cycle of selenium in the San Francisco Bay
(Fig. 1) are discussed. However, Web Appendix 1 (http://

Fig. 1. Conceptual diagram of selenium’s biogeochemical cycle in the San Francisco Bay
estuary, with the major chemical speciation of particulate selenium in primary producers and
consumer organisms indicated in brackets. Arrows represent fluxes or transformations; p is
particulate, and d is dissolved.
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www.aslo.org/lo/toc/vol_51/issue_5/2018a1.pdf) has more
thorough descriptions of the model and its parameters.

Modeling morphology and hydrology—The San Fran-
cisco Bay estuary was modeled as a multibox (33 boxes,
each 3.3 km in length), one-dimensional estuary such that
for any solute, s,

Ls
Lt

~ u
Ls
Lx

{
L
Lx

Kx
Ls
Lx

� �
{ C ð1Þ

where t is time, u is the tidal velocity, x is the axis of the
estuary, Kx is the coefficient of longitudinal eddy diffusion,
and C are other processes/reactions (e.g., biological uptake)
that may affect the transport of a constituent (e.g.,
selenium) and are discussed following. Further information
on how the model calculates the movement of a solute from
one box to the next is provided in Web Appendix 1.

ECoS 3 has mathematical equations to define the shape
of an estuary and its tidal movements (Harris and Gorely
1998), and because these equations were not modified (only
the parameters were adjusted for the San Francisco Bay),
further discussion on how the model defined the bathym-
etry and tidal components are given in Web Appendix 1.

Although there are two major river inputs, approximately
98% of the flow from the San Joaquin River is diverted
for irrigation practices, with the lower part of the river
dependent on freshwater from agricultural drainage (Press-
er and Piper 1998). During most of the year, the San
Joaquin discharge rate is low, with little or no water
entering the estuary. Thus, the Sacramento River largely
defined the riverine input of selenium into the Northern
Reach and was the single freshwater end member (input) of
the model.

However, the elevated dissolved selenium concentrations
in the San Joaquin River (Cutter and San Diego-McGlone
1990; Cutter and Cutter 2004) can be an important input of
selenium to the estuary when it does flow into the bay.
Therefore, the San Joaquin River was treated as a point
source (to a specific box) with variable flows over time.
Discharge rates for both the Sacramento and San Joaquin
rivers were obtained from the Interagency Ecological
Program (http://iep.water.ca.gov/dayflow/).

Phytoplankton dynamics—Modeling phytoplankton bio-
mass is difficult because of seasonal variations in commu-
nity composition and productivity within an estuary but is
needed since the biogeochemical cycle of dissolved and

Fig. 2. The San Francisco Bay estuary, with the model domain being from the Golden Gate
(between Central Bay and the Pacific Ocean) to Rio Vista on the Sacramento River. Refinery
discharges into San Francisco Bay: (Fig. 2 The San Francisco Bay and Sacramento -San Joaquin
Delta and the location of six major refineries. A) Chevron USA, Richmond Refinery; (B) Pacific
Refining, Hercules; (C) Unocal, Rodeo; (D) Shell Oil, Martinez; (E) Tosco Refining, Martinez;
and (F) Exxon USA, Benicia.
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particulate selenium (Fig. 1) is influenced by biological
uptake. In a well mixed estuary, phytoplankton biomass is
modeled as

LB
Lt

~ { U
LB
Lx

z Kx
L2B
Lx2

z mnB { GB

{ PbB {
L
Lz

wsBð Þ{ RB z Briver

ð2Þ

where U is the water velocity (m d21), B is the phyto-
plankton biomass (g chlorophyll a [Chl a] L21), Kx is the
dispersion coefficient along the axis of the estuary
(m2 d21), mn is the net biomass-specific growth rate (d21),
G (d21) is loss rate attributed to zooplankton grazing, Pb

(d21) is a loss caused by benthic grazing, z is the depth
(m), ws is the sinking rate (m d21), R (d21) is nonspecific
natural mortality of phytoplankton caused by anything
other than grazing (i.e., respiration), and Briver is the
riverine input of phytoplankton (g Chl a L21 d21). Sinking
of phytoplankton tends to be small (0.5–0.9 m d21) and
was set to a constant value based on literature values
for the San Francisco Bay (Lucas et al. 1998). Mortality
caused by respiration can be up to 10% of the maximum
rate of photosynthesis at optimal light intensity (Pm) and
was held at 10% of Pm in this model (Cole and Cloern
1984).

The net biomass-specific growth rate, mn in Eq. 2, is
calculated as

mn ~
P

C : Chl
ð3Þ

where P is the biomass-specific rate of photosynthesis (mg
C mg Chl a21 d21), and C : Chl is the carbon to Chl a ratio
(51 mg C mg Chl a21; Cloern and Alpine 1991) for the bay.
The biomass-specific rate of photosynthesis, P, in the San
Francisco Bay estuary is light-limited (Cole and Cloern
1984), and thus is determined from the photosynthesis-
irradiance equation of Platt and Jassby (1976). However,
an accurate simulation of the suspended particulate matter
is required to accurately reproduce the in situ irradiance.
Total suspended material (TSM) in the water column was
defined in ECoS 3 (Harris and Gorley 1998), and the
settling and resuspension rates were adjusted to those
found in the San Francisco Bay. Further details of the
parameters used for simulating TSM in the San Francisco
Bay are given in Web Appendix 1.

Grazing in the San Francisco Bay includes zooplankton
and benthic grazing. The specific loss of phytoplankton per
day by zooplankton grazing (G in Eq. 2) is simulated from
Cloern et al. (1985). Benthic grazing of phytoplankton (Pb

in Eq. 2) changed largely with the introduction of the
invasive clam Potamocorbula amurensis (Werner and
Hollibaugh 1993). Before the introduction of P. amurensis,
the main control on phytoplankton populations was
zooplankton grazing, but the introduction of P. amurensis
potentially increased phytoplankton grazing rates to values
greater than specific growth rates of phytoplankton
(Werner and Hollibaugh 1993). Data for the Northern
Reach indicate that the largest number of benthic grazers
are located in Suisun Bay (Thompson 2000); therefore,

benthic grazing rates were increased from 0.04 d21 to
0.05 d21 (25%) for Suisun Bay.

Dissolved selenium—Results from Cutter and Cutter
(2004) were used to parameterize dissolved selenium inputs
from the Sacramento and San Joaquin. However, data for
the San Joaquin River were taken at Vernalis (Cutter and
Cutter 2004), which is approximately 60 km from where the
San Joaquin River enters the Delta. Samples taken in the
Delta in 1998 and 2000 (Cutter unpubl. data) indicate that
the concentration of selenium may be reduced by 60–80%
as it is being transported from Vernalis through the Delta
and into the estuary at Antioch (Fig. 2). Based on this
information, a removal constant of 60%, henceforth
referred to as the ‘‘Delta removal constant,’’ was applied
to the input of selenium from the San Joaquin River.

The refineries along the San Francisco Bay have been
a major source of selenium input (Cutter and San Diego-
McGlone 1990). The concentration and speciation of
selenium from the refineries has varied significantly during
the last 10 years (Cutter and Cutter 2004). Refinery inputs
of dissolved selenium were treated as point sources in the
model, with inputs corresponding to each refinery location
identified in Fig. 2. Total selenium output fluxes were
obtained from each refinery for the years of interests (San
Francisco Bay Regional Water Quality Control Board pers.
comm.). Cutter and Cutter (2004) and Cutter and San
Diego-McGlone (1990) determined the speciation of
selenium from the refinery output, and their data were
used in the model.

The in situ processes, C, for modeling dissolved selenium
in the bay include production and removal terms (Fig. 1).
These processes for selenite, selenate, and organic selenide
are described in the model as

LDSe IVð Þ
Lt

~ k3 DSe IVð Þ½ �{ k5 DSe VIð Þ½ � ð4Þ

LDSe IVð Þ
Lt

~ k2 DSe {IIð Þ½ �{ k3 DSe IVð Þ½ �

{ k4 DSe IVð Þ½ �
ð5Þ

LDSe {IIð Þ
Lt

~ k1 PSe {IIð Þ½ �{ k2 DSe {IIð Þ½ �

{ k6 DSe {IIð Þ½ �
ð6Þ

Previously determined rate constants (Cutter and Bruland
1984; Cutter 1992) were used for k1, k2, and k3. The rate
constants k4, k5, and k6 are controlled by phytoplankton
(Fig. 1). Typically, Michaelis–Menton uptake kinetics
would be used, but few are available for selenium.
However, the data that are available (e.g., Vandermeulen
and Foda 1988; Riedel et al. 1996) suggest that for the
selenium concentrations in the bay, uptake would be in the
linear region and thus can be modeled as first-order
reactions (see Web Appendix 1). There are many factors
affecting dissolved uptake rates, such as the species of
phytoplankton that are actually present, but the best
available constants were selected for this model. The model
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sensitivity to these rate constant values is described in Web
Appendix 2 (http://www.aslo.org/lo/toc/vol_51/issue_5/
2018a2.pdf). For selenite (k4) and selenate (k5) the first-
order uptake rate constants from Riedel et al. (1996) were
used, since the bay can be dominated by freshwater diatoms
in the upper reaches (Lehman 2000). For organic selenide,
Baines et al. (2001) found that organic selenide uptake is
about half the rate of selenite uptake using phytoplankton
species found in the San Francisco Bay. Based on this, the
uptake rate constant for organic selenide (k6) was set at half
of the selenite value.

Pore-water exchange can be a significant source or sink
of dissolved selenium to the estuary. Pore-water exchange is
modeled as

LSeporewater
Lt

~ A | JSe ð7Þ

where A is the area (m2) of the sediment, and JSe is the
diffusive flux (nmol m22 yr21). Diffusive fluxes were
calculated based on the overlying water selenium concen-
tration (model-generated) and measured pore-water con-
centrations that vary little with season (Meseck and Cutter
unpubl. data).

Particulate selenium—Modeling particulate selenium in
the bay requires the ability to model the transport of
suspended sediments within the water column as described
previously. Particulate selenium in the water column is
derived from sediment resuspension, sediment loads from
the Sacramento River, and in situ production (e.g.,
phytoplankton uptake of selenium). This can be expressed
as:

LPSe
Lt

~ SeSED
LBEPS

Lt
z Seriver

LPSM
Lt

{ C ð8Þ

where PSe is the particulate selenium concentration
(nmol L21), SeSED is the selenium concentration in the
uppermost sediment that can be resuspended (nmol g21;
Meseck and Cutter unpubl. data), BEPS is the load of
resuspended sediment (g L21 generated in the model
through tidal movement and river flows), Seriver is the
concentration of selenium in riverine particles (nmol g21;
Doblin et al. 2006), PSM is permanently suspended
material in the river (g L21), and C is all the in situ
reactions/processes, which will be defined below for each
species of particulate selenium.

With respect to the speciation of particulate selenium
and in situ processes, elemental selenium is primarily
generated by dissimilatory selenite + selenate reduction
(Oremland et al. 1989; Cutter 1992). Since the water
column of San Francisco Bay is oxic, the presence of
particulate elemental selenium in total suspended material
can be attributed to either sediment resuspension or
riverine particulate inputs (i.e., C 5 0). For particulate
selenite + selenate, besides sediment inputs, in situ
adsorption/desorption processes can affect this concentra-
tion in the water column. The in situ adsorption/desorption
of selenite + selenate was modeled by the distribution
coefficient Kd 5 a9/b, where a9 is the intrinsic adsorption

rate constant (L g21 d21), and b is the rate constant (d21)
of desorption (Nyffeler et al. 1984). The value of Kd was
obtained from Zhang and Moore (1996), and values of a9
were obtained from Nyffeler et al. (1984). The rate constant
b was obtained by rearranging the Kd equation to b 5 a9/
Kd. Similarly, sediment inputs and in situ processes control
the concentration of particulate organic selenide. Once
phytoplankton take up dissolved selenium, it is converted
into particulate organic selenide as controlled by k4, k5, and
k6 (Eqs. 4–6).

Results

Model validation—Sensitivity analyses of the model are
discussed in Web Appendix 2, and only the validation
results are presented here to illustrate its performance.
Three statistical tests were used to determine the ability of
the model to reproduce observed behaviors of the various
modeled parameters. They included the linear correlation
coefficient, the mean cumulative error (M, the bias of the
model), and the confidence interval (CI). For the linear
correlation coefficient, the 95% CI was used (p , 0.05). The
mean cumulative error indicates if the model was under-
predicting relative to the observed values (a negative value)
or overpredicting (a positive sign). The confidence interval
is not affected by outliers or data variation because it
measures the absolute difference between the predicted
concentrations of the model and the actual data and is
probably one of the better measures of model performance
(Perrin et al. 2001).

Estuarine profiles of salinity, phytoplankton biomass,
total suspended material, and dissolved and particulate
selenium from 1986 and 1998 were used for validation
(1999 data were used for calibration) because they represent
extremes in several parameters, including river discharge
and an increase in benthic grazing from the invasive clam
P. amurensis. Furthermore, these years represent periods of
low (38 mol Se d21, 1998) and high (99 mol Se d21, 1986)
refinery discharge of total dissolved selenium, and the
speciation in their effluents changed from primarily selenite
in 1986 to selenate in 1998 (Cutter and San Diego-
McGlone 1990; Cutter and Cutter 2004). The 1986 and
1998 data sets also have data available during high flow
months (April 1986, June 1998) and low flow months
(September 1986, October 1998), providing a variety of
conditions within the estuary to validate the model.

Salinity, TSM, and phytoplankton—The model must be
able to simulate the physical transport in an estuary (i.e.,
salinity), phytoplankton growth, and TSM, because these
are critical parts of the biogeochemical cycle of selenium
(Fig. 1). The model was able to reproduce the observed
salinity profiles at r values .0.95 (Table 1) for the observed
salinities in 1986 and 1998 (Fig. 3). More specifically, the
model underpredicted salinity (20.07) for 23 April 1986
and overpredicted it for 23 September 1986, 12 June 1998,
and 12 October 1998 (Table 1). The confidence intervals of
the model to simulate salinities ranged from 80% to 97%
(Table 1). Overall, Fig. 3 and the r, CI, and M results show
that the model was able to accurately reproduce the salinity
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profiles for the various conditions in 1986 and 1998. As
a result, all remaining figures were plotted against salinity
so that removal/production processes can be observed (e.g.,
as in Cutter and Cutter 2004).

Particulate selenium profiles in the estuary are affected
by processes controlling total suspended material, making
it essential that the model reproduce the estuarine profiles
of TSM. Model-generated simulations show maxima in the
upper reaches of the estuary that agree with the observed
data in 1986 and 1998 (Fig. 3), and the high linear
correlation coefficients, high CI, and low M (Table 1)
indicate that the model validation for TSM was fully
acceptable. Nevertheless, it should be noted that the model
does not simulate wind mixing, so these events will not be
included in the simulations (but also do not appear to be
important for these validation periods as the model
captures most of the observed behaviors).

The uptake of dissolved selenium and the production of
particulate organic selenide are largely a function of
phytoplankton biomass, and therefore accurate model
reproductions of the observed phytoplankton distributions
are required. Model simulations of phytoplankton biomass
were similar to the observed data for 1986 and 1998
(Fig. 3), although the model did overpredict phytoplankton
biomass in both years (from 0.41 mg Chl a L21 to 0.97 mg
Chl a L21; Table 1). The linear correlation was significant
(p , 0.05) for all the months simulated except for 12 June
1998 (Table 1). Model-generated phytoplankton biomass
in June was overpredicted for the entire estuary, and
sensitivity analyses of the model (Web Appendix 2) indicate
that phytoplankton biomass was largely controlled by
grazing. Therefore, it is possible that for June 1998, grazing
of phytoplankton biomass was slightly underestimated.
However, even though the linear correlation was not
significant, the model was still able to predict 75% of the
observed data (Table 1). Other than this month, the
simulation results show that the model is accurately
predicting phytoplankton biomass (Table 1). Significantly,
the validation periods included an extreme change in
benthic grazing rates, and the model confirmed the
empirical observations of lowered phytoplankton biomass

in the estuary because of this change (Cloern and Alpine
1991).

Dissolved selenium, high flow months—For 1986, high
flow samples were taken in April, whereas in 1998 they
were taken in June. Total dissolved selenium in the estuary
displayed conservative mixing behavior in April 1986
(Fig. 4A) and appears nonconservative in June 1998
(Fig. 4B). Model simulations reproduced the conservative
and nonconservative behavior of total dissolved selenium
for both months (r, CI, and M in Table 2).

Selenite concentrations in the estuary ranged from
0.2 nmol L21 to 0.6 nmol L21 and showed nonconserva-
tive behavior (Fig. 4C,D) that the model was able to
reproduce for both months. On 23 April 1986, the
confidence of the model was 95%, it slightly underpredicted
selenite (20.02 nmol L21), and the correlation coefficient
was significant (r 5 0.902). For 12 June 1998, the
correlation coefficient was not significant (r 5 0.435), but
the confidence interval was 99% and the mean cumulative
error was 0.00 nmol L21, indicating that there was an
excellent fit between the observed and modeled concentra-
tions (Table 2).

Observed selenate concentrations varied from 1.0 nmol
L21 to a maximum of 2.0 nmol L21 (Fig. 4E,F), with
selenate displaying nonconservative behavior in April 1986
(Fig. 4E) and conservative in June 1998 (Fig. 4F). Simu-
lated estuarine profiles reproduced these behaviors, with
a 76% confidence on April 1986 and a 75% confidence in
June 1998 (Table 2). The linear correlation coefficient was
significant for April (r 5 0.832) and June (r 5 0.574), with
a cumulative error of 20.25 nmol L21 for 23 April 1986
and +0.38 nmol L21 for 12 June 1998 (Table 2).

Dissolved organic selenide concentrations varied from
nondetectable to approximately 2.0 nmol L21 for the
months examined and displayed nonconservative behavior
in the estuary (Fig. 4G,H). The correlation coefficient for
23 April 1986 was not significant (r 5 0.319), but the high
confidence interval (92%) and low mean cumulative error
(20.05 nmol L21; Table 2) indicate that the model was
able to reproduce the observed dissolved organic selenide

Table 1. Summary of validation results for various years for salinity, phytoplankton biomass, and total suspended material. The
table gives the linear correlation (r), mean cumulative error (M), and confidence interval (CI) between the observed data and
model simulations.*

Salinity Phytoplankton TSM

Year r M{ CI (%) r M{ (mg Chl a L21) CI (%) r M{ (mg L21) CI (%)

23 Apr 1986 0.966{ 20.07 92 0.789{ +0.97 84 0.678{ +2.8 93
23 Sep 1986 0.995{ +0.06 95 0.635{ +0.71 79 0.626{ 23.5 86
08 Oct 1987 0.979{ 20.08 96 NA NA NA NA NA NA
15 Mar 1988 0.952{ 20.27 80 NA NA NA NA NA NA
11 May 1988 0.979{ +0.35 97 NA NA NA NA NA NA
06 Nov 1997 0.984{ 20.83 86 0.469{ 20.24 81 0.589{ +1.1 96
12 Jun 1998 0.974{ +0.13 80 0.207 +0.65 75 0.527{ +8.3 74
12 Oct 1998 0.960{ +0.08 86 0.561{ +0.41 78 0.879{ 21.3 96

* NA, data not available.
{ 2, model was underpredicting relative to the observed; +, model was overpredicting.
{ Linear correlation was significant at p , 0.05.
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profile. For the high flow month of 12 June 1998, the model
was able to predict 80% of the dissolved organic selenide in
the estuary (Table 2).

Dissolved selenium, low flow months—Samples taken on
23 September 1986 and 12 October 1998 for dissolved
selenium represent the low river flow months in the San
Francisco Bay. Observed total dissolved selenium during
these periods displayed nonconservative behavior within
the estuary, although the concentration in 1986 reached
a maximum of 4 nmol L21, whereas in 1998 the maximum
was only 2.0 nmol L21. Model simulations were able to
reproduce these nonconservative behaviors (Fig. 5A,B) for
both years (r, CI, and M values in Table 2).

Selenite concentrations on 23 September 1986 reached
a mid-estuary maximum of 1 nmol L21 (Fig. 5C), whereas
on 12 October 1998 the mid-estuary maximum was only
0.5 nmol L21 (Fig. 5D) because of decreased selenite fluxes
from refineries (Cutter and Cutter 2004). For September
1986 the model underpredicted selenite (20.13 nmol L21),
but the correlation coefficient was significant (r 5 0.946) and
was able to reproduce 85% of the observed data (Table 2).
The fit for October 1998 was just as good, with a confidence
of 81%, a mean cumulative error of 20.06 nmol L21, and
a significant correlation coefficient (r 5 0.688).

Estuarine concentrations in 1986 and 1998 for selenate
were similar and ranged from 0.2 nmol L21 to 1.2 nmol L21

(Fig. 5E,F). The correlation coefficient for 23 September
1986 was not significant (r 5 0.296), but the model
reproduced the observed estuarine profile of selenate at
a confidence interval of 91% and slightly underpredicted
selenate (20.06 nmol L21; Table 2). For 12 October 1998,
the correlation coefficient was significant (r 5 0.589), and
although the model underpredicted selenate (20.19 nmol
L21), it was still able to simulate 77% of the observed
selenate behavior (Table 2).

The estuarine profiles for organic selenide in the low
flow months display nonconservative profiles within the
estuary (Fig. 5G,H). Model simulations of organic
selenide reproduced the observed estuarine profiles at
a 96% confidence interval in 23 September 1986 and
63% in October 1998 (Table 2). For both years the
linear correlations were significant, but for the 23
September 1986 simulation the model slightly under-
predicted organic selenide (20.02 nmol L21) and overpre-
dicted organic selenide on 12 October 1998 (+0.13 nmol
L21; Table 2).

Table 2 summarizes the r, CI, and M values for all the
dissolved selenium data that were available for validating
the model. The confidence interval of the model varied

Fig. 3. Estuarine profiles of model-generated and observed salinity, TSM, and phytoplankton biomass (as Chl a) for 1986 and 1998
in the San Francisco Bay.
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from a low of 60% to a high of 99% of the observed
behavior (Table 2). Furthermore, most of the correlation
coefficients were significant, and for those that were not,
there was usually a low mean cumulative error (e.g.,
0.00 nmol L21 for selenite on 12 June 1998) and a high
model confidence interval (Table 2). Overall, the model
performance for simulating the behavior of dissolved
selenium under extremely variable environmental condi-
tions is very good.

Particulate selenium—For both high (12 June 1998) and
low flows (12 October 1998), total particulate selenium
concentrations ranged from 0.1 nmol L21 to 0.3 nmol L21

(Fig. 6A,B), with higher concentrations located near the
maxima of total suspended material (Fig. 3). Model-

derived total particulate selenium concentrations repro-
duced the observed upper estuarine maxima (Fig. 6A,B)
for both years (r, CI, and M results in Table 3).

Unlike dissolved selenium, speciation data for particu-
late selenium for high and low flow months were only
available in 1998 (Doblin et al. 2006). There was
little variation in the estuarine profiles of particulate
selenite + selenate (Fig. 6C,D) for both June and October,
with the concentrations ranging from nondetectable to

Fig. 4. High flow model-generated (A) total dissolved
selenium, (C) selenite, (E) selenate, and (G) organic selenide and
observed data for 23 April 1986 and (B) total dissolved selenium,
(D) selenite, (F) selenate, and (H) organic selenide and observed
data for 12 June 1998.

Table 2. Model validation results for dissolved selenium and
its speciation in the San Francisco Bay. The linear correlation (r),
mean cumulative error (M), and confidence interval (CI) between
the observed data and model simulations are given.

Year r M* (nmol L21) CI (%)

23 Apr 1986

Total selenium 0.791{ 20.18 91
Selenite 0.902{ 20.02 95
Selenate 0.832{ 20.25 76
Organic selenide 0.319 20.05 92

23 Sep 1986

Total selenium 0.882{ 20.16 92
Selenite 0.946{ 20.13 85
Selenate 0.296 20.06 91
Organic selenide 0.576{ 20.02 96

08 Oct 1987

Total selenium 0.568{ 20.12 96
Selenite 0.543{ +0.06 95
Selenate 0.561{ 20.35 72
Organic selenide 0.111 +0.01 98

15 Mar 1988

Total selenium 0.991{ +0.03 99
Selenite 0.890{ +0.01 98
Selenate 0.497{ 20.10 90
Organic Selenide 0.625 +0.09 80

11 May 1988

Total selenium 0.589{ +0.06 97
Selenite 0.807{ 20.11 89
Selenate 0.197 20.13 87
Organic Selenide 0.110 +0.11 76

06 Nov 1997

Total selenium 0.550{ 20.22 91
Selenite 0.551{ 20.08 87
Selenate 0.622{ 20.48 63
Organic selenide 0.525{ +0.25 60

12 Jun 1998

Total selenium 0.445 +0.06 96
Selenite 0.435 0.00 99
Selenate 0.574{ +0.38 75
Organic selenide 0.532 +0.03 80

12 Oct 1998

Total selenium 0.613{ 20.11 93
Selenite 0.688{ 20.06 81
Selenate 0.589{ 20.19 77
Organic selenide 0.607{ +0.13 63

* 2, model underpredicted; +, the model overpredicted.
{ Linear correlation is significant at p , 0.05.
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0.15 nmol L21. Simulated particulate selenite + selenate
concentrations are within the errors of the observed data
(Fig. 6C,D). The linear correlations were insignificant for
June and October 1998 simulations; however, the confi-
dence interval in June 1998 was 80% and 77% in October
1998, and the model slightly overpredicted particulate
selenite + selenate in October (+0.01 nmol L21), and
slightly underpredicted the concentrations in June
(20.02 nmol L21; Table 3). Differences between the ob-
served and simulated data may be caused by difficulties in
quantifying adsorption/desorption in the model. For
example, absorption/desorption studies of selenite + sele-
nate were done in freshwater (Zhang and Moore 1996) and
may not be applicable to an estuarine environment.

Sensitivity analyses of adsorption/desorption process in-
dicate that adsorption/desorption coefficients may signifi-
cantly affect predictions of estuarine particulate selenite +
selenate (Web Appendix 2). Further studies of the
adsorption/desorption of selenite + selenate on estuarine
particles are certainly needed.

Observed particulate elemental selenium concentrations
ranged from nondetectable to 0.25 nmol L21 (Fig. 6E,F),
with higher concentrations located in the upper estuary.
Model-derived concentrations of elemental selenium pro-
duced an estuarine distribution similar to the observed data
for both June 1998 and October 1998 (Fig. 6E,F, re-
spectively). The linear correlation for both months was not
significant, but the confidence interval was 80% in June and
98% in October (Table 3). The model slightly overpredicted
elemental selenium in June (0.01 nmol L21), but agreed
perfectly for October (0.00 nmol L21; Table 3).

Doblin et al. (2006) found that in October 1998 there was
a mid-estuary maximum of particulate organic selenide
(Fig. 6H), whereas in June most of the observed concen-
trations were below the detection limits (Fig. 6G). As with
dissolved organic selenide, particulate organic selenide is

Fig. 5. Low flow model-generated (A) total dissolved seleni-
um, (C) selenite, (E) selenate, and (G) organic selenide and
observed data for 23 September 1986 and (B) total dissolved
selenium, (D) selenite, (F) selenate, and (H) organic selenide and
observed data for 12 October 1998.

Fig. 6. Model-generated (A) total particulate selenium, (C)
selenite, (E) selenate, and (G) organic selenide and observed data
for 12 June 1998 and model-generated (B) total particulate
selenium, (D) selenite, (F) selenate, and (H) organic selenide and
observed data for 12 October 1998.
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determined by difference [SPartSe – Se(0) – Se(IV + VI)]
and often results in larger error bars in the observed data
(Fig. 6G,H). Model simulations were able to reproduce the
observed behavior by 70% in June 1998 and 77% in
October 1998 (Table 3). For all simulations of particulate
organic selenide, the model underpredicted the amount of
organic selenide relative to the observed data (Table 3).
Sensitivity analyses (Web Appendix 2) showed that
phytoplankton uptake constants (k4, k5, k6) are important
variables for simulating particulate organic selenide, but as
noted above, are poorly constrained for phytoplankton in
the San Francisco Bay (uptake may be even higher than
that used in the model). By improving these rate constants,
the ability to predict particulate organic selenide should
improve, although with the currently available data the
model can simulate at least 70% of the observed behavior.

Overall, the model reproduced the majority of selenium’s
estuarine behavior under extreme changes in river and
refinery inputs and in the ecosystem structure (changing
from pelagic- to benthic-dominated grazing). However, it
also provides insights into the biogeochemical cycle of
selenium in the San Francisco Bay estuary that were not
readily apparent or studied. On a simplistic level, dis-
crepancies between model simulations and observed data
are the result of either the model not including important
processes or the observations being insufficient (e.g.,
sampling density or timing) to reveal other processes. An
excellent example of a model-derived insight is the

Table 3. Model validation of particulate selenium and its
speciation for San Francisco Bay. The linear correlation (r), mean
cumulative error (M), and confidence interval (CI) between the
observed data and model simulations are given.

r M* (nmol L21) CI (%)

23 Apr 1986

Total selenium 0.742{ +0.01 93

23 Sep 1986

Total selenium 0.778{ +0.03 84

06 Nov 1997

Total selenium 0.439{ +0.02 85
Selenite + selenate 0.683{ 20.01 82
Elemental 20.261 20.01 87
Organic selenide 20.115 20.01 83

12 Jun 1998

Total selenium 0.425{ +0.03 76
Selenite + selenate 0.185 20.02 80
Elemental 20.288 +0.01 80
Organic selenide 0.211 20.02 70

12 Oct 1998

Total selenium 0.623{ 20.03 78
Selenite + selenate 0.152 +0.01 77
Elemental 0.124 0.00 98
Organic selenide 0.446{ 20.01 77

* 2, model underpredicted relative to the observed; +, the model
overpredicted.

{ Linear correlation is significant at p , 0.05.

Fig. 7. (A) Model predictions for total dissolved selenium
during a high flow month and (B) a low flow month and (C) total
particulate selenium for a low flow month and (D) a high flow
month in the San Francisco Bay under varying flows from the San
Joaquin River. The ‘‘normal year’’ simulation used the Vernalis
flow minus Delta withdrawals and imposed a Delta removal
constant of 60% for all selenium inputs. ‘‘Vernalis flow, no Delta
removal constant’’ simulations used the full flow at Vernalis
without any withdrawals and no 60% selenium removal. ‘‘Vernalis
flow, with Delta removal constant’’ simulations used the full flow
at Vernalis without any withdrawals, but used the 60% selenium
removal constant in the Delta.
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importance of selenite and selenite adsorption/desorption
onto particles. Without adsorption/desorption in the
model, particulate selenite + selenate were underpredicted,
and a 25% variation in the adsorption/desorption constant
resulted in a 50% change in the particulate selenite +
selenate within the estuary during low flow months.
Relevant adsorption constants are not available for
selenium in an estuarine environment, and the results of
the model argue that they should be obtained. Another
powerful use of such a model is assessing the relative
importance of processes or inputs. For the San Francisco
Bay the sources of suspended particulate selenium (in situ,
riverine, sediment resuspension) are critically important as
this phase is what is consumed by grazers and made
available to the estuarine food web (e.g., Stewart et al.
2004; Luoma and Rainbow 2005). In this respect, the
model results and sensitivity analyses found that during
high flow months particles within the estuary are primarily
controlled by riverine inputs; during low flow months, in
situ processes account for most of the variation in
particulate selenium within the estuary. For example,
during a low flow month, varying the river discharge by
25% resulted in only a 22% change in particulate organic
selenide within the estuary, whereas varying phytoplankton
productivity by only 25% resulted in a 157% change. By
dividing the observed total particulate selenium (nmol L21)
by the total suspended material concentration (mg L21) the
particle-associated selenium (mg g21) can be calculated. We
find that during high flow (23 April 1986) the particle-
associated selenium is 0.41 6 0.07 mg g21, which is almost

two times lower than at low flow (0.74 6 0.24 mg g21;
23 September 1986). These empirical results confirm the
conclusions drawn from model-derived ‘‘observations’’
(i.e., sensitivity analyses). Simulation models can also be
used in a predictive or forecasting mode, and this
application is discussed next.

Predictive modeling—Having shown that the model was
able to accurately simulate the observed behavior of
dissolved and particulate selenium under a variety of
environmental conditions, it can be used for predictive
purposes. Because the behavior of selenium in the San
Francisco Bay is largely controlled by river flow and
refinery inputs (Cutter and Cutter 2004), two scenarios
were examined: higher San Joaquin River flow and higher
refinery discharges. For brevity, only the predicted total
dissolved and particulate selenium results are discussed in
this article.

Increasing San Joaquin River discharge—The State of
California has a goal to ‘‘reduce the impacts of water
diversion on the Bay-Delta system’’ and thus increase the
discharge from the San Joaquin River into the bay (see
http://www.baydeltawatershed.org/pdf/prog_plan.pdf ). To
evaluate the potential effects of increasing the San Joaquin
River discharge, simulations were done using the full
discharge of water at Vernalis (the freshwater end member
of the San Joaquin, before the water is diverted for
irrigation practices) rather than the current flow, which is
lower because of withdrawals (see previous). In addition, if
the flow from the San Joaquin River increased, the
residence time of water within the Delta would sub-
stantially decrease. A decrease in the water residence time
of the Delta would likely reduce the magnitude of the Delta

Table 4. Predicted particle-associated selenium concen-
trations (as averages for the entire estuary) during a typical high
flow (April) and low flow month (November) for different river
discharge from the San Joaquin River and different refinery
inputs.

Particulate S Se
(mg g21)

April

Vernalis flow, no Delta removal constant 0.4460.28
Vernalis flow, with Delta removal
constant

0.4460.26

Normal San Joaquin flow 0.4360.26

November

Vernalis flow, no Delta removal constant 1.0060.32
Vernalis flow, with Delta removal
constant

0.6460.16

Normal San Joaquin flow 0.5160.11

April

99 mol d21 total selenium 0.4360.26
38 mol d21 total selenium 0.4360.26
No refinery inputs 0.4360.26

November

99 mol d21 total selenium 0.6260.14
38 mol d21 total selenium 0.5160.11
No refinery inputs 0.4360.09

Fig. 8. Model predictions of particle-associated selenium in
the San Francisco Bay for three different San Joaquin flow
scenarios. The ‘‘normal flow’’ simulation used the Vernalis flow
minus Delta withdrawals and imposed a Delta removal constant
of 60% for all selenium inputs. ‘‘Vernalis flow, no Delta removal
constant’’ used the full flow at Vernalis without any withdrawals
and no 60% selenium removal; ‘‘Vernalis flow, with Delta removal
constant’’ used the full flow at Vernalis without any withdrawals,
but used the 60% selenium removal constant in the Delta.
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removal constant described previously. Therefore, simula-
tions were run for both overall high and low flow months
(driven by the Sacramento River) under the following
conditions: normal flow from the San Joaquin River
(including withdrawals) as used in the validations, high
San Joaquin River discharge (i.e., discharge from Vernalis
with no withdrawals) with the Delta removal constant still
turned on, and high San Joaquin River discharge with the
Delta removal constant turned off (i.e., extremes of
potential residence time effects).

During a high flow month (April) total dissolved
selenium in the estuary displayed nonconservative behavior
under current conditions, and increasing the flow from the
San Joaquin River and removing the Delta removal
constant of 60% did not change the general shape of the
total dissolved selenium profile (Fig. 7A). However, under
current conditions the model predicted a maximum of
1.8 nmol L21 at a salinity of 5, whereas under high San
Joaquin River flow the maximum increased to 2 nmol L21

and increased up to 3.2 nmol L21 when the Delta removal
constant was also turned off (Fig. 7A). For a low flow
simulation (November), a mid-estuary peak was observed,
and as the flow from the San Joaquin River increased, the
mid-estuary selenium concentration maximum increased
and moved closer to the river end members (Fig. 7B). As
with high flow conditions, the model predicted the highest
concentrations of dissolved selenium (5.0 nmol L21) when
the flow from Vernalis was increased and the Delta removal
constant was turned off. This concentration is as high as
those measured in the mid 1980s and 1990s (Cutter and

Cutter 2004) when refineries were discharging their greatest
selenium concentrations.

Total particulate selenium profiles in April (high flow)
showed that increasing the flow from the San Joaquin
resulted in a slight increase of total particulate selenium in
the estuary (Fig. 7C), whereas turning off the Delta
removal constant had no effect on total particulate
selenium (Fig. 7C; lines overlap). However, increasing the
flow in the San Joaquin River during a low flow month
(November) resulted in a maximum total particulate
selenium concentration of 0.35 nmol L21 with the Delta
removal constant on, which is greater than the maximum
total particulate selenium observed under current condi-
tions (0.25 nmol L21; Fig. 7D). Without the Delta removal
constant, the total particulate selenium concentration
maximum rose to 0.49 nmol L21 (Fig. 7D).

The increased total particulate selenium could be caused
by either an increase in sediment resuspension or in situ
production of particles (i.e., via phytoplankton uptake). If
the increase is due to sediment resuspension, the particle-
associated selenium (mg g21) should be similar for each
simulation. In April there is no difference between the
estuarine averages of particle-associated selenium for the
three scenarios (Table 4), thus suggesting that the predicted
increase in total particulate selenium is largely caused by
sediment resuspension. However, when the simulation was
run for November (low flow), particle-associated selenium
concentration increased as more San Joaquin River water
reached the bay (Table 4). When the Delta removal
constant was turned off, the particulate-associated seleni-

Fig. 9. Measured discharge from the San Joaquin River at Vernalis relative to the total net
flow from the Delta (SJ River Flow: Net DOI) compared to particle associated selenium at a fixed
site in Suisun Bay (38u1.899N, 122u8.399W) over a nine year period. The SJ River Flow: Net DOI
total net flow (Net DOI) is a ratio of the San Joaquin river discharge to the net delta outflow
where Net DOI is defined as the total freshwater discharge from the Delta.
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um exceeded 1 mg g21 over a salinity range of 5 to 20
(Fig. 8). Significantly, this concentration of particle-asso-
ciated selenium is one that has a direct effect on consumer
organisms, such as clams, and higher trophic levels in the
estuarine food web (Luoma et al. 1992). These simulation
results (Figs. 7, 8; Table 4) show that the concentration of
particle-associated selenium varies with the different flow
scenarios, suggesting that these changes are attributed to in
situ production of particulate selenium (by phytoplankton)
and not just sediment resuspension. Although the model
has been validated under past and present conditions (i.e.,
excellent accuracy), these low flow (November) predictions
are rather surprising. Essentially, the model predicts higher
suspended particulate selenium in the upper estuary during
higher San Joaquin discharge rates. In support of this
prediction, field data from a fixed site in Suisun Bay across
a 7-year, albeit discontinuous, period (Fig. 9) show
a positive San Joaquin River flow-particulate selenium
trend (r2 5 0.633, n 5 27), although the flows and
concentrations are not always in phase.

Altered refinery inputs—In 1986, the refineries were
discharging 99 mol d21 of total selenium with 64% of the
total as selenite (Cutter 1989), whereas in 1999 they were
only discharging 38 mol d21 with 13% as selenite, 57%
as selenate, and 30% as organic selenide (Cutter and
Cutter 2004). To examine how changing the refineries’
discharges and speciation of selenium can affect selenium
behavior (e.g., if they returned to higher discharge rates),
three different flux rates using the current speciation
(Cutter and Cutter 2004) were run: 38 mol d21 as
a reference (current conditions), 99 mol d21 (old rate),
and no discharge.

Under high flow (April) and low flow (November)
conditions the predicted estuarine behaviors for total
dissolved selenium were apparently nonconservative
(Fig. 10A,B). During a high flow month, varying the
refinery discharge from 0 mol d21 to 99 mol d21 resulted
in the total dissolved selenium maxima ranging from
1.0 nmol L21 to 2.2 nmol L21 (Fig. 10A). In November
(low flow month), total dissolved selenium concentrations
increased to a maximum of 2.8 nmol L21 as the refinery
inputs increased (Fig. 10B). Under pristine conditions (no
refinery inputs), total dissolved selenium had no mid-
estuary maximum, compared to when the refineries were
discharging selenium (Fig. 10B).

The model predicted no change in total particulate
selenium within the estuary due to an increase/decrease in
refinery inputs during a high flow month (Fig. 10C).
However, for a low flow month (November) total
particulate selenium increased when the refinery discharge
was increased (Fig. 10D). Any increase in total particulate
selenium must be caused by in situ production since the
discharge from the refineries has no effect on the amount of
sediment resuspended in the bay. The estuarine average
particle-associated selenium increased from 0.43 mg g21

under pristine conditions to 0.62 mg g21 with the highest
refinery inputs (Table 4). This is below the 1 mg g21 of
particle-associated selenium that has caused elevated
concentrations of selenium in tissues of benthic consumers

(Luoma et al. 1992; Luoma and Rainbow 2005), but is still
above the typical background levels (0.2 mg g21; Doblin et
al. 2006).

Fig. 10. (A) Model predictions for total dissolved selenium
during a high flow month and (B) a low flow month and (C) total
particulate selenium for a low flow month and (D) a high flow
month in the San Francisco Bay under varying refinery discharge
rates. The total discharge rates (38 mol total dissolved selenium
d21 and 99 mol total dissolved selenium d21) were from all the
refineries in Fig. 2 with 13% of the total as selenite, 57% of the
total as selenate, and 30% of the total as organic selenide.
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Although it might seem that refinery discharge has only
a minor effect, it should be remembered that these
simulations were run under a normal flow year (when
summer discharge is ,400 m3 s21, but .200 m3 s21).
According to the hydrological classification of the San
Francisco Bay estuary in the last 20 years (1983–2003), five
have been dry years and five have been critical (i.e.,
drought) conditions. If the simulation were run using the
flow from a critical year (1977) and the higher refinery
inputs (99 mol d21), the model predicted particle-associat-
ed selenium could reach a maximum of 2.2 mg g21

(Fig. 11). This is greater than what would occur if the
flow from the San Joaquin River was increased, indicating
that the effects from the refineries are magnified depending
on the freshwater residence time in the estuary (Cutter
1989; Cutter and San Diego-McGlone 1990).

The confidence associated with the ability of the model
to predict future scenarios is dependent on how well known
each parameter in the model is and the number of
validation runs that can be done. The model results
indicate that in situ processes (phytoplankton uptake of
selenium and adsorption/desorption of selenite and sele-
nate) need better parameterization. In particular, the
uptake rates of different dissolved selenium forms by
relevant estuarine phytoplankton species need to be
quantified using Michaelis–Menton kinetics. As an exam-
ple, recent studies within the Delta (Baines et al. 2004)
found the biotic uptake rate of dissolved organic selenide
may be much faster than previously thought.

The model simulations under various scenarios of San
Joaquin River flow also show the need for studies of
selenium reactivity as it is transported from Vernalis,
through the Delta, to the bay. For example, sensitivity
analysis found that varying the Delta removal constant by

only 25% could result in an increase of dissolved selenate
within the estuary by 51% and particulate organic selenium
could increase by 16% within the estuary (Web Appendix
2). If selenium concentration measured by Cutter and
Cutter (2004) at Vernalis were to be introduced to the
estuary, the particle-associated selenium would be
.1 mg g21and have cascading effects through the estuarine
food web (Luoma and Rainbow 2005). Finally, the model
provides an excellent demonstration of the effect that
reducing refinery inputs has on the concentrations of
dissolved and particulate selenium under conditions seldom
found in empirical studies (e.g., extremes of river flows;
Cutter 1989; Cutter and Cutter 2004).

Although the model applications described here were
specific for selenium and the San Francisco Bay, the steps
for adapting ECoS 3 were not. For example, the processes
depicted in Fig. 1 and incorporated into the model could be
used to simulate the behavior of arsenic in San Francisco
Bay by adjusting or eliminating some of the transformation
and uptake rate constants, in addition to adjusting the
concentrations of inputs; all of the physical processes are
the same. The model also could be used for studying
selenium in another well mixed estuary, for example
Delaware Bay. In this application, the physical parameters
such as those for tides and bathymetry would have to be
adjusted, as well as the phytoplankton growth and grazing
parameters, but not those for selenium. Regardless of the
element or venue, the full integration of large data sets and
biogeochemical models of estuaries such as San Francisco
Bay enable an expanded understanding of estuarine pro-
cesses and simulations of effects that could result from
water/ecosystem management decisions.
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I. Background 
 
San Francisco Bay is important habitat for more than 100 fish species, including commercially 
important Chinook salmon and Pacific herring, popular sport fishes like striped bass and 
sturgeon, and delicate estuary-dependent species like delta smelt.  These fishes variously use the 
estuary for spawning, nursery and rearing habitat, and as a migration pathway between the 
Pacific Ocean and the rivers of the estuary’s watersheds.  Environmental conditions in the 
estuary – the amounts and timing of freshwater inflows, the extent of rich tidal marsh habitats, 
and pollution – affect the numbers and types of fish that the Bay can support.  Thus, measures of 
fish abundance, diversity, species composition and distribution are useful biological gauges for 
environmental conditions in the estuary.   A large, diverse fish community that is distributed 
broadly throughout the Bay and dominated by native species is a good indicator of a healthy 
estuary. 
 
The Fish Index uses ten indicators to assess the condition of the fish community within the San 
Francisco Bay.  Four of the indicators measure abundance, or “how many?” fish the estuary 
supports.  Two indicators measure the diversity of the fish community, or “how many species?” 
are found in the Bay.  Two indicators measure the species composition of the fish community, or 
“what kind of fish?,” in terms of how many species and how many individual fish are native 
species rather than introduced non-natives.1  The final two indicators assess the distribution of 
fish within the estuary, or “where are the fish?,” measuring the percentage of sampling locations 
where native fishes are found.  For each year, the Fish Index is calculated by combining the 
results of the ten indicators into a single number. 
 
Because the estuary is so large and its environmental conditions so different in different areas – 
for example, Central Bay, near the Golden Gate is essentially a marine environment while Suisun 
Bay is dominated by freshwater inflows from the Sacramento and San Joaquin Rivers – the types 
of fishes found in each area differ.  Therefore, each of the indicators and the index was 
calculated separately for four “sub-regions” in the estuary: South Bay, Central Bay, San Pablo 
Bay and Suisun Bay and the western Delta (Figure 1).  For each year and for each sub-region, the 
Fish Index is calculated by combining the results of the ten indicators into a single number.   
 
 

II. Data Source 
 
All of the indicators were calculated using data from the California Department of Fish and 
Game (CDFG) Bay Study surveys, conducted every year since 1980.2  The Bay Study uses two 
different types of sampling gear to collect fish from the estuary: a midwater trawl and an otter 
trawl.  The midwater trawl is towed from the bottom to the top of the water column and 

                                                 
1 Native species are those that have evolved in the Bay and/or adjacent coastal or upstream waters.  Non-native 
species are those that have evolved in other geographically distant systems and have been subsequently transported 
to the Bay and established self-sustaining populations in the estuary. 
2 Information on the CDFG Bay Study is available at 
http://www.dfg.ca.gov/delta/projects.asp?ProjectID=BAYSTUDY 
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collect smaller and/or younger fish that are too slow to evade the net.3  The otter trawl is towed 
near the bottom and captures demersal fishes that utilize bottom and near-bottom habitats and 
also tends to collect smaller and/or younger fish.  Each year, the two survey sample the same 35 
fixed stations in the estuary.  These stations are distributed among the four sub-regions of the 
estuary and among channel and shoal habitats, once per month for most months of the year.4  In 
one year, 1994, the Midwater Trawl survey was conducted during only two months, compared to 
the usual 8-12 months per year.  Because the sampling period was limited, data from this year 
were not included in calculation of some indicators and of the Fish Index.  Information on 
sampling stations, locations and total number of surveys conducted each year in each of the four 
sub-regions is shown in Figure 2 and Table 1. 
 
It should be noted that, although the Bay Study midwater and otter trawl surveys sample the 
Bay’s pelagic and open water benthic habitats reasonably comprehensively, they do not survey 
historic or restored tidal marsh or tidal flat habitats where many of the same fish species 
collected by the Bay Study, as well as other fish species, may also be found.  Therefore, results 
of the Bay Study and of these indicators should not be interpreted to mean that these are the only 
fishes or fish communities found in the Bay or that these species are found in only these regions 
of the estuary. 
 

III. Indicator Evaluation 
 
The San Francisco Estuary Partnership’s Comprehensive Conservation and Management Plan 
(CCMP) calls for “recovery” and “reversing declines” of estuarine fish and wildlife but does not 
provide quantitative targets or goals.  However, the length of the available data records, which 
include the Bay Study surveys used for the indicator calculations here as well as several other 
surveys, allows for use of historical data to establish “reference conditions.”5  There is also an 
extensive scientific literature on development, use and evaluation of ecological indicators in 
aquatic systems and, because San Francisco Bay is among the best studied estuaries in the world, 
an extensive scientific literature on its ecology. 
 
For each indicator, a “primary” reference condition was established.  This reference condition 
was based on either measured values from the earliest years for which quantitative data were 
available (1980-1989 for the Bay Study survey), maximum measured values for the estuary or 
sub-regions, recognized and accepted interpretations of ecological conditions and ecosystem 
health (e.g., native v non-native species composition), and best professional judgment.  
Measured indicator values that were higher than the primary reference condition were interpreted 
to mean the indicator results met the CCMP goals and to correspond to "good" ecological 
conditions.  For each of the four sub-regions, reference conditions were identically selected but 
                                                 
3 The Bay Study primarily catches fishes that range in size from approximately 1-12 inches (3-30 cm).  Other survey 
programs that monitor fishes in the estuary target smaller or larger fishes (e.g., CDFG 20-mm survey for small 
juvenile fishes or CDFG creel surveys for adult fishes).   
4 The Bay Study samples more than four dozen stations but the 35 sampling stations used to calculate the indicators 
are the original sampling sites for which data are available for the entire 1980-2006 period.  
5 For example, CDFG’s Fall Midwater Trawl Survey, conducted in most years since 1967, and Summer Townet 
Survey, conducted since 1959.  However, the geographic coverage of the Fall Midwater trawl and Summer Townet 
surveys is less extensive than that of the Bay Study and does not extent into all of the four sub-regions of the 
estuary.  Therefore, data from these surveys were less suitable for developing indicators for the entire estuary. 
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for some indicators their absolute values were calibrated to account for differences among the 
sub-regions.  For example, a reference condition based on historical abundance (i.e., average 
abundance during the first ten years of the survey) was used to evaluate the abundance indicators 
but, because overall fish abundance levels differed among the sub-regions, the actual reference 
abundance level differed among the four sub-regions.  In contrast, because the reference 
condition for the species composition indicators was based the ecological relationship between 
the prevalence of non-native species and ecosystem and habitat condition, the value of the 
reference condition was set at the same level for each of the regions, despite the large differences 
in species composition that already existed between the four sub-regions. 
 
In addition to the primary reference condition, information on the range and trends of indicator 
results, results from other surveys, and known relationships between fish community attributes 
and ecological conditions were used to develop several intermediate reference conditions, 
creating a five-point scale for a range of evaluation results from “excellent,” “good, “fair,” 
“poor” to “very poor”.6  The size of the increments between the different evaluation levels was, 
where possible, based on observed levels of variation in the measured indicator values (e.g., 
standard deviations) in order to ensure that the different levels represented meaningful 
differences in the measured indicator values.  Each of the evaluation levels was assigned a 
quantitative value from “4” points for “excellent” to “0” points for “very poor.”  An average 
score was calculated for the indicators in each of the fish community attributes (i.e., abundance, 
diversity, species composition and distribution) and the Fish Index was calculated as the average 
of these four scores.  Specific information on the primary and intermediate reference conditions 
is provided in the following sections describing each of the indicators. 
 
Differences among sub-regions and different time periods, and trends with time in the indicators 
and the multi-metric index were evaluated using analysis of variance and simple linear 
regression.  Comparisons among sub-regions were made using results from the entire 29-year 
period as well as for the earliest ten-year period (i.e., the reference period; 1980-1989) and the 
most recent five years (i.e., 2004-2008).  Regression analyses were conducted using continuous 
results for the entire 29-year period for each sub-region.   
 
 

IV. Indicators 
 

A. Fish Community Attributes  
 
The ten indicators used to calculate the Fish Index assess four different attributes of the San 
Francisco Estuary fish community: abundance, diversity, species composition and distribution 
(Table 2).  Information on indicator rationale, calculation methods, units of measure, specific 
reference conditions and results is provided in the following sections. 
 

                                                 
6 For example, data from the Fall Midwater trawl and Summer Townet surveys indicate that abundance of fish 
within the estuary was already in decline by the 1980s.  Therefore, for indicator evaluation, abundance levels 
measured in the 1980s, which were already lower than they have been just ten years earlier, were interpreted to 
correspond to “good” conditions but not “excellent” conditions. 
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B. Abundance Indicators 
 

1. Rationale 
 
Abundance (or population size) of native fish species within an ecosystem can be a useful 
indicator of aquatic ecosystem health, particularly in urbanized watersheds (Wang and Lyons, 
2003; Harrison and Whitfield, 2004).  Native fishes are more abundant in a healthy aquatic 
ecosystem than in one impaired by altered flow regimes, toxic urban runoff and reduced 
nearshore habitat, the usual consequences of urbanization.  In the San Francisco Bay, abundances 
of a number of fish (and invertebrate) species are strongly correlated with ocean conditions 
immediately outside of the estuary (Cloern et al., 2007; 2010) and freshwater inflow from the 
estuary’s Sacramento and San Joaquin watersheds, which vary widely due to California’s climate 
and but have been reduced and stabilized by water development, flood control efforts, agriculture 
and urbanization (Jassby et al., 1995; Kimmerer, 2002; and see Estuarine Open Water Habitat 
indicator, Freshwater Inflow Index and Flood Events indicator).   
 
The Fish Index includes four different abundance indicators, each measuring different 
components of the native fish community within the estuary. The Pelagic Fish Abundance 
indicator measured how many native pelagic, or open water, fish are collected in the Midwater 
trawl survey.  This indicator does not include data for Northern anchovy because, in most years 
and in most sub-regions of the estuary, northern anchovy comprised >80% of all fish collected in 
the Bay and obscured results for all other species.  Northern Anchovy Abundance was 
measured as a separate indicator, using data from the Midwater trawl survey.  Northern anchovy, 
the most abundant species collected in the Bay, is consistently collected in all sub-regions of the 
estuary in numbers that are often orders of magnitude greater than for all other species.  The 
Demersal Fish Abundance indicator measured how many native demersal, or bottom-oriented, 
fish are collected by the Otter Trawl Survey.  The Sensitive Fish Species Abundance indicator 
measured the abundance of four representative species – longfin smelt, Pacific herring, starry 
flounder and striped bass7 – using data from both the Midwater and Otter trawl surveys.  All of 
these species are broadly distributed throughout the Bay and rely on the estuary in different ways 
and at different times during their life cycle.  Each is relatively common and consistently present 
in all four sub-regions of the estuary, and all except starry flounder are targets of environmental 
or fishery management in the estuary.  In addition, the population abundance of each of these 
species is influenced by a key ecological driver for the estuary, seasonal freshwater inflows 
(Jassby et al. 1995; Kimmerer 2002).  Key characteristics of each of the four species are briefly 
described below 
 

 Longfin smelt are found in open waters of large estuaries on the west coast of North 
America.8  The San Francisco Estuary population spawns in upper estuary (Suisun Bay 
and Marsh and the Delta) and rears downstream in brackish estuarine and, occasionally, 

                                                 
7 Although striped bass is not native to the Pacific coast, the species was introduced to San Francisco Bay more than 
100 years ago and, since then, has been an important component of the Bay fish community.  On the North 
American west coast, the main breeding population of the species is in the San Francisco Bay (Moyle, 2002). 
8 In California, longfin smelt are found in San Francisco Bay, Humboldt Bay, and the estuaries of the Russian, Eel, 
and Klamath rivers.  
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coastal waters (Moyle, 2002).  The species was listed as “threatened” under the 
California Endangered Species Act in 2008.   

 
 Pacific herring is a coastal marine fish that uses large estuaries for spawning and early 

rearing habitat.  The San Francisco Estuary is the most important spawning area for 
eastern Pacific populations of the species (CDFG, 2002).  Pacific herring supports a 
commercial fishery, primarily for roe (herring eggs) but also for fresh fish, bait and pet 
food.  In the San Francisco Estuary, the Pacific herring fishery is the last remaining 
commercial finfish fishery.    
 

 Starry flounder is an estuary-dependent, demersal fish that can be found over sand, mud 
or gravel bottoms in coastal ocean areas, estuaries, sloughs and even fresh water.  The 
species, whose eastern Pacific range extends from Santa Barbara to arctic Alaska, spawns 
near river mouths and sloughs; juveniles are found exclusively in estuaries.  Starry 
flounder is one of the most consistently collected flatfishes in the San Francisco Estuary.  

 
 Striped bass was introduced into San Francisco Bay in 1879 and by 1888 the population 

had grown large enough to support a commercial fishery (Moyle, 2002).  That fishery 
was closed in 1935 in favor of the sport fishery, which remains popular today although at 
reduced levels.  Striped bass are anadromous, spawning in large rivers and rearing in 
downstream estuarine and coastal waters.  Declines in the striped bass population were 
the driving force for changes in water management operations in Sacramento and San 
Joaquin Rivers and the Delta in the 1980s.  Until the mid-1990s, State Water Resources 
Control Board-mandated standards for the estuary were aimed at protecting larval and 
juvenile striped bass. 

 
2. Methods and Calculations 

 
The Pelagic Fish Abundance indicator was calculated for each year (1980-2008, excluding 
1994) for each of four sub-regions of the estuary using catch data for all native species except 
northern anchovy from the Bay Study Midwater Trawl survey.  The indicator was calculated as: 

 
# fish/10,000 m3 = [(# of fish)/(# of trawls x av. trawl volume, m3)] x (10,000) 

 
The Northern Anchovy Abundance indicator was calculated for each year (1980-2008, 
excluding 1994) for each of four sub-regions of the estuary using catch data for northern 
anchovy from the Bay Study Midwater Trawl survey using the same equation as for pelagic 
abundance. 
 
The Demersal Fish Abundance indicator was calculated for each year (1980-2008) for each of 
four sub-regions of the estuary using catch data for all native species from the Bay Study Otter 
Trawl survey.  The indicator was calculated as: 

 
# fish/10,000 m2 = [(# of fish)/(# of trawls x av. trawl volume, m2)] x (10,000) 
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The Sensitive Fish Species Abundance indicator, the abundance of each of the four species was 
calculated for each year (1980-2008, excluding 1994) for each of four sub-regions of the estuary 
as the sum of the abundances from each of the two Bay Study surveys using the equations below. 

 
# fish/10,000 m3 = [(# of fish)/(# of trawls x av. trawl volume, m3)] x (10,000)  
(for Midwater trawl) 
 
# fish/10,000 m2 = [(# of fish)/(# of trawls x av. trawl area, m2)] x (10,000) 
(for Otter trawl) 

 
The summed abundance for each species was then expressed as a percentage of the average 
1980-1989 for that species.  The indicator was calculated as the average of the percentages for 
the four species.  Each species was given equal weight in this calculation. 
 

3. Reference Conditions   
 
For the four Abundance indicators, the primary reference condition was established as the 
average abundance for the first ten years of the Bay Study, 1980-1989.  Abundance levels that 
were greater than the 1980-1989 average were considered to reflect “good” conditions.  
Additional information from other surveys and trends in fish abundance within the estuary was 
used to develop several other intermediate reference conditions.  Table 3 below shows the 
quantitative reference conditions that were used to evaluate the results of the abundance 
indicators. 
 

4. Results  
 
Results of the Pelagic Fish Abundance indicator are shown in Figure 3.  
 
Abundance of pelagic fishes differs among the estuary’s sub-regions. 
Pelagic fishes are significantly more abundant in Central Bay than in all other sub-regions of the 
estuary (Kruskal Wallis One-way ANOVA of Ranks: p<0.001, all pairwise comparisons: 
p<0.05).  Abundance of pelagic fishes in South Bay is greater than that in Suisun Bay (p<0.05) 
but comparable to that in San Pablo Bay.  In 2008, pelagic fishes were three times more 
abundant in Central Bay (89 fish/10,000m3) than either South (30 fish/10,000m3) or San Pablo 
Bays (32 fish/10,000m3) and nearly 30 times more abundant than in Suisun Bay (3 
fish/10,000m3).  
 
Abundance of pelagic fishes has declined in most sub-regions of the estuary.   
Pelagic fish abundance declined significantly over time in all sub-regions of the estuary except 
Central Bay (regression: p<0.05 for South and San Pablo Bays, p<0.001 for Suisun Bay).  
Abundance of pelagic fishes in Central Bay showed no long-term trend and its high inter-annual 
variability reflects the periodic presence of large numbers of marine species such as Pacific 
sardine.  However, for the most recent five years (2004-2008) compared to 1980-1989 levels, 
average abundance of native pelagic fishes was significantly lower in all regions: 55% lower in 
South Bay, 65% lower in Central Bay, 68% lower in San Pablo Bay and 88% lower in Suisun 
Bay.   
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Based on the abundance of pelagic fishes, CCMP goals to “recover” and “reverse declines” of 
estuarine fishes have not been met. 
Both current levels (expressed as the 2004-2008 average) and trends in pelagic fish abundance 
are below the 1980-1989 reference period for all sub-regions of the estuary (t-test or Mann-
Whitney, p<0.05, all regions).  However, in the most recent two years there is some evidence of 
increases in pelagic fish abundance in all sub-regions of the San Francisco Estuary except Suisun 
Bay.   
 
Results of the Northern Anchovy Abundance indicator are shown in Figure 4.   
 
Abundance of northern anchovy differs among the estuary’s sub-regions. 
Although northern anchovy are always found in all sub-regions of the estuary, their abundance 
differs markedly.  For the past 29 years, northern anchovy have been more abundant in Central 
Bay (mean: 1000 fish/10,000m3) than all other sub-regions, least abundant in Suisun Bay (18 
fish/10,000m3), and present at intermediate abundance levels in San Pablo (259 fish/10,000m3) 
and South Bays (304 fish/10,000m3) (Kruskal Wallis One-way ANOVA of Ranks: p<0.001, all 
pairwise comparisons: p<0.05).   
 
Trends in abundance of Northern anchovy differ in different sub-regions of the estuary.   
During the past 29 years, abundance of northern anchovy has been variable but roughly stable in 
South and Central Bays although, in most recent years, Central Bay abundance has averaged 
about 45% lower than 1980-1989 levels.  Northern anchovy abundance has steadily declined in 
San Pablo Bay (regression: p<0.01), falling to 41% of 1980-1989 levels during the most recent 
five years (2004-2008).  The decline was more abrupt in Suisun Bay (regression: p<0.05), with 
northern anchovy virtually disappearing from this upstream portion of the estuary: since 1995, 
northern anchovy population levels in this region of the estuary averaged less than 6% of 1980-
1989 levels and less than 2% of populations in adjacent San Pablo Bay.  This decline is 
contemporaneous with the establishment of the non-native overbite clam (Corbula amurensis) at 
high densities, the general disappearance of phytoplankton blooms and substantial declines in the 
abundance of several previously abundant zooplankton species. 
 
Based on the abundance of northern anchovy, CCMP goals to “recover” and “reverse 
declines” of estuarine fishes have not been met in the upstream sub-regions of the estuary. 
The abundance of northern anchovy, the most common fish in the San Francisco Estuary, has 
declined throughout the upstream regions of the estuary to levels that significantly below the 
1980-1989 average reference conditions (t-test or Mann-Whitney, p<0.05 for San Pablo and 
Suisun Bays).  In contrast, in Central and San Pablo Bays, recent northern anchovy abundance 
levels are comparable to levels measured in the 1980s (t-test or Mann-Whitney, p>0.05, both 
regions).  As with demersal fishes, the markedly different trends between the upstream sub-
regions (Suisun and San Pablo Bays) and downstream sub-regions (Central and South Bays) 
suggest that different environmental drivers are influencing northern anchovy in different sub-
regions of the estuary: ocean conditions in the downstream sub-regions and watershed 
conditions, in particular hydrological conditions and planktonic food availability, in the upstream 
sub-regions.  
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Results of the Demersal Fish Abundance indicator are shown in Figure 5.   
 
Abundance of demersal fish species differs among the estuary’s sub-regions. 
Demersal fishes are more abundant in Central Bay (942 fish/10,000m2) than in all other sub-
regions of the estuary and least abundant in Suisun Bay (50 fish/10,000m2) (Kruskal Wallis One-
way ANOVA of Ranks: p<0.001, all pairwise comparisons: p<0.05).  Demersal fish abundance 
in South (288 fish/10,000m2) and San Pablo Bays (277 fish/10,000m2) are comparable.  In 2008, 
demersal fishes were nearly ten times more abundance in Central Bay (2093 fish/10,000m2) than 
either South (231 fish/10,000m2) or San Pablo Bays (335 fish/10,000m2) and nearly 40 times 
more abundant than in Suisun Bay (54 fish/10,000m2). 
 
Abundance of demersal fishes has increased in Central Bay and declined in Suisun Bay.   
During the past 29 years, abundance of native demersal fishes increased in Central Bay 
(regression: p<0.05) but declined in Suisun Bay (regression: p<0.05).  In South and San Pablo 
Bays, demersal fish abundance has fluctuated widely.  Compared to 1980-1989 levels, recent 
average abundances (2004-2008) were 56% and 51% lower in Suisun and San Pablo Bays, 
respectively, and 22% and 161% higher in South and Central Bays, respectively. 
 
Increases in demersal fish abundance in Central and South Bays were driven by multiple 
species. 
In South Bay, increases in demersal fish abundance were largely attributable to high catches of 
Bay goby, a Bay resident species.  In contrast, demersal fish abundance increases in Central Bay 
in the late 1990s and early 2000s were largely driven by two species of flatfishes, seasonal 
species that use the estuary as nursery habitat but which maintain substantial populations outside 
the Golden Gate.  It is likely that increases in the abundance of these species reflected improved 
ocean conditions.   
 
Based on the abundance of demersal fishes, CCMP goals to “recover” and “reverse declines” 
of estuarine fishes have been met in all sub-regions except Suisun Bay, the upstream reach of 
the estuary. 
Both current levels (expressed as the 2004-2008 average) and trends in demersal fish abundance 
were comparable to the 1980-1989 reference period for all sub-regions of the estuary except 
Central Bay, where demersal fish abundance increased (t-test or Mann-Whitney, p>0.05, South, 
San Pablo and Suisun Bays; p=0.012 for Central Bay).  However, demersal fish abundance 
fluctuates widely in all sub-regions of the San Francisco Estuary, suggesting that this indicator 
may be inadequately responsive to watershed conditions.  In addition, the different trends 
between the upstream sub-regions (Suisun and San Pablo Bays) and downstream sub-regions 
(Central and South Bays) suggest that different environmental drivers are influencing demersal 
fish abundance in the different sub-regions of the estuary: ocean conditions in the downstream 
sub-regions and watershed conditions, in particular hydrological conditions, in the upstream sub-
regions.  
 
Results of the Sensitive Fish Species Abundance indicator are shown in Figure 6.   
 
Abundances of longfin smelt, Pacific herring, starry flounder and striped bass differ among 
the different sub-regions of the estuary. 
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The Bay-wide abundance of the four species was roughly comparable (although starry flounder 
densities are generally lower than those of the pelagic species), but different species use different 
sub-regions within the estuary.  Longfin smelt and starry flounder are most abundant in San 
Pablo, Suisun and Central Bays and rare in South Bay.  Pacific herring are most commonly 
found in Central, South and San Pablo Bays and rarely collected in Suisun Bay.  Striped bass are 
mostly collected in Suisun Bay and, to a lesser extent, San Pablo Bay and rarely found in Central 
and South Bays.   
 
Abundance of sensitive fish species has declined in all sub-regions of the estuary. 
During the past 29 years, combined abundance of the four sensitive fish species has declined in 
all sub-regions of the estuary (regression: p<0.05 all sub-regions).  For the most recent five-year 
period (2004-2008), abundance of sensitive fish species abundance Central Bay is just 20% of 
that sub-region’s 1980-1989 average, 32% in San Pablo Bay, 35% in South Bay and 51% in 
Suisun Bay.  The higher abundances measured in Suisun Bay in 2008 reflect increases in Pacific 
herring and starry flounder, species that are relatively uncommon in that sub-region.  In each 
sub-region, most of the decline occurred during the late 1980s and early 1990s and, with the 
exceptions of a few single years in different sub-regions, the abundance of the four sensitive fish 
species has remained below 50% of the 1980-1989 since then. 
 
Abundance declines were measured for most of the species in most sub-regions of the estuary.   
All of the species except Pacific herring declined significantly in the sub-region in which they 
were most prevalent (regression: p<0.05 for all species except Pacific herring in Central Bay).  
Longfin smelt declined in both San Pablo and Suisun Bays (regression: p<0.05 both tests), starry 
flounder declined in Central and San Pablo Bays (regression: p<0.05 both tests), striped bass 
declined in all sub-regions (regression: p<0.05 in all sub-regions except South Bay, where 
p=0.051), and Pacific herring declined in South Bay (regression: p<0.05).  
 
Based on the abundance of sensitive fish species, CCMP goals to “recover” and “reverse 
declines” of estuarine fishes have not been met in any sub-region of the estuary. 
The combined abundance of the four estuary-dependent species assessed with this indicator have 
fallen to levels that are consistently 50% or less than the 1980-1989 average abundance reference 
condition.  However, sensitive species abundance exhibited high variability during the 1980s, 
thus recent levels (2004-2008) were significantly lower in only South and Central Bay (t-test or 
Mann-Whitney, p<0.05).  Although recent abundance levels in San Pablo and Suisun Bay were 
markedly lower than during the 1980-1989 reference, the differences were not statistically 
significant due to high variability during the 1980s.  The significant declines measured for three 
of the four individual species indicates that population declines of estuary-dependent species 
span multiple species and all geographic regions of the estuary.  
 

C. Diversity Indicators 
 

1. Rationale 
 
Diversity, or the number of species present in the native biota that inhabit the ecosystem, is one 
of the most commonly used indicators of ecological health of aquatic ecosystems (Karr et al., 
2000; Wang and Lyons, 2003; Harrison and Whitfield, 2004).  Diversity tends to be highest in 
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healthy ecosystems and to decline in those impaired by urbanization, alteration of natural flow 
patterns, pollution, and loss of habitat area.   
 
More than 100 native fish species have been collected in the San Francisco Bay by the Bay 
Study surveys.  Some are transients, short-term visitors from nearby ocean or freshwater habitats 
where they spend the majority of their life cycles, or anadromous migrants, such as Chinook 
salmon and sturgeon, transiting the Bay between freshwater spawning grounds in the Bay's 
tributary rivers and the ocean.  Other species are dependent on the Bay as critical habitat, using it 
for spawning and/or rearing, spending a large portion or all of their life cycles in Bay waters.     
 
Of the more than 100 fish species collected by the Bay Study since 1980, 39 species can be 
considered "estuary-dependent" species (Table 4).  These species may be resident species that 
spend their entire life-cycle in the estuary, marine or freshwater species that depend on the San 
Francisco Estuary for some key part of their life cycle (usually spawning or early rearing), or 
local species that spend a large portion of their life cycle in the San Francisco Estuary. Just as 
diversity, or species richness, of the native fish assemblage is a useful indicator of the ecological 
health of aquatic ecosystems, diversity of the estuary-dependent fish assemblage is a useful 
indicator for the ecological health of the San Francisco Estuary.   
 
The Fish Index includes two different diversity indicators.  The Native Fish Species Diversity 
indicator uses Midwater and Otter trawl survey data to measure how many of the estuary’s native 
fish species are present in the Bay each year.  The Estuary-dependent Fish Species Diversity 
indicator uses data from both surveys to measure how many estuary-dependent species are 
present each year. 
 

2. Methods and Calculations  
 
The Native Fish Species Diversity indicator was calculated for each year and for each of four 
sub-regions of the estuary as the number of species collected, expressed as the percentage of the 
maximum number of native species ever collected in that sub-region, using catch data from the 
Bay Study Midwater and Otter Trawl surveys.  The indicator was calculated as: 
 
     % of species assemblage = (# native species/maximum # of native species reported) x 100 
 
The Estuary-dependent Fish Species Diversity indicator was calculated for each year and for 
each of four sub-regions of the estuary as the number of estuary-dependent species collected (see 
Table 4), expressed as the percentage of the maximum number of estuary-dependent species ever 
collected in that sub-region, using catch data from the Bay Study Midwater and Otter Trawl 
surveys.  The indicator was calculated as: 
 
      % of species assemblage = 

(# estuary-dependent species/maximum # of estuary-dependent species reported) x 100 
 

3. Reference Conditions:  
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For the two diversity indicators, the primary reference condition was based on the average 
diversity (expressed as % of the native fish assemblage present), measured for the first ten years 
of the Bay Study, 1980-1989, and for all four sub-regions combined.  Diversity levels that were 
greater than the 1980-1989 average were considered to reflect “good” conditions.  The average 
percentage of the native fish assemblage present during the 1980-1989 period diversity differed 
slightly among the four sub-regions for the Native Fish Species Diversity indicator (1980-1989 
average: 49%; Suisun Bay diversity was lower than that in the other three sub-regions) and 
significantly for the Estuary-dependent Fish Species Diversity indicators (1980-1989 average: 
72%; Suisun Bay was lowest and Central and South Bay were highest).  This approach tended to 
reflect the relatively lower species diversity observed in Suisun Bay in the indicator results. 
Table 5 below shows the quantitative reference conditions that were used to evaluate the results 
of the two diversity indicators. 
 

4. Results 
 
Results of the Native Fish Species Diversity indicator are shown in Figure 7.   
 
Maximum native species diversity differs among the four sub-regions of the estuary.   
The greatest numbers of native fish species are found in Central Bay (94 species) and the fewest 
are in Suisun Bay (48 species).  A maximum of 73 native species have been collected in South 
Bay and 66 native species have been found in San Pablo Bay.   
 
The percentage of the native fish species assemblage present differs among the sub-regions. 
In addition to having a smaller native fish species assemblage, Suisun Bay has a significantly 
lower percentage (44%) of that assemblage present each year compared to all other sub-regions 
(48% in Central Bay; 49% in South Bay and 51% in San Pablo Bay) (ANOVA: p<0.001, all 
pairwise comparisons: p<0.01).  In recent years (2004-2008), native fish diversity has been 
highest in Central Bay (ANOVA: p<0.05 for Central Bay compared to Suisun Bay).  
 
Trends in native species diversity differ among the sub-regions.  
Native species diversity has increased significantly in Central Bay (regression: p<0.01) with an 
average of six more species in the most recent five-year period compared to the 1980-1989 
reference period.  Native fish species diversity decreased significantly in San Pablo Bay 
(regression: p=0.05), with an average of four fewer species in the 2005-2008 period compared to 
the 1980-1989 period.  Native fish species diversity fluctuated in both South and Suisun bays.   
 
Based on the diversity of the native fish community, CCMP goals to “recover” and “reverse 
declines” of estuarine fishes have been met in all sub-regions of the estuary. 
Comparison of average native fish species diversity in the most recent five years (2004-2008) to 
that measured during the 1980-1989 period shows no significant differences except for Central 
Bay, where diversity is significantly higher (t-test: p<0.05).      
 
Results of the Estuary-dependent Fish Species Diversity indicator are shown in Figure 8.   
 
The diversity of estuary-dependent species is lower in Suisun Bay than in other sub-regions of 
the estuary. 
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Although roughly the same number of estuary-dependent species are found in each sub-region 
(38 species in San Pablo Bay; 36 species in Central and South Bays; and 31 species in Suisun 
Bay), a significantly smaller percentage of the estuary-dependent fish assemblage occurs in 
Suisun Bay (49% of the assemblage) than in all other regions of the San Francisco Estuary (84% 
in Central Bay; 80% in South Bay; and 69% in San Pablo Bay) (ANOVA: p<0.001, all pairwise 
comparisons, p<0.05).   
 
Diversity of Bay-dependent species is generally stable in most sub-regions of the estuary.  
Estuary-dependent species diversity has declined slightly in San Pablo Bay (regression: p<0.05, 
for a decrease of 2 species from the 1980-1989 period to the 2004-2008 period) and South Bay 
(regression: p<0.05, for an average decrease of 1.5 species).  In all other regions, estuary-
dependent diversity has fluctuated but remained relatively stable over the 29-year period.   
 
Based on the diversity of the estuary-dependent fish community, CCMP goals to “recover” and 
“reverse declines” of estuarine fishes have been met in all sub-regions of the estuary except 
South Bay. 
Comparison of average estuary-dependent fish species diversity in the most recent five years 
(2004-2008) to that measured during the 1980-1989 period shows no significant differences, 
except for South Bay, where diversity of estuary-dependent fishes was significantly lower 
(Mann-Whitney Rank Sum test: p<0.05).      
 

D. Species Composition Indicators 
 

1. Rationale 
 
The relative proportions of native and non-native species found in an ecosystem is an important 
indicator of ecosystem health (May and Brown, 2002; Meador et al., 2003).  Non-native species 
are most prevalent in ecosystems that have been modified or degraded with resultant changes in 
environmental conditions (e.g., elevated temperature, reduced flood frequency), pollution, or 
reduction in area or access to key habitats (e.g., tidal marsh, seasonal floodplain).  The San 
Francisco Estuary has been invaded by a number of non-native fish species.  Some species, such 
as striped bass, were intentionally introduced into the estuary; others have arrived in ballast 
water or from upstream habitats, usually reservoirs.   
 
The Fish Index includes two different indicators for species composition.  The Percent Native 
Species indicator uses Midwater and Otter trawl survey data to measure what percentage of the 
fish species collected in each sub-region of the estuary are native species.  The Percent Native 
Fish uses the survey data to measure what percentage of the individual fish collected in each 
sub-region of the estuary are native species. 
 

2. Methods and Calculations 
 
The Percent Native Species indicator was calculated for each year and for each of four sub-
regions of the estuary as the percentage of fish species collected in the estuary that are native to 
the estuary and its adjacent ocean and upstream habitats using the equation below.   
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     % native species = [# native species/(# native species + # non-native species)] x 100 
 
The Percent Native Fish indicator was calculated for each year and for each of four sub-regions 
of the estuary as the percentage of fish collected in the estuary that are native to the estuary and 
its adjacent ocean and upstream habitats using the equation below.   
 
     % native fish = [# native fish/(# native fish + # non-native fish)] x 100 
 

3. Reference Conditions:  
 
There is an extensive scientific literature on the relationship between the presence and abundance 
of non-native species and ecosystem conditions and the length of the available data record for the 
San Francisco Estuary allows for establishment of “reference conditions”.  In general, 
ecosystems with high proportions of non-natives (e.g., >50%) are considered to be seriously 
degraded.  Furthermore, non-native fish species have been present in the San Francisco Estuary 
Bay for more than 100 years; therefore, 100% native fish species is unrealistic. Among the four 
sub-regions, the 1980-1989 average percentage of native species was 87% and the average 
percentage of native fish was 90%.  For both indicators, Suisun Bay values were lowest.  Based 
on this information, the primary reference condition for both indicators was established at 85%.  
Percent Native Species levels that were greater than this value were considered to reflect “good” 
conditions.  Table 6 below shows the quantitative reference conditions that were used to evaluate 
the results of the two species composition indicators. 
 

4. Results 
 
Results of the Percent Native Species indicator are shown in Figure 9.   
 
The percentage of native species in the fish community differs among the four sub-regions of 
the estuary. 
For the past 29 years, non-native species have been most prevalent in Suisun Bay, where in most 
years less than 75% of species are natives, intermediate in South and San Pablo Bays (88% and 
86% native, respectively), and the least prevalent in Central Bay (92%) (Kruskal Wallis One-
way ANOVA of Ranks: p<0.001, all pairwise comparisons: p<0.05). 
 
Trends in the percentage of native species differ among the sub-regions. 
The percentage of native species is declining in all sub-region of the estuary except Central Bay.  
In San Pablo Bay, the percent native species declined significantly (regression: p<0.001) from 
90% in the 1980-1989 period to 81% in the most recent five-year period.  Percent native species 
declined in Suisun Bay from 77% to 69% (regression: p<0.01) and in South Bay the percentage 
of native species declined from 89% to 85% (regression: p<0.05).       
 
Trends in the percentage of native species in Bay fish assemblages are driven by declines in 
the numbers of native species and increases in non-native species. 
During the past 29 years, the number of native species in San Pablo Bay declined by three 
species and the number of non-native species increased by three, to an average of seven non-
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native species of the 2004-2008 period.  The number of non-native species collected in Suisun 
Bay increased by an average of three species, from six species in the 1980-1989 period to nine 
species in the most recent five years. In South Bay, native species declined by one and non-
natives increased by one.  In Central, the total number of native species collected increased by 
six species. 
 
Based on fish species composition, CCMP goals to “recover” and “reverse declines” of 
estuarine fishes have not been met in Suisun and San Pablo Bays. 
Compared to the 1980-1989 period and the biologically based 85% native species reference 
condition, recent measurements (2004-2008) of the fish species composition indicate 
significantly poorer condition for San Pablo Bay (Mann-Whitney Rank Sum test: p<0.01) and 
Suisun Bay (t-test: p<0.01).  Although both a long-term (1980-2008) and recent (2004-2008) 
decline were evident in South Bay, the average percentage of native species for the most recent 
five year period was not significantly different than that for the 1980-1989 reference period.        
 
Results of the Percent Native Fish indicators are shown in Figure 10.  
 
The percentage of native fish in the fish community differs among the four sub-regions of the 
estuary. 
For the past 29 years, non-native fish have dominated the Suisun Bay sub-region, where in most 
years less than 50% of fish collected are natives (1980-2008 average: 49%).  Non-native fish are 
rare in the other three sub-regions.  Central Bay has the least (1980-2008 average: 0.1%), South 
Bay has just 1% non-native fishes and San Pablo Bay less than 3% non-native fishes (Kruskal 
Wallis One-way ANOVA of Ranks: p<0.001, all pairwise comparisons: p<0.05). 
 
Trends in the percentage of native fish differ among the sub-regions. 
The percentage of native fishes is declining in the Suisun and South Bay sub-region of the 
estuary but not in Central or San Pablo Bays.  In Suisun Bay, the percent native fish declined 
significantly (regression: p<0.001) from 63% in the 1980-1989 period to just 37% in the most 
recent five-year period.  Percent native fish declined in South Bay from more than 99% to 96%% 
(regression: p<0.01).  The increases in the numbers of non-native fish in South Bay in 2007 and 
2008 were largely attributable to higher catches of two non-natives, striped bass and chameleon 
goby.       
 
Based on fish species composition, CCMP goals to “recover” and “reverse declines” of 
estuarine fishes have been met in all sub-regions of the estuary except Suisun Bay. 
In all regions of the estuary except Suisun Bay, native fish comprise the vast majority of the fish 
community, exceeding 95% of the total fish present in nearly all years.  In Suisun Bay, the 
percentage of the fish community that is comprised of non-native fish is extremely high and 
increasing, indicating that the condition of this region of the estuary is poor and deteriorating.   
 

E. Distribution Indicators 
 

1. Rationale 
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The distribution of native fishes within a habitat is an important indicator of ecosystem condition 
(May and Brown, 2002; Whitfield and Elliott, 2002; Nobriga et al., 2005).  Native fishes may be 
excluded or less abundant in degraded habitats with unsuitable environmental conditions and/or 
those in which more tolerant non-native species have become established.  The Fish Index 
includes two indicators to assess the distribution of native fishes within the estuary.  The Pelagic 
Fish Distribution indicator uses Midwater trawl survey data to measure the percentage of the 
survey’s sampling stations at which native species were regularly collected.  The Demersal Fish 
Distribution indicator uses Otter trawl survey data to make a similar measurement for bottom-
oriented native fishes. 
 

5. Methods and Calculations 
 
The Pelagic Fish Distribution indicator was calculated for each year and for each of four sub-
regions of the estuary as the percentage of Midwater trawl survey stations at which at least one 
native fish was collected in at least 60% of the surveys conducted in that year.   
 
      Pelagic Fish Distribution =  

(# survey stations with native fish in 60% of surveys)/(# survey stations sampled) x 100 
 
The Demersal Fish Distribution indicator was calculated identically using Otter trawl survey 
data. 
 

6. Reference Conditions:  
 
There is an extensive scientific literature on the relationship between the presence and abundance 
of non-native species and ecosystem conditions.  The length of the available data record for the 
San Francisco Estuary allows for establishment of “reference conditions”.  For the two 
Distribution indicators, the primary reference condition was established based on the number of 
stations sampled by the Bay Study surveys (8-12 stations per sub-region; therefore the maximum 
resolution of this indicator is limited to 8-13% increments depending on sub-region) and the 
average percentage of stations with native species present for the first ten years of the Bay Study, 
1980-1989 (~96%).  Distribution levels that were greater than the reference condition were 
considered to reflect “good” conditions.  Table 7 below shows the quantitative reference 
conditions that were used to evaluate distribution indicators. 
 

7. Results 
 
Results of the Pelagic Fish Distribution indicator are shown in Figure 11.   
 
The percentage of Midwater trawl survey stations that regularly have native fish differs among 
the four sub-regions of the estuary. 
For the past 29 years, native fish have been consistently present at nearly all Midwater trawl 
survey stations in all sub-regions of the estuary except Suisun Bay.  During the 1980-2008 
period, native fish were present at 98-99% of survey stations in South, Central and San Pablo 
Bays.  In contrast, native fish were present in only an average of 81% stations in Suisun Bay 
(Kruskal Wallis One-way ANOVA of Ranks: p<0.001, Suisun v all other sub-regions; p<0.05). 
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Trends in the percentage of native fish differ among the sub-regions. 
The percentage of survey stations with native fish was stable in all sub-regions of the estuary 
except Suisun Bay.   In Suisun Bay, distribution of native fishes declined significantly from 88% 
of stations (1980-1989) to 63% in the most recent five years (2004-2008) (Mann-Whitney Rank 
Sum test; p<0.01; regression: p<0.05).  This decline in distribution occurred abruptly in 2003 and 
is largely drive by low distribution in 2005, when native fish were collected in only five of 12 
stations (42%).  Prior to 2003, distribution of native pelagic fish in Suisun Bay was generally 
stable at 86% of stations (1980-2002 average) but since 2003 native pelagic fish were present at 
only 63% of Suisun Bay stations (2003-2008 average).  Native fish were most frequently absent 
from survey stations located in the lower San Joaquin River and the western region of Suisun 
Bay.       
 
Based on native pelagic fish distribution, CCMP goals to “recover” and “reverse declines” of 
estuarine fishes have been met in all sub-regions of the estuary except Suisun Bay. 
In all regions of the estuary except Suisun Bay, native pelagic fish are regularly collected at all 
Midwater trawl survey stations.  In contrast, native fish are increasingly absent from the western 
region of Suisun Bay, the most upstream region of the estuary, suggesting that the condition of 
this region of the estuary is deteriorating.   
 
Results of the Demersal Fish Distribution indicator are shown in Figure 12.)   
 
The percentage of Otter trawl survey stations that regularly have native fish differs among the 
four sub-regions of the estuary. 
For the past 29 years, native fish have been consistently present at nearly all Otter trawl survey 
stations in all sub-regions of the estuary except Suisun Bay.  During the 1980-2008 period, 
native fish were present at 98-100% of survey stations in South, Central and San Pablo Bays.  In 
contrast, native fish were present in only an average of 81% stations in Suisun Bay (Kruskal 
Wallis One-way ANOVA of Ranks: p<0.001, Suisun v all other sub-regions; p<0.05). 
 
Trends in the percentage of native fish differ among the sub-regions. 
The percentage of survey stations with native fish was stable in all sub-regions of the estuary 
except Suisun Bay.   In Suisun Bay, distribution of native fishes declined briefly but significantly 
in the early 1990s, from 91% of stations (1980-1991) to just 64% of stations (1992-1994), and 
then recovered to 89% (1995-2000).  In 2001, distribution declined significantly again, falling to 
62% of stations (2001-2007) before returning to 91% in 2008 (Mann-Whitney Rank Sum test; 
p<0.05 both tests).  For the most recent five years (2004-2008), native demersal fish have been 
present at 62% of stations.  Similar to pelagic fish, native demersal fish were most frequently 
absent from survey stations located in the western region of Suisun Bay.       
 
Based on native demersal fish distribution, CCMP goals to “recover” and “reverse declines” 
of estuarine fishes have been met in all sub-regions of the estuary except Suisun Bay. 
In all regions of the estuary except Suisun Bay, native demersal fish are regularly collected at all 
Otter trawl survey stations.  In contrast, native fish are increasingly absent from the western 
region of Suisun Bay, the most upstream region of the estuary, suggesting that the condition of 
this region of the estuary is deteriorating.   
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V. Fish Index 
 
The Fish Index aggregates the results of the four abundance indicators (Pelagic Species, 
Demersal Species, Northern Anchovy, and Sensitive Species), two diversity indicators (Native 
Species and Estuary-dependent Species), two species composition indicators (Percent Native 
Species and Percent Native Fish) and the two distribution indicators (Pelagic Fish and Demersal 
Fish Distribution).  
 

A. Index Calculation 
 
For each year and for each sub-region, the Fish Index is calculated by combining the results of 
the ten indicators into a single number.  First, results of the indicators in each fish community 
attribute (i.e., abundance, diversity, species composition and distribution) were combined by 
averaging the quantitative scores of each of the component indicators.  Within the fish 
community attribute, each indicator was equally weighted.  Next the average scores for each fish 
community attribute were combined by averaging, with each fish community attribute equally 
weighted.  An index score greater than 3 was interpreted to represent “good” conditions and an 
index score less than 1 was interpreted to represent “very poor” conditions. 
 

B. Results 
 
Results of the Fish Index for each sub-regions are shown in Figure 13.  
 
The Fish Index differs among the four sub-regions of the estuary. 
For the 29-year survey period, the Fish Index was highest in the Central Bay (1980-2008 
average: 3.14), lowest in Suisun Bay (1.77), and intermediate in South and San Pablo Bays (3.01 
and 2.78, respectively) (Kruskal Wallis One-way ANOVA of Ranks: p<0.05; Central>South and 
San Pablo>Suisun).  For the most recent five years, the differences among the regions are even 
greater.  The Fish Index was highest in Central (2004-2008 average: 3.025), lowest in Suisun 
(1.28) and intermediate in South and San Pablo Bays (2.84 and 2.56, respectively).  Lower Fish 
Index values for Suisun Bay at the beginning of the survey period were attributable to lower 
diversity (i.e., smaller percentages of the sub-region’s species assemblage were present) and 
species composition (i.e., high prevalence of non-native species and non-native fish). 
 
Trends in the Fish Index differ among the sub-regions. 
During the 29-year survey period, the Fish Index has declined significantly in Suisun, San Pablo 
and South Bays but not in Central Bay (regression 1980-2008: p<0.005 all sub-regions except 
Central Bay).  The overall condition of the fish community in Suisun Bay has declined from 
“fair” in the early 1980s (1980-1989 average: 2.21) to consistent “poor” conditions throughout 
the 1990s and 2000s.  In 2006, when diversity, species composition and distribution all dropped, 
condition of the fish community in Suisun Bay was “very poor.”  In San Pablo Bay, the Fish 
Index has declined steadily, from mostly “good” conditions in the early 1980s to “fair” 
conditions by the 1990s: since then, the San Pablo Bay Fish Index has not fallen to “poor” levels 
and has continued to decline.  The decline in the Fish Index in South Bay, while significant, is 
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not as severe.  In Central Bay, the Fish Index has been relatively stable with generally “good” 
fish community conditions.   
 
Based on Fish Index, CCMP goals to “recover” and “reverse declines” of estuarine fishes 
have been met in only the Central Bay sub-region. 
The overall condition of the fish community is “good” in Central Bay, the most downstream 
region of the San Francisco Estuary.  In all other sub-regions of the estuary, the condition of fish 
community is declining.  In Suisun Bay, the most upstream region of the estuary most directly 
affected by watershed degradation, alteration of freshwater inflows and declines in the quality 
and quantity of low-salinity habitat, the fish community is in “poor” condition.  These declines in 
the Fish Index are largely driven by declines in fish abundance (all three sub-regions), declining 
diversity (South and San Pablo Bays), increasing prevalence of non-native species (all three sub-
regions), and declines in the distribution of native fish within the sub-region (Suisun Bay).   
 

C. Summary and Conclusions 
 
Collectively, the ten indicators and the Fish Index provide a reasonably comprehensive 
assessment of status and trends San Francisco Estuary fish community.  The results show 
substantial geographic variation in both the composition and condition of the fish community 
within the estuary and in the response of specific indicators over time.  Table 8 below 
summarizes the indicator and Index results by sub-region.  In addition, the following general 
conclusions can be made: 
 
1. The San Francisco Estuary fish community differs geographically within the estuary in fish 
community composition, fish abundance, and trends in various attributes of its condition over 
time. 
2. Different indicators show different responses over time, some demonstrating clear declines in 
condition over time, others no change, and a few increases.  In some cases, the same indicators 
measured in different sub-regions of the estuary show different responses over time.  These 
results suggest that different physical, chemical or biological environmental variables (or 
combinations of these variables) influence the fish community response in different sub-regions. 
3. Overall condition, as measured individually by the fish indicators and by the Fish Index for the 
community response, is poorest in upstream region of estuary, Suisun Bay; best in Central Bay, 
the region most strongly influenced by ocean conditions and with a predominantly marine fish 
fauna; and intermediate in San Pablo and South Bays.  However, condition of the fish 
community in San Pablo and South Bays is declining and, for San Pablo Bay, could deteriorate 
to “poor” condition if the current rate of decline continues for the next two decades. 
4. Even 30 years ago, the condition of the fish community in Suisun Bay was poorer than in all 
other sub-regions of the estuary.  The fish community was less diverse with relatively lower 
percentages of the native fish assemblage present, and dominated by high percentages of non-
native species. 
4. The abundance of pelagic fishes in the estuary (which include Northern anchovy and most of 
the sensitive species measured in those two indicators) has shown the greatest changes over time, 
indicating this component of the fish community has low resilience and/or is tightly linked to just 
one or a few environmental drivers that have also experienced substantial change in conditions 
during the sampling period.                                                                                                                                       
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VI. Peer Review 
The Fish indicators and index build upon the methods and indicators developed by The Bay 
Institute for the 2003 and 2005 Ecological Scorecard San Francisco Bay Index and for the San 
Francisco Estuary Partnership Indicators Consortium. The Bay Institute's Ecological Scorecard 
was developed with input and review by an expert panel that included Bruce Herbold (US EPA), 
James Karr (University of Washington, Seattle), Matt Kondolf (University of California, 
Berkeley), Pater Moyle (University of California, Davis), Fred Nichols (US Geological Survey, 
ret.), and Phillip Williams (Phillip B. Williams and Assoc.). These recent versions of the 
indicators and indices were also reviewed and revised according to the comments of Bruce 
Herbold and Luisa Valiela (US EPA). 

 
 
 

VII. References 
 
CDFG (2002)  Pacific herring commercial fishing regulations. Final Supplemental 
Environmental Document. California Department of Fish and Game, SCH No. 98052052. 
 
Cloern, J.E., A.D. Jassby, J.K. Thompson, K. Hieb. 2007. A cold phase of the East Pacific 
triggers new phytoplankton blooms in San Francisco Bay. Proceedings of the National Academy 
of Sciences of the United States of America 104(47):18561-18656 
 
Cloern, J. E., K. A. Hieb, T. Jacobson, B. Sansó, E.Di Lorenzo, M. T. Stacey,J. L. Largier, W. 
Meiring, W. T. Peterson, T. M. Powell, M. Winder, and A. D. Jassby. 2010. Biological 
communities in San Francisco Bay track large-scale climate forcing over the North Pacific. 
Geophysical Research Letters, Vol. 37, L21602, doi:10.1029/2010GL044774. 
 
Harrison, T. D. and A. K. Whitfield (2004) A multi-metric fish index to assess the environmental 
condition of estuaries. J. Fish Biology. 65:283-710. 
 
Nobriga, M., F. Feyrer, R. Baxter, and M. Chotkowski. 2005. Fish community ecology in an 
altered river delta: spatial patterns in species composition, life history strategies, and biomass. 
Estuaries 28:776-785. 
 
Jassby, A. D., W. J. Kimmerer, S. G. Monismith, C. Armor, J. E. Cloern, T. M. Powell, J. R. 
Schubel, and T. J. Vendlinski (1995) Isohaline position as a habitat indicator for estuarine 
populations. Ecol. Appl. 5:272-280.  
 
Karr, J. R. (1981). Assessment of biotic integrity using fish communities. Fisheries 6, 
21–27. 
 
Karr, J. R., J. D. Allan, and A. C. Benke (2000) River conservation in the United States and 
Canada: science, policy and practice.  In: P. J. Boon, B. R. Davies, and G. E. Petts (eds.), River 
Conservation: Science Policy and Practice. J. Wiley & Sons, New York, pp. 502-528. 
 

183

BDCP1673



Kimmerer, W. J. (2002) Physical, biological, and management responses to variable freshwater 
flow into the San Francisco estuary. Estuaries 25:1275-1290. 
 
May, J. T. and L. R. Brown (2002) Fish communities of the Sacramento River Basin: 
implications for conservation of native fishes in the Central Valley, California. Env. Biol. Fish. 
63:373-388. 
 
Meador, M. R., L. R. Brown, and T. Short (2003) Relations between introduced fish and 
environmental conditions at large geographic scales. Ecological Indicators 3:81-92. 
 
Moyle, P. B. (2002) Inland Fishes of California. University of California Press, Berkeley. 502 
pp. 
 
SFEIT (2008) Assessment Framework as a tool for integrating and communication watershed 
health conditions for the San Francisco Estuary. Technical Report #1, submitted by the San 
Francisco Estuary Indicators Team to the California Department of Water Resources, September 
30, 2008. 
 
Wang, L. and J. Lyons (2003) Fish and benthic macroinvertebrate assemblages as indicators of 
stream degradation in urbanizing watersheds.  In Biological Response Signatures. Indicator 
Patterns Using Aquatic Communities, (ed. T. P. Simon), pp. 227-249.  CRC Press: New York. 
 
Whitfield, A. K. & Elliott, M. (2002). Fishes as indicators of environmental and ecological 
changes within estuaries: a review of progress and some suggestions for the future. Journal of 
Fish Biology 61 (Suppl. A), 229–250. doi: 10.1006/jfbi.2002.2079. 
 
  

184

BDCP1673



 
 

 
 

 

 

185

BDCP1673



 
 
 

 

Figure 2. Locations of the sampling stations for the CDFG Bay Study Midwater Trawl and 
Otter Trawl surveys in different sub‐regions of the San Francisco Bay.  For the 2007 Fish 
Index, only data from the “original stations” (sampled continuously for 1980‐2006 
period) were used to calculated indicators for four sub‐regions: South Bay, Central Bay, 
San Pablo Bay, and Suisun Bay (which for this study includes the West Delta sub‐region).
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Table 1. Sampling stations and total numbers of surveys conducted per year (range for 
the 1980‐2006 period, excludes 1994) by the CDFG Bay Study Survey in each of four 
sub‐regions of San Francisco Bay.  MWT=Midwater Trawl survey; OT= Otter Trawl 
survey.  See Figure 1 for station locations.  

 

Sub-region 
 

Sampling stations 
 

Number of surveys 
(range for 1980-2005 period) 

South Bay 
 

101, 102, 103, 104, 105, 106, 
107, and 108 

64-96 (MWT)  
64-96 (OT) 

 
Central Bay 

109, 110, 211, 212, 213, 214, 
215, and 216 

64-96 (MWT)  
64-96 (OT) 

San Pablo Bay 
 

317, 318, 319, 320, 321, 322, 
323, and 325 

64-96 (MWT)  
64-96 (OT) 

Suisun Bay 
(includes West Delta sub-
region shown in Figure 1) 

425, 427, 428, 429, 430, 431, 
432, 433, 534, 535, 736, and 837 

87-132 (MWT)  
88-132 (OT) 
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Fish Community Characteristic Indicators 
Abundance  Pelagic Fish Abundance 

 Northern Anchovy Abundance 
 Demersal fish Abundance 
 Sensitive Species Abundance 

Diversity  Native Fish Diversity 
 Estuary-dependent Fish Diversity 

Species Composition  Percent Native Species  
 Percent Native Fish

Distribution  Pelagic Fish Distribution 
 Demersal Fish Distribution 

 

Table 2. Fish community characteristics and 
indicators used to calculate the Fish Index.
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Abundance Indicators
(Pelagic Fish, Northern Anchovy, Demersal Fish, Sensitive Species) 

Quantitative Reference 
Condition 

Evaluation and Interpretation Score 

>150% of 1980-1989 average “Excellent” 4 
>100% of 1980-1989 average “Good” 3 
>50% of 1980-1989 average “Fair” 2 
>15% of 1980-1989 average “Poor” 1 
<15% of 1980-1989 average “Very Poor” 0 

 

Table 3. Quantitative reference conditions and associated interpretations 
for the results of the fish abundance indicators. The primary reference 
condition, which corresponds to “good” conditions, is in bold.
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Figure 3. Changes in the Pelagic Fish 
Abundance indicator in each of four 
sub‐regions of the San Francisco 
Estuary from 1980‐2008. Horizontal 
dashed line shows the reference 
condition (1980‐1989 average).
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Figure 4. Changes in the 
Northern Anchovy Abundance 
indicator in each of four sub‐
regions of the San Francisco 
Estuary from 1980‐2008. 
Horizontal dashed line shows 
the reference condition (1980‐
1989 average).
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Figure 5. Changes in the 
Demersal Fish Abundance 
indicator in each of four sub‐
regions of the San Francisco 
Estuary from 1980‐2008. 
Horizontal dashed line shows 
the reference condition (1980‐
1989 average).
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Figure 6. Changes in the 
Sensitive Fish Species 
Abundance indicator in each of 
four sub‐regions of the San 
Francisco Estuary from 1980‐
2008. Horizontal dashed line 
shows the reference condition 
(1980‐1989 average).
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Estuary-dependent fish species (common names) 
 

Estuary resident species
Species with resident populations in the estuary 

and/or estuary-obligate species that use the 
estuary as nursery habitat

Seasonal species 
Species regularly use the estuary for part of their 

life cycle but also have substantial connected 
populations outside the estuary 

Arrow goby 
Bat ray 
Bay goby 
Bay pipefish 
Brown rockfish 
Brown smoothhound 
Cheekspot goby 
Delta smelt 
Dwarf surfperch 
Jack smelt 
Leopard shark 
Longfin smelt 
Pacific herring 
Pacific staghorn sculpin 
Pile perch 
Shiner perch 
Threespine stickleback 
Topsmelt, 
Tule perch 
White croaker 
White surfperch 

Barred surfperch 
Black perch 
Bonehead sculpin 
California halibut 
California tonguefish 
Diamond turbot 
English sole 
Northern anchovy 
Pacific sandab 
Pacific tomcod 
Plainfin midshipman 
Sand sole 
Speckled sanddab  
Spiny dogfish 
Splittail 
Starry flounder 
Surfsmelt 
Walleye surfperch  
 

 

Table 4. San Francisco Estuary‐dependent fish species collected in the 
CDFG Bay Study Midwater Trawl and Otter Trawl surveys.
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Diversity Indicators
Native Fish Species Diversity

Quantitative Reference 
Condition 

Evaluation and Interpretation Score 

>60%  “Excellent” 4 
>50% (~1980-1989 average) “Good” 3 

>40% “Fair” 2 
>30% “Poor” 1 
<30%  “Very Poor” 0 

Estuary-dependent Fish Species Diversity
Quantitative Reference 

Condition 
Evaluation and Interpretation Score 

>85% “Excellent” 4 
>70% (~1980-1989 average) “Good” 3 

>55%  “Fair” 2 
>40% “Poor” 1 
<40% “Very Poor” 0 

 

Table 5. Quantitative reference conditions and associated interpretations for 
the results of the diversity indicators.  The primary reference condition, 
which corresponds to “good” conditions, is in bold.
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Figure 7. Changes in the Native Fish 
Species Diversity indicator in each 
of four sub‐regions of the San 
Francisco Estuary from 1980‐2008. 
Horizontal dashed line shows the 
reference condition.
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Figure 8. Changes in the 
Estuary‐dependent Fish Species 
Diversity indicator in each of 
four sub‐regions of the San 
Francisco Estuary from 1980‐
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shows the reference condition 
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Species Composition Indicators 
(Percent Native Species, Percent Native Fish) 

Quantitative Reference 
Condition 

Evaluation and Interpretation Score 

>95%  “Excellent” 4 
>85% (~1980-1989 average) “Good” 3 

>70% “Fair” 2 
>50% “Poor” 1 
<50%  “Very Poor” 0 

 

Table 6. Quantitative reference conditions and associated interpretations for 
the results of the species composition indicators.  The primary reference 
condition, which corresponds to “good” conditions, is in bold.
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Figure 9. Changes in the Percent 
Native Species indicator in each 
of four sub‐regions of the San 
Francisco Estuary from 1980‐
2008. Horizontal dashed line 
shows the reference condition.
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Figure 10. Changes in the 
Percent Native Fish indicator in 
each of four sub‐regions of the 
San Francisco Estuary from 
1980‐2008. Horizontal dashed 
line shows the reference 
condition.

1980 1985 1990 1995 2000 2005
0

20

40

60

80

100

P
er

ce
n

t 
N

at
iv

e 
F

is
h

(%
 o

f 
fi

sh
 t

h
at

 a
re

 n
at

iv
e 

sp
ec

ie
s)

0

20

40

60

80

100
0

20

40

60

80

100
0

20

40

60

80

100
Suisun Bay

San Pablo Bay

Central Bay

South Bay

200

BDCP1673



 
 

 

Table 7. Quantitative reference conditions and associated interpretations for the results of 
the distribution indicators.  The primary reference condition, which corresponds to “good” 
conditions, is in bold. 

Distribution Indicators 
(Pelagic Fish, Demersal Fish) 

Quantitative Reference 
Condition 

Evaluation and Interpretation Score 

100%  “Excellent” 4 
>80% (~1980-1989 average) “Good” 3 

>60% “Fair” 2 
>40% “Poor” 1 
<40%  “Very Poor” 0 
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Figure 11. Changes in the Pelagic 
Fish Distribution indicator in each of 
four sub‐regions of the San 
Francisco Estuary from 1980‐2008. 
Horizontal dashed line shows the 
reference condition.
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Figure 12. Changes in the Demersal 
Fish Distribution indicator in each of 
four sub‐regions of the San 
Francisco Estuary from 1980‐2008. 
Horizontal dashed line shows the 
reference condition.
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Figure 13. Changes in the 
Fish Index in each of four 
sub‐regions of the San 
Francisco Estuary from 
1980‐2008. Black lines 
and symbols show the 
annual Index values, solid 
red line shows the linear 
regression for the 1980‐
2008 period. Horizontal 
dashed lines shows the 
reference conditions and 
associated 
interpretations.
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Indicator or Index Sub-region CCMP Goal Met 
(yes or no) 

Trend
long-term     short-term 
(29 yrs)         (last 5 yrs) 

 
Pelagic Fish Abundance 

Suisun 
San Pablo 
Central 
South 

No 
No 
No 
No 

Decline              Stable 
Decline              Stable 
Stable                Stable 
Decline              Stable 

 
Northern Anchovy Abundance  

Suisun 
San Pablo 
Central 
South 

No 
No 
Yes 
Yes 

Decline              Stable 
Decline              Increase 
Stable                Stable 
Stable                Stable 

 
Demersal Fish Abundance 

Suisun 
San Pablo 
Central 
South 

Yes 
Yes 
Yes 
Yes  

Decline              Stable 
Stable                Stable 
Increase            Stable 
Stable                Stable  

 
Sensitive Fish Species Abundance 

Suisun 
San Pablo 
Central 
South 

Yes 
Yes 
No 
No 

Decline              Stable 
Decline              Stable 
Decline              Stable 
Decline              Stable 

 
Native Fish Species Diversity 

Suisun 
San Pablo 
Central 
South 

Yes 
Yes 
Yes 
Yes 

Stable                Stable 
Decline              Stable 
Increase            Stable 
Stable                Stable 

 
Estuary-dependent Fish Species Diversity 

Suisun 
San Pablo 
Central 
South

Yes 
Yes 
Yes 
No 

Stable                Stable 
Decline              Stable 
Stable                Stable 
Decline              Stable

 
Percent Native Species 

Suisun 
San Pablo 
Central 
South 

No 
No 
Yes 
Yes 

Decline              Stable 
Decline              Stable 
Stable                Stable 
Decline              Decline 

Percent Native Fish Suisun 
San Pablo 
Central 
South

No 
Yes 
Yes 
Yes 

Decline              Stable 
Stable                Stable 
Stable                Stable 
Decline*             Decline

Pelagic Fish Distribution Suisun 
San Pablo 
Central 
South 

No 
Yes 
Yes 
Yes 

Decline              Stable 
Stable                Stable 
Stable                Stable 
Stable                Stable 

Demersal Fish Distribution Suisun 
San Pablo 
Central 
South 

No 
Yes 
Yes 
Yes 

Decline              Stable 
Stable                Stable 
Stable                Stable 
Stable                Stable 

Fish Index Suisun
San Pablo 
Central 
South 

No 
No 
Yes 
No 

Decline             Stable
Decline              Stable 
Stable                Stable 
Decline              Stable 

 

Table 8. Summary of results, relative to the CCMP goals to 
“recover” and “reverse declines” of estuarine fishes, of the seven 
fish indicators for each of the four sub-regions of the San 
Francisco Estuary.
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2 numerical modeling for assessing the provenance of beach sand in the San Francisco
3 Bay Coastal System

4 Patrick L.Q1 Barnard a,⁎, Amy C. Foxgrover a, Edwin Elias a,b, Li H. Erikson a, James R. Hein a, Mary McGann a,
5 Kira Mizell a, Robert J. Rosenbauer a, Peter W. Swarzenski a, Renee K. Takesue a,
6 Florence L. Wong a, Donald L. Woodrow a

7 a United States Geological Survey, Pacific Coastal and Marine Science Center, 400 Natural Bridges Drive, Santa Cruz, CA 95060, USA
8 b Deltares, P.O. Box 177, 2600 MH Delft, Rotterdamseweg 185, 2629DH Delft, Netherlands

9

10

a b s t r a c ta r t i c l e i n f o

11 Article history:
12 Received 3 July 2012
13 Received in revised form 16 November 2012
14 Accepted 16 November 2012
15 Available online xxxx
161718
19 Keywords:
20 provenance
21 bedforms
22 sediment transport
23 isotopes
24 foraminifera
25 heavy minerals
26 rare earth elements
27 numerical modeling

28Over 150 million m3 of sand-sized sediment has disappeared from the central region of the San Francisco Bay
29Coastal System during the last half century. This enormous loss may reflect numerous anthropogenic influ-
30ences, such as watershed damming, bay-fill development, aggregate mining, and dredging. The reduction
31in Bay sediment also appears to be linked to a reduction in sediment supply and recent widespread erosion
32of adjacent beaches, wetlands, and submarine environments. A unique, multi-faceted provenance study was
33performed to definitively establish the primary sources, sinks, and transport pathways of beach-sized sand in
34the region, thereby identifying the activities and processes that directly limit supply to the outer coast. This
35integrative program is based on comprehensive surficial sediment sampling of the San Francisco Bay Coastal
36System, including the seabed, Bay floor, area beaches, adjacent rock units, and major drainages. Analyses of
37sample morphometrics and biological composition (e.g., Foraminifera) were then integrated with a suite of
38tracers including 87Sr/86Sr and 143Nd/144Nd isotopes, rare earth elements, semi-quantitative X-ray diffraction
39mineralogy, and heavy minerals, and with process-based numerical modeling, in situ current measurements,
40and bedform asymmetry to robustly determine the provenance of beach-sized sand in the region.
41Published by Elsevier B.V.

4243

44

45

46 1. Introduction

47 Adefinitive understanding of sediment sources, sinks, and pathways
48 in urbanized coastal–estuarine systems is essential for assessing the
49 current and future effects of sediment-impacting activities, such as
50 dredging operations, aggregate mining, shoreline armoring, and water-
51 shed modifications (Duck et al., 2001). More informed management of
52 sediment resources can promote the sustainability of fringing tidal wet-
53 lands and beaches, the first line of defense as sea level rises (Vermeer
54 and Rahmstorf, 2009) and potentially larger storms (Graham and
55 Diaz, 2001) increase the vulnerability of coastal environments over
56 the next century and beyond (Jevrejeva et al., 2012), enhancing threats
57 to public safety, vital infrastructure, and ecosystems (Nicholls and
58 Cazenave, 2010).
59 The physical, biological, geochemical, and mineralogical composi-
60 tion of coastal sediment is a product of multiple factors, including
61 river catchment petrology (Cho et al., 1999), cliff and seafloor geolo-
62 gy, biogenic contributions (Lackschewitz et al., 1994), oceanographic

63and climatic conditions (Bernárdez et al., 2012), residence time, grain
64size, shape, density, and local hydrodynamics (Steidtmann, 1982).
65Therefore, understanding the sources of beach sediment can yield im-
66portant information about transport pathways and anthropogenic
67impacts, littoral transport directions, and local erosion.
68Spatial variations in grain size parameters (i.e., mean grain size,
69sorting, and skewness) have been used as tool for decades to infer sed-
70iment transport pathways, with insight into local sources and sinks
71(e.g., McLaren and Bowles, 1985; Gao and Collins, 1992; Le Roux,
721994). However, this approach suffers from severe limitations, such as
73lack of validation data sets for the multiple approaches, uncertainty as
74to whether the grain size variability is associated with a modification
75of the hydrodynamic energy or with sediment reworking processes,
76input uncertainties such as sampling and measurement error, and
77model uncertainties (Poizot et al., 2008). Preferential sorting on beaches
78has established heavy mineral analysis as a common tracer for
79establishing provenance (e.g., Rao, 1957; Morton, 1985; Frihy et al.,
801995), where storms, frequentwashing of sediments, andwind erosion
81can focusmore dense, darker grains in distinct layers (Da Silva, 1979; Li
82and Komar, 1992). However, from source to sink, the effects of
83weathering, transportation, deposition and diagenesis must be consid-
84ered in interpretations (Morton, 1985), and the mechanisms of beach
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85 deposition are still poorly understood (Gallaway et al., 2012). Andrews
86 and Eberl (2012) used quantitative X-ray diffraction (qXRD) and
87 SedUnMix, an Excel Macro program, to gain a greater understanding of
88 provenance in a complicated glacial marine system, but were not able
89 to capture exact source rock compositions, a common shortcoming of
90 qXRD. Magnetic properties of sediment have been used as a fast, low
91 cost means to explore sediment provenance in estuaries (Jenkins et al.,
92 2002) and beaches (Rotman et al., 2008), although magnetic signatures
93 are not useful if themagnetic susceptibility of source areas is not distinct,
94 and the results are complicated by the natural particle size variability of
95 the samples (Oldfield and Yu, 1994). Rare earth elements (REE) have
96 been used as a tracer to determine sediment transport pathways
97 (Ronov et al., 1967; Piper, 1974), with numerous studies using REEs to
98 determine coastal sediment provenance (e.g., Munksgaard et al., 2003;
99 Prego et al., 2012), but their universal applicability canbe limited bynat-
100 ural abundance. Isotopic analysis (e.g., 87Sr/86Sr and 143Nd/144Nd) has
101 often been used in recent years, particularly for mud-dominated sea-
102 floor sediments and eolian dust (e.g., Lee et al., 2005; Saitoh et al.,
103 2011), due to their stability and reflection ofminerals and rockswith dif-
104 ferent ages and compositions (Grousset and Biscaye, 2005), but the
105 analysis is expensive and the results can be difficult to interpret
106 (Farmer et al., 2003).
107 The only means to implement effective local and regional sedi-
108 ment management plans that promote the sustainability of coastal
109 environments is to understand the entire coastal system, from source
110 to sink. However, because any given provenance technique limits the
111 relevance and applicability of the results to discrete portions or pro-
112 cesses within a complex coastal–estuarine system, recent studies
113 have utilized multiple techniques. For example, Duck et al. (2001)
114 used bedform asymmetry, grain size distribution, and magnetic sus-
115 ceptibility measurements in an attempt to distinguish the relative
116 contribution of marine and fluvially derived bedload in a channel
117 of the Tay Estuary, Scotland. Bernárdez et al. (2012) incorporated
118 grain size, total carbon, particulate organic and inorganic carbon,
119 particulate organic nitrogen, X-ray diffraction, heavy mineral sepa-
120 ration, and flame atomic absorption spectrometry for metals analy-
121 sis to determine the provenance of marine sediments off the coast
122 of the northwest Iberian Peninsula. The results of these provenance
123 studies clearly were strengthened by the use of multiple techniques,
124 but the integration of the results in these prior studies was only
125 qualitative.
126 In this study we present a uniquely extensive, complex, and robust
127 approach to determining sediment provenance in the San Francisco
128 Bay Coastal System, focusing on the pathways for the movement of
129 beach-sized sand from the watershed, through the estuary, and onto
130 open-coast beaches. This study was motivated by major anthropo-
131 genic changes to the Bay that began with the influx of hydraulic
132 mining-related sediment from the Gold Rush in the 19th century
133 (Gilbert, 1917), and have continued to the present with extensive in-
134 direct and direct impacts on the Bay sediment supply, including wide-
135 spread watershed modifications (e.g., Wright and Schoellhamer,
136 2004), and Bay floor aggregate mining and dredging (Dallas and
137 Barnard, 2011), reflected by ~150 million m3 of erosion from the
138 floor of San Francisco Bay over the last half of the 20th century
139 (Barnard and Kvitek, 2010). This significant erosion of the Bay floor
140 is temporally correlated with similarly high volumes of erosion of
141 the ebb-tidal delta at the mouth of San Francisco Bay (Hanes and
142 Barnard, 2007; Dallas and Barnard, 2009), as well as widespread ero-
143 sion of adjacent, open-coast beaches (Hapke et al., 2006; Dallas and
144 Barnard, 2011; Barnard et al., 2012a). However, a quantitative physi-
145 cal or geochemical connection has not been established between sed-
146 iments inside and outside the Bay, nor a definitive causal link driving
147 regional coastal erosion.
148 Using extensive regional sediment sampling, geochemical and
149 mineralogical analyses, multibeam bathymetry mapping, physical
150 process measurements, and numerical modeling, we developed a

151semi-quantitative method to integrate and cross-validate the results
152of nine separate techniques for establishing sand provenance:

1531) Grain size morphometrics
1542) 87Sr/86Sr and 143Nd/144Nd isotopic ratios
1553) Rare earth element (REE) composition
1564) Heavy minerals
1575) Semi-quantitative X-ray diffraction (XRD)
1586) Biologic, anthropogenic, and volcanic constituents
1597) Bedform asymmetry
1608) Acoustic Doppler velocity measurements
1619) Modeled residual sediment transport

162The multifaceted approach results in a definitive understanding of
163sand movement in the coastal–estuarine system, thereby providing
164essential information to promote more efficient management of sed-
165iment resources. This unique and complex approach can serve as a
166model for provenance studies worldwide.

1672. Study area

1682.1. Physical setting

169San Francisco Bay is the largest estuary on the U.S. West Coast
170(Conomos et al., 1985), and is among the most developed and
171human-altered estuaries in the world (Knowles and Cayan, 2004). The
172San Francisco Bay Coastal System comprises four sub-embayments, as
173well as the open coast littoral cell, extending from Pt. Reyes to Pt. San
174Pedro, the ebb-tidal delta (i.e., San Francisco Bar) at the mouth of San
175Francisco Bay, the inlet throat (i.e., Golden Gate), and the Sacramento–
176San Joaquin Delta mouth (Fig. 1). The region is subjected to highly ener-
177getic physical forcing, including spatially and temporally variable wave,
178tidal current, wind, and fluvial forcing. The open coast at the mouth of
179San Francisco Bay is exposed to swell from almost the entire Pacific
180Ocean,with annualmaximumoffshore significantwave heights (hs) typ-
181ically exceeding 8 m, andmean annual hs=2.5 m (Scripps Institution of
182Oceanography, 2012). Inside the Bay, wave forcing is less important, ex-
183cept on shallow Bay margins where local wind-driven waves, and occa-
184sionally open ocean swell can induce significant turbulence and
185sediment transport (Talke and Stacey, 2003; Hanes et al., 2011). Tides
186at the Golden Gate (NOAA/Co-ops station 9414290) are mixed, semi-
187diurnal, with a maximum tidal range of 1.78 m (MLLW–MHHW,
1881983–2001 Tidal Epoch), but due to the large Bay surface area
189(1200 km2 at MSL), the Golden Gate strait serves a spring tidal prism
190of 2×109 m3. This powerful tidal forcing results in peak ebb tidal cur-
191rents that exceed 2.5 m/s in the Golden Gate, peak flood tidal currents
192of 2 m/s just inside Central Bay, and even 1 m/s on the edge of the
193ebb-tidal delta, 10 km from the inlet throat (Rubin and McCulloch,
1941979; Barnard et al., 2007). The strongest tidal currents throughout the
195other sub-embayments are focused in themain tidal channels, common-
196ly approaching 1 m/s (e.g., Wright and Schoellhamer, 2004). Bedforms
197dominate the substrate (Rubin and McCulloch, 1979; Chin et al., 2004;
198Barnard et al., 2006, 2011b, 2012b) where sand is prevalent among the
199highly energetic areas throughout the region, including at the mouth of
200San Francisco Bay and the deeper portions of Central Bay, San Pablo
201Bay, and Suisun Bay (Fig. 1), particularly within themain tidal channels.
202The bottom sediments are mud-dominated in South Bay and in the
203shallower (b4 m), lower tidal energy areas of Central Bay, San Pablo
204Bay, and Suisun Bay (Conomos and Peterson, 1977).
205Sediments are derived from watersheds of the Sacramento–San
206Joaquin Delta (i.e., Sierran, notably granitic) and local tributaries, and
207the local coast range that outcrops along the open coast, in the Golden
208Gate and Central Bay (i.e., Franciscan Complex, notably chert and ser-
209pentine, and younger volcanic and sedimentary rocks) (Gilbert, 1917;
210Yancey and Lee, 1972; Schlocker, 1974; Porterfield, 1980; McKee et
211al., 2003; Graymer et al., 2006; Keller, 2009). The modern Bay floor
212and adjacent open coast seafloor are primarily composed of sand and
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213 mud of Sierran and Franciscan origin that is actively transported into
214 the region (Keller, 2009), overlyingmetamorphic and sedimentary bed-
215 rock: the shallowest depths to bedrock and intermittent bedrock expo-
216 sures are most common in Central Bay (Trask, 1956; Goldman, 1969;
217 Carlson and McCulloch, 1970; Chin et al., 2004), within the Golden
218 Gate (Barnard et al., 2006), the northern open coast, and Carquinez
219 Strait (Jachens et al., 2002). The framework geology for the San
220 Francisco Bay Coastal System is described extensively in Elder (this
221 issue).

222 2.2. Prior work-sediment transport

223 Historically, the majority of the sediment load to San Francisco Bay
224 was supplied from the Sacramento–San Joaquin Delta (Krone, 1979;
225 Porterfield, 1980), with the Sacramento River producing seven times
226 the sediment yield of the San Joaquin River (Oltmann et al., 1999), a
227 ratio that is still valid (Wright and Schoellhamer, 2005). Prior to the
228 Gold Rush in 1849, Gilbert (1917) estimated sediment supply from the
229 Delta to the Baywas ~1.3 Mt/yr. Ganju et al. (2008) estimated a decrease
230 in mean annual sediment loads to the Delta from a high of greater than
231 10 Mt/yr in the late 19th century to less than 3 Mt/yr in the latter half
232 of the 20th century, with a dramatic decrease after 1910 attributed to
233 the onset and subsequent cessation of hydraulic mining, followed by
234 major Delta modifications (Knowles and Cayan, 2004). Recent estimates
235 of suspended loads entering the estuary from the Sacramento–San
236 Joaquin Delta range from 1.2 Mt/yr (McKee et al., 2006) to 4 Mt/yr
237 (Shvidchenko et al., 2004), with most of this likely mud-sized, with a
238 comparable amount coming from local tributaries (Lewicki and McKee,

2392010). However, newly updated estimates of suspended supply for
240the period 1995–2010 from the Delta are 0.89 Mt/yr, and 1.43 Mt/yr
241from local tributaries, indicating that local watersheds are now the
242dominant source of sediment feeding the Bay (McKee et al., this
243issue). Suspended sediment loads decreased by 50% from the Sacra-
244mento River from 1957 to 2001, from ~2–3 Mt/yr to 1–2 Mt/yr, or, as-
245suming a linear decrease over that time period, a total reduction of
246~25 Mt (Wright and Schoellhamer, 2004; Singer et al., 2008). From
247water years 1991–1998 to 1999–2007, there was an abrupt, 36% step
248decrease in suspended sediment concentrations observed inside the
249Bay, broadly attributed to the depletion of the ‘erodible sediment pool’
250created by hydraulic mining and possibly urbanization, and further re-
251duced by river bank protection, and sediment trapping behind dams
252and in flood bypasses (Schoellhamer, 2011). However, the transport
253pathways and ultimate sink of these historically varying sediment
254loads has never been established.
255The net direction of sediment transport across the Golden Gate, the
256critical interface that connects the Bay and the open coast, is poorly un-
257derstood, but paramount to understanding limits on sediment supply
258within the San Francisco Bay Coastal System. Fram et al. (2007) mea-
259sured root-mean-squared instantaneous discharges across the inlet
260throat of 60,000 m3/s, mean discharges of 600 m3/s (net seaward),
261and a mildly stratified channel, while Martin et al. (2007) noted that
262the direction of the net advective flux of chlorophyll was always sea-
263ward. The only direct estimates of suspended sediment transport
264using in situ measurements across the Golden Gate were conducted
265by Teeter et al. (1996), who performed repeated inlet cross-sectional
266transects using boat-mounted acoustic Doppler profiler systems. They

Fig. 1. The San Francisco Bay Coastal System. (ALI=Alcatraz Island, ANI=Angel Island, BB=Baker Beach, BFI=Bay Farm Island, CF=Crissy Field, OB=Ocean Beach, PB=Pt.
Bonita, PL=Pt. Lobos, TI=Treasure Island, YBI=Yerba Buena Island).
Fault lines from USGS (2006).
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267 observed a clear net seaward transport of suspended sediment of
268 188,000 Mt over a two week period, with fluxes during ebb flows 44%
269 higher on average than during flood flows. Although direct measure-
270 ments of bedload transport across the Golden Gate have not been
271 performed, an extensive study of bedform asymmetry covering west-
272 central San Francisco Bay and the mouth of San Francisco Bay suggests
273 a net seaward flux of bedload through the Golden Gate, further con-
274 firmed by applying a hydrodynamically-validated numerical model to
275 estimate the net flux of suspended load and bedload across the inlet
276 throat (Barnard et al., 2012b, this issue-a). A complete summary of sed-
277 iment transport research in the region can be found in Barnard et al.
278 (this issue-b).

279 2.3. Prior work-sediment provenance

280 A number of sediment provenance studies in the San Francisco Bay
281 area have focused exclusively on the mud fraction (e.g., Knebel et al.,
282 1977; Griggs and Hein, 1980; Hornberger et al., 1999; Ingram and Lin,
283 2002),with fewer studies providing information on sand sources and lit-
284 toral transport, but typically just the fine and very fine sand fraction
285 (~0.063–0.25 mm; e.g., Moore, 1965; Cherry, 1966; Wong, 2001).
286 Yancey and Lee (1972) identified five distinct heavy mineral assem-
287 blages for the Central California coast. This study linked the majority of
288 bottom sediments in North Bay (i.e., Suisun and San Pablo Bays), Central
289 Bay, and the mouth of San Francisco Bay south to Pacifica to a Sierran
290 source delivered to the Bay by the San Joaquin–Sacramento drainage ba-
291 sins (see Fig. 1), suggesting that the dominant regional direction of
292 transport is from the Bay seaward toward the ebb-tidal delta, and then
293 primarily to the south, which the Sierran sedimentary petrographic
294 province of Moore (1965) also strongly suggests. Locally-derived
295 heavy mineral assemblages are more evident for South Bay, and in the
296 immediate vicinity of Pt. Reyes and Bolinas Bay.
297 Conomos (1963) used heavy and light minerals to determine that
298 most of the sandy sediment in the southern half of South Bay was de-
299 rived from the Franciscan rocks of local tributaries (primarily Alameda
300 Creek, which enters South Bay along the southeastern shoreline:
301 Fig. 1) entering the sub-embayment, with no sediment from the
302 Sacramento–San Joaquin Delta. The fine fraction of the northern por-
303 tion of South Bay is well-mixed with the majority of sediment inflow
304 originating from other sub-embayments to the north, but the sand frac-
305 tion appears locally-derived (Gram, 1966), evidence that the mud and
306 sand fractions are transported by a different set of processes and cannot
307 be used as tracers for each other. Based on surficial grain size distribu-
308 tions and the multibeam, backscatter and sidescan data of Greene and
309 Bizarro (2003), Chin et al. (2010) suggest that the sand in Central Bay
310 is derived from either outside San Francisco Bay, shoreline sediments
311 and outcrops in the vicinity of the Golden Gate (the coarser sands), or
312 from San Pablo Bay (finer sands), with little mixing of the two fractions.
313 Along the open coast, a major potential source of sediment north
314 of Pt. Reyes is the Russian River mouth, but heavy mineral analysis
315 of beach and inner shelf sediments document a sharp decrease in
316 abundance south of Bodega Head (Cherry, 1964; Minard, 1971;
317 Demirpolat, 1991). The Russian River thus is unlikely to be a signifi-
318 cant source of sediment to the San Francisco Bay Coastal System.
319 Cherry (1966) used heavy mineral distribution on several beaches
320 to track littoral sand movement near Pt. Reyes, finding negligible
321 net movement of sand, with most of the beach material locally de-
322 rived from the less resistant beach-backing cliffs, and inactive trans-
323 port beyond ~27 m water depth. Wilde et al. (1969) collected over
324 60 cliff, beach and inner shelf samples in the Bolinas Bay region, find-
325 ing the major supply of heavy minerals being a granitic source
326 extending directly from the ebb-tidal delta at the mouth of San
327 Francisco Bay, with secondary sources from Bolinas Lagoon and adja-
328 cent cliffs. Landward of this lobe, to the north and northeast, Franciscan
329 minerals become increasinglymore concentrated. They also established

330a counter-clockwise transport of sediment within Bolinas Bay with flux
331of 220,000 m3, and bottom sediments in a state of quasi-equilibrium.
332The actively eroding Franciscan bluffs bordering the Golden Gate
333are likely a significant local source of coarse sediment, with diagnostic
334minerals and mineral assemblages found on the ebb-tidal delta
335(Gilbert, 1917), the ocean floor of the Golden Gate, beaches along
336the open coast (Moore, 1965), and from west-central San Francisco
337Bay (Keller, 2009). Two local Quaternary sedimentary formations
338with Sierran material (Merced and Colma formations) are exposed
339on Angel Island, from Ocean Beach to Pacifica, and may underlie sed-
340iment offshore (Schlocker, 1974; Bruns et al., 2002). Schlocker (1974)
341interpreted the sand at Ocean Beach as derived locally from these two
342formations, with mineralogy atypical of the Franciscan Complex. Par-
343ticularly diagnostic of the Colma Formation is the abundance of mag-
344netite along the heavily eroding section of southern Ocean Beach
345(Hansen and Barnard, 2010). Based on the physical and mineralogical
346properties of extensive regional beach and shelf sediment sampling
347(n=~200), Moore (1965) concluded that the sand on the ebb-tidal
348delta and inner shelf to the south in depths less than ~30 m reflected
349the mineralogy of San Francisco Bay sediments (similar to channel
350sands west of Carquinez Strait), and was notably distinct from
351beach and nearshore sediments to the north. He further noted that
352the littoral zone in this region is largely composed of sediment locally
353derived from proximal headlands, cliffs, watersheds, and bays, and
354that littoral zone mineralogy changes alongshore when local source
355rock changes or physical boundaries occur. However, the composition
356of beach sands south of the Golden Gate are less variable than the
357local cliffs, suggesting only minor inputs from that local source, but
358with distinct southerly littoral transport. Schatz (1963) integrated
359the grain size and heavy mineral work of Trask (1953) and Kamel
360(1962) to suggest a possible pathway of sand from north to south
361across the crest of the ebb-tidal delta, and then toward shore at the
362southern end of Ocean Beach, a pathway that was later hypothesized
363by Battalio and Trivedi (1996).
364Wong (2001) isolated the fine sand fraction (0.063 to 0.250 mm)
365of heavy minerals from samples collected on the continental shelf
366from approximately Pt. Reyes to Half Moon Bay, identifying two pri-
367mary heavy mineral assemblage groups that dominated the region:
3681) sand derived from granitic rocks, particularly Sierran, extending
369from approximately Bolinas Bay to Half Moon Bay, broadly similar
370to the region designated as the Sierran heavy mineral province by
371Yancey and Lee (1972), and 2) sand derived from Franciscan rocks,
372found predominantly from Bolinas Bay to Pt. Reyes. However, most
373of the sediment samples are well outside the active littoral zone,
374and believed to be relict deposits from at least the mid-Holocene.
375These prior studies can offer only broad guidance to our present
376work, as none of this research isolated the beach-sized sand fraction
377and traced it from source to sink, including the Bay, open-coast
378beaches, and the littoral zone.

3793. Methods

380Below is a brief summary of the methods used in this study. For a
381more comprehensive description of the methods for each individual
382technique please refer to the references listed, particularly within
383this special issue.

3843.1. Pilot study of bulk geochemistry

385Prior to the full beach-sized sand provenance study, eight surficial
386sediment samples were collected from beaches in the vicinity of the
387Golden Gate and nearshore to determine if bulk sediment chemistry
388could distinguish sources along the open coast (Fig. 2). Bulk sediment
389samples were ground to b0.15 mm and decomposed with a four-acid
390total digestion (Briggs and Meier, 2002). Thirty-seven major, minor,
391trace and rare earth elements were analyzed on a Perkin Elmer Elan
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392 6000 inductively-coupled plasma mass spectrometer. Limits of deter-
393 mination, defined as five times the standard deviation of the blank,
394 are ≤0.01 wt.% for major elements and b1 ppm for most minor and
395 most trace elements.

396 3.2. Sediment sampling and geochemistry

397 A total of 423 sediment and/or rock samples were collected from
398 major Bay tributaries, the Bay and seafloor, Bay and outer coast
399 beaches, and bedrock outcrops within the San Francisco Bay Coastal
400 System and associated watersheds (Fig. 3). The majority of samples
401 used in this study (n=253) were collected over the course of 3
402 cruises (Table 1), with seafloor grab samples collected in early 2010
403 and beach and tributary samples between 2010 and 2012. An addi-
404 tional 170 seafloor grab samples were collected in late 2011/early
405 2012 and were incorporated solely for the grain size morphometrics
406 portion of this study (see Section 3.2.1). Grain size of surface samples
407 from a series of earlier studies (mostly collected from 2005 to 2008)
408 throughout the region (n=290) were also incorporated into the
409 grain size analyses.
410 To characterize the geochemical signature of potential source mate-
411 rials, bed sediment was collected from the Sacramento River (3 sites),
412 San Joaquin River (2 sites), and from nine smaller local tributaries that
413 drain directly into the Bay (Napa and Guadalupe rivers; Alameda,
414 Calaveras, Corte Madera, Del Presidio, San Francisquito, Sonoma, and
415 Wildcat creeks) as well as the Russian River, which drains to the Pacific

416Ocean north of Bodega Bay (Fig. 3). Tributary samples were extracted
417from the top ~10 cm of sediment deposits. All of the tributary samples
418were collected along the river's edge by hand trowel,with the exception
419of two Sacramento and one of the San Joaquin River samples which
420were collected in the center of the channel. Source rock samples were
421extracted using a rock hammer at subaerial outcrops along the open
422coast from the major geologic rock sources (i.e., granite, basalt, chert,
423sandstone, and serpentinite). Forty-two surface sediment samples
424were collected frombeaches throughout the study area. To assess trans-
425port from these sources and potential mixing and redistribution
426throughout the study area, surface sediment (top ~10 cm) was collect-
427ed using a clam shell grab sampler from a total of 170 bay/ocean floor
428samples throughout the Bay and along the open coast. The surficial sed-
429iment sampling strategy was intended to capture the most active sedi-
430ment layer, and therefore reflect the modern provenance of sediment.
431However, in some cases, the upper 10 cm of the substrate may pene-
432trate into eroding sediments that are more representative of historical
433rather than contemporary conditions, and therefore the integration of
434co-located proxy provenance techniques (i.e., bedform asymmetry, nu-
435merical modeling, and/or velocity measurements) will be particularly
436effective in reducing impact of this potential bias. Prior to standard
437grain size processing, a small fraction of select sediment samples was
438selected for biologic, anthropogenic, and volcanic constituent analyses
439(McGann et al., this issue). The remaining fraction of all sediment sam-
440ples were then cleaned with hydrogen peroxide to remove organics,
441disaggregated in an ultrasonic bath, washed with deionized water to
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442 remove salt, and the gravel fractions isolated from sand and mud frac-
443 tions via wet sieving. Particle size analysis on the mud and sand frac-
444 tions was performed using a laser diffraction particle size analyzer,
445 and gravel size was determined by wet sieving.
446 Based on the mean D10 to D90 range of the open coast beach sam-
447 ples (n=19) of 0.15–0.5 mm, the beach-sized sand fraction of 101
448 sediment samples was split for geochemical analyses (Fig. 4). From
449 the first split, two size fractions were isolated, 0.063–0.25 mm and
450 0.25–0.5 mm, and the target weight measured out for heavy mineral
451 analysis:

452 – Fraction 1a — ~50 g (10 g or more) for fine sand heavy mineral
453 analysis
454 – Fraction 1b — ~50 g (10 g or more) for medium sand heavy min-
455 eral analysis.

456 Using the second split of the sand fraction, the particle size range
457 from 0.15 to 0.5 mmwas isolated, shell was removed by acid leaching
458 and the sample was rinsed thoroughly with ultra-pure deionized
459 water. After being pulverized to a fine powder, bedrock samples

460(n=18) were also leached and cleaned. The cleaned, salt-free,
461shell-free samples were split to get target weights for additional
462analyses:

463– Fraction 2— ~5 g for 143Nd/144Nd and 87Sr/86Sr analyses (min. 1 g
464or more)
465– Fraction 3— ~10 g for semi-quantitative XRD analysis (min. 5 g or
466more)
467– Fraction 4 — ~10 g for rare earth element analysis.

468Table 2 lists the total number of samples analyzed in this study,
469with their locations plotted in Fig. 5.

4703.2.1. Grain size morphometrics
471A simplified sediment trend analysis was performed by evaluating
472spatial variations in grain size parameters (mean grain size, sorting,
473and skewness) throughout the study area using a Geographic Infor-
474mation System (GIS). Surface grab samples were processed using
475standard procedures. Particle size distributions of the mud and sand
476fractions were analyzed separately using a Beckman Coulter LS100Q
477and the gravel fraction by wet sieves. Statistics were calculated
478using the method of moments for the 170 surface grab samples col-
479lected in early 2010 (Table 1) and for an additional 170 samples col-
480lected in August 2011 and January 2012. Mean grain size was also
481compiled from a series of earlier studies (samples mostly collected
482from 2005 to 2008) focusing primarily on western Central Bay, the
483Golden Gate and the San Francisco Bar (n=290). The data sets
484were combined and interpolated to create continuous surface repre-
485sentations of each of three statistics of interest (mean grain size,
486sorting, and skewness) using a triangular interpolated network
487(TIN) algorithm. The TINs were then converted to raster surfaces
488with a horizontal resolution of 300 m. The Flow Direction tool in
489the ArcGIS Spatial Analyst Toolbox was used to create surfaces of
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Fig. 3. Location and source of sediment samples included in this study.

Table 1t1:1

t1:2 Cruise dates and number of samples collected (USGS, 2010, 2011).

t1:3 Cruise ID Dates Description Count

t1:4 S-7-10-SF 1/2010 USGS cruise, SF Bay grab samples 59
t1:5 S-8-10-SF 3/2010 USGS cruise, SF Bay and coastal grab samples 111
t1:6 B-2-10-SF 3/2010–3/2012 Sediment collected from beaches and

tributaries, rock from outcrops
83

t1:7 B-5-11-SFa 8/2011 RMP sediment cruise coordinated by SFEI
and run by Applied Marine Sciences, Inc.,
SF Bay grab samples

51

t1:8 S-1-12-SFa 1/2012 USGS cruise, SF Bay and coastal grab samples 119

a Samples from these cruises were used solely for grain size analyses.t1:9
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490 inferred sediment transport direction for each of the three statistics.
491 The Flow Direction tool evaluates each individual grid cell within a ras-
492 ter and assigns a direction to that central cell based upon the greatest
493 decrease in value between it and the eight surrounding grid cells. In
494 this instance, flow direction for the three separate surfaces are derived
495 from the greatest decrease in: (1) mean grain size (sediment fining),
496 (2) standard deviation (better sorting), and (3) skewness (more nega-
497 tively skewed in phi units, indicating a tail of coarser sediments). To as-
498 similate results from the three different statistics, the study area was
499 divided into 3×3 km blocks and the dominant transport direction
500 within each block assigned. In blocks where the inferred sediment
501 transport directions from at least two of the three parameters were
502 within the same 90 degree quadrant of one another, the directions
503 were averaged to calculate transport direction.

504 3.2.2. 87Sr/86Sr, 143Nd/144Nd isotopic ratios and trace elements
505 Solid phase 87Sr/86Sr and 143Nd/144Nd isotopic ratios were deter-
506 mined following procedures presented in Weis et al. (2006). Solid
507 phase isotopic ratios were measured using Thermal Ionization Mass
508 Spectrometry (TIMS) and the isotopic ratios were normalized to cor-
509 rect for mass fractionation using reference 87Sr/86Sr and 143Nd/144Nd
510 activity ratios. The normalized 143Nd/144Nd ratios were converted to
511 εNd using a value of 0.512636 for CHUR (chondritic uniform reservoir)
512 (Rosenbauer et al., this issue).

5133.2.3. Rare earth elements
514A complete trace element characterization, including the suite of rare
515earth elements (REE)was carried out (Rosenbauer et al., this issue). Each
516sediment sample was fused by lithium metaborate, dissolved using di-
517lute HNO3, and analyzed by high-resolution inductively-coupled plasma
518mass spectrometry (HR-ICP-MS) on a Thermo Scientific Element 2. Pre-
519cisionwith known calibrationmaterials waswithin 2σ error of literature
520and recommended values. Procedural duplicates and replicate measure-
521ments showed excellent agreement, with relative standard deviations
522(RSD) less than 5%. REE values were chondrite normalized using values
523reported in Anders and Grevesse (1989), except for yttrium (Y) whose
524chondrite normalizing value was obtained from Bau et al. (1996). Ceri-
525um (Ce) and europium (Eu) anomalieswere calculated using the formu-
526las provided by Bau et al. (1996).

5273.2.4. Heavy minerals
528Sediment samples were selected from the 0.063 and 0.25-mm size
529fraction (or, if not enough sample was available, from the 0.25 to
5300.50 mm size fraction) for heavy mineral analysis. Samples were sepa-
531rated in tetrabromoethane diluted to a specific gravity of 2.90; both
532the light and heavy (floating and sinking, respectively) grains were re-
533trieved. The heavy grains were microsplit to about 1000 grains and
534mounted on glass slides. Grains were identified and counted by optical
535properties determined on a petrographic microscope for 42 samples.
536The counts were normalized as percent of total non-opaque grains
537and a cluster analysis was applied (Wong et al., this issue).

5383.2.5. Semi-quantitative X-ray diffraction bulk sand mineralogy
539The samples (n=119) were powdered, X-rayed, andmineral peak
540height counts multiplied by published weighting factors and summed
541to 100%. Samples were analyzed using a Philips XRD with graphite
542monochromator and XRD digital scans were analyzed using Philips
543X'Pert High Score search and match function to identify peaks and
544qualitative mineral composition. Cluster analysis was performed on
545raw scan data using Philips X'pert High Score with default settings.
546Cluster analysis is an automatic four-step procedure that compares
547each scan with all other scans and then generates a distance matrix
548that determines the number of “meaningful” clusters of the most rep-
549resentative member and of the furthermost members of each cluster.

Fig. 4. Flow chart of geochemical analyses.

Table 2t2:1

t2:2 Number of samples used for each type of analysis by sample origin.

t2:3 Analysis Sample origin Total

t2:4 Seafloor Beach Rock Tributary

t2:5 Grain size 339 42 0 24 405
t2:6 X-ray diffraction 61 27 18 13 119
t2:7 Rare earth elements 58 27 16 16 117
t2:8 87Sr/86Sr, 143Nd/144Nd 46 16 10 15 87
t2:9 Heavy minerals 27 8 1 6 42
t2:10 Biologic/anthropogenica 294 0 0 0 294

a Analyses included additional samples collected during earlier USGS and SFEI
cruises. See McGann et al. (this issue).t2:11
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550 Principal Components Analysis (PCA), which is an independent meth-
551 od of visualizing and judging the quality of the clustering, was also
552 used. The scans were compared using the matching algorithm provid-
553 ed for qualitative phase identification (Hein et al., this issue).

554 3.2.6. Biologic, anthropogenic, and volcanic constituents
555 Bulk sediment samples for constituent analysis were collected
556 from 294 sites by the San Francisco Estuary Institute (SFEI) from
557 1995 to 1998 and by the U.S. Geological Survey (USGS) in 1998 and
558 2010 (Fig. 6). Benthic foraminifera and representative specimens of
559 other organic and inorganic constituents were picked from the sieved
560 sediment and identified. Of the 294 samples, 251 were picked of all or
561 a split (>300) of the foraminifera present; the remaining 43 samples
562 were scanned for the presence of foraminiferal species. Relative fora-
563 miniferal species abundances from the 1995–1998 SFEI and 1998
564 USGS studies were converted to presence/absence data to be analo-
565 gous to the 2010 USGS data. Once converted, a Q-mode cluster anal-
566 ysis was utilized to describe the relationship between the benthic
567 foraminiferal assemblages. The cluster analysis grouped the samples
568 according to their degree of similarity. Clustering was based on a
569 square root transformation of the data, a Sørenson similarity coeffi-
570 cient, and amalgamated by a group-averaged linkage strategy. In ad-
571 dition, volcanic glass from five sites was described petrographically
572 and analyzed by electron microprobe. The results were compared to
573 the USGS tephra geochemical database to identify their source
574 (McGann et al., this issue).

575 3.3. Bedform asymmetry

576 The asymmetry of ~45,000 bedforms was measured from 13
577 multibeam bathymetry surveys performed between 1999 and 2010
578 in the San Francisco Bay Coastal System (Fig. 7) to infer the bedload
579 transport directions. Point measurements were spatially-averaged

580into 25,450 2500-m2 grid cells (50 m×50 m) using a standard in-
581verse distance weighting technique. The inferred transport direction
582(ebb or flood) was based on the assumption that bedforms migrate in
583the direction of the steep lee face (e.g., Van Veen, 1935; Stride, 1963;
584Allen, 1968;McCave and Langhorne, 1982; Knaapen, 2005), an assump-
585tion that has been broadly validated in the San Francisco Bay region by
586near-bottom current measurements (Rubin and McCulloch, 1979) and
587numerical modeling (Barnard et al., this issue-a).

5883.4. Measured residual currents

589The long-term (months to years) net sediment transport direction
590is often assumed to coincide with the residual current direction. Sev-
591eral long-term measurements of current velocities have been made
592within San Francisco Bay and the immediate open coast. We synthe-
593size some previously reported residual current analyses in South
594and Suisun Bays and present results of measurements obtained at
595the seaward end of the shoals outside the Golden Gate, along Ocean
596Beach to the south of the Golden Gate, and in the vicinity of Crissy
597Field, immediately east of the Golden Gate along the north shore of
598San Francisco (Fig. 7).
599Cheng and Gartner (1984) and Walters et al. (1985) presented re-
600sidual current directions from a suite of current meters deployed in
601Suisun and South Bays. Mechanical current meters were mounted
602on rigid moorings or tethered partially through the water column at
603numerous stations throughout the Bay during the years 1979 through
6041982. Current meter sampling rates were set to one sample every
60510 min for the 1979 and 1980 deployments and increased to every
6062 min for the later measurements. In waters 10 m or deeper, two me-
607chanical current meters were deployed simultaneously at each sta-
608tion, one within ~3 m of the bed and one at 7 m above the bed.
609Data collection at each station used in the residual analysis ranged be-
610tween two and three months.
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Fig. 5. Location of sediment samples and type of geochemical analyses performed.
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611 Measurements along the outer coast and Crissy Field were obtained
612 in 2005–2008 (Barnard et al., 2007; Hansen andBarnard, 2010; Hanes et
613 al., 2011)with acoustic Doppler profilers (ADPs; Table 3, Fig. 7). Residual
614 currents were calculated for the bottom bins (within 3 m of the seabed)
615 and depth-averaged over all available bins (bin heights ranged from
616 0.25 m to 1 m, depending on total water depth) as measured with the
617 current profilers. Exploiting the modern technology of ADPs, sediment
618 flux estimates were also calculated with the acoustic backscatter inten-
619 sity following the method described by Gartner (2004). Backscatter in-
620 tensity data were corrected for beam spreading and water absorption,
621 and suspended sediment concentrations computed with calibration pa-
622 rameters obtained from a measurement campaign at the Golden Gate
623 (Erikson et al., this issue). The difference between residual current direc-
624 tions calculated with vector averaged currents and those multiplied by
625 estimated suspended sediment concentrations was small (b15°).
626 Residual current results presented hereinwere computed using a low
627 pass filter (cut-off frequency=8.4175×10−6 Hz) for the 2005–2008
628 data. Calculations were done on time-series data reduced to an available
629 maximum even multiple of theM2 tidal period as this is by far the most
630 dominant constituent in the Bay.

631 3.5. Numerical modeling

632 To investigate physical processes and sediment transport in the
633 San Francisco Bay Coastal System, a coupled Delft3D hydrodynamic
634 model FLOW and SWAN (Simulating WAves Nearshore) wave nu-
635 merical model was created (Elias and Hansen, this issue). Delft3D
636 FLOW forms the core of the model system simulating water motion
637 due to tidal and meteorological forcing by solving the unsteady shal-
638 low water equations (Stelling, 1984; Lesser et al., 2004). The FLOW
639 model consists of six two-way coupled domains of varying resolution
640 for optimal computational efficiency. Given the large spatial scale in-
641 volved with solving the inlet dynamics, and to achieve acceptable
642 model run times, all flow grids were run in depth-averaged mode
643 (2DH). The spectral wave model SWAN (version 40.72ABCDE;
644 Holthuijsen et al., 1993; Booij et al., 1999; Ris et al., 1999) was applied
645 in stationary, third-generation mode to propagate waves fromwell off-
646 shore of the continental shelf to the coastline and into the Bay. The hy-
647 drodynamic andwavemodels were run in quasi-nonstationarymode, a
648 two-way coupling (15-minute intervals) of a nonstationary hydrody-
649 namic calculation in combination with regular stationary wave simula-
650 tions. The Online Morphology addition to Delft3D is used to compute
651 sediment transport in the flow domains (Lesser et al., 2004). The
652 TRANSPOR2004 transport equations are used to model the movement
653 of non-cohesive sand fractions due to suspended and bed-load sedi-
654 ment transports. The bedwas schematized as a single sediment fraction
655 (representative for the ebb-tidal delta deposits) with a D50 of 0.25 mm.
656 Long term (multi-year) simulations would be needed to create
657 representative sediment transport patterns, but such simulations

658are computationally unfeasible given the high resolution and spatial
659extent of the model. Instead, input schematization techniques (De
660Vriend et al., 1993; Lesser, 2009) were used to schematize the wave
661and tidal boundary forcing to create a representative set of wave condi-
662tions and a single 24.8 hour tidal cycle derived from the calibrated con-
663stituents. The total wave-averaged transports are obtained by running
664the coupled wave-flow model for each of the 24 wave cases over one
66524.8 hour representative tidal cycle. The tide-cycle-averaged velocity
666and sediment transport for each simulation were then weighted by
667the normalized probability of occurrence of eachwave case. The proba-
668bility weighted results were then summed to generate an ensemble of
669all 24 wave cases to calculate the residual sediment transport. For addi-
670tional information on modeling details, including calibration and vali-
671dation, see Elias and Hansen (this issue).

6723.6. Integration of techniques

673In order to assimilate the results of all provenance approaches and
674develop a best estimate of beach-sized sand transport pathways, a
675semi-quantitative user-interface tool was developed using GIS soft-
676ware. The study area was divided into 3×3 km blocks (n=216),
677and for each block the user could choose from 8 compass directions
678for inferred transport direction, and 3 levels of confidence (high (3),
679medium (2), low (1)), based on the data available for each technique
680(Fig. 8, Table 4). In b10% of the grid cells there was not enough sam-
681pling data available locally or regionally to make an entry for any
682technique. After the results for each of the individual techniques
683were input into separate data files, the results were compiled and
684outliers removed by eliminating individual transport vectors falling
685outside of a 180 degree radius of the majority of data. The mean
686transport direction (weighted by confidence) and average confidence
687values for each block was calculated. A final weighted confidence was
688assigned based on the number of entries, i.e., greater weight was
689given to blocks with entries from a greater number of techniques
690driving the result, such that:

weighted confidence ¼ number of entriesð Þ
� mean confidence scoreð Þ:

691692
693The weighted confidence for each block was reflected in the size of
694the arrow in the final map of beach-sized sand (i.e., 0.15–0.50 mm for
695isotopes, REEs, and XRD, 0.063 mm–0.5 mm for heavy minerals)
696transport pathways.

6974. Results and interpretation

6984.1. Pilot study of bulk geochemistry

699There was distinct bulk geochemical differences among sediments
700from the outer coast pilot study. In the vicinity of San Francisco,

Table 3t3:1

t3:2 Sampling sites and instrumentation used for 2005–2008 current measurements at the outer coast and Crissy Field. See Fig. 7 for mapped locations.

t3:3 Site ID Deployment dates Depth (m) Lat (DD) Long (DD) ADP mfg. & frequency

t3:4 Ocean Beach
t3:5 Site 2 06/21/05–08/16/05 11.5 37.7560 122.5200 RDI 1.2 MHz ADCP
t3:6 Site 3 06/21/05–08/16/05 14.6 37.7260 122.5180 RDI 1.2 MHz ADCP
t3:7 Site 4 06/21/05–07/26/05 21.1 37.7890 122.6430 Nortek AWAC 1 MHz
t3:8 Site 3 01/12/06–02/06/06 13.4 37.7260 122.5180 Nortek AWAC 1 MHz
t3:9 Site 5 01/12/06–02/11/06 13.9 37.7470 122.6090 RDI 1.2 MHz ADCP
t3:10 TV1 01/16/08–05/19/08 12.4 37.7404 122.5210 Nortek AWAC 1 MHz
t3:11

t3:12 Central Bay–Crissy Field
t3:13 CF2s 09/08/08–09/26/08 4.9 37.8070 122.4507 Nortek AWAC 1 MHz
t3:14 CF1j 01/14/08–01/30/08 4.9 37.8085 122.4679 Nortek AWAC 1 MHz
t3:15 CF2j 01/14/08–01/30/08 4.4 37.8070 122.4507 Nortek AWAC 1 MHz
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701 sediment at Baker Beach, northern Ocean Beach, and the sand wave
702 field in the Golden Gate had iron to aluminum ratios (Fe/Al) more
703 similar to granitic and felsic volcanic rocks than Franciscan rocks
704 (Fig. 9), suggesting a Sierran source. North of the Golden Gate
705 (Rodeo Beach, Bonita Cove, Point Bonita) and south of San Francisco
706 (southern Ocean Beach, offshore of southern Ocean Beach) sedimen-
707 tary Fe/Al ratios fall along a mixing line with Franciscan chert and av-
708 erage sandstone at one end, and Franciscan shale, average basalt and
709 average shale at the other. Sediment at Point Bonita, southern Ocean
710 Beach, and offshore of southern Ocean Beach were enriched in chro-
711 mium (Cr) relative to Franciscan rocks (data not shown). The enrich-
712 ments at and offshore of southern Ocean Beach are consistentwith the
713 input of Cr-enriched heavyminerals such as Cr-magnetite or chromite
714 from the Colma Formation which outcrops along the coast. At Point
715 Bonita the Cr enrichment was accompanied by high vanadium (V)
716 content, and could be related to the metamorphic history of this site.
717 In summary, based on bulk sediment geochemistry it appears that

718local sediment sources predominate along the coast north of the Gold-
719en Gate and south of San Francisco, while a Sierran source supplies
720sediment to northern San Francisco beaches (i.e., Baker Beach, north
721Ocean Beach) and the seafloor of the Golden Gate.

7224.2. Grain size morphometrics

723The only spatially coherent transport patterns that emerged from
724the analysis of grain size parameters (Fig. 10) were west of the Gold-
725en Gate, where the inferred transport direction in 82% of the 3×3 km
726blocks fell within ±90° of the average transport direction calculated
727using all of the techniques applied in this study. Agreement east of
728the Golden Gate was not as good, with only 62%, 52%, and 48%
729of the cells in South, Central, and North Bays, respectively, falling
730within the same ±90 degree window. Inferred transport patterns
731west of the Golden Gate are consistent with ebb-dominated flow
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Fig. 8. Sand provenance integration grid based on 3-×3-km square blocks.

Table 4t4:1

t4:2 Confidence intervals for the sand provenance techniques. (SQA=semi-quantitative assessment).

t4:3 Technique Diagnostic High (3) Medium (2) Low (1) No entry

t4:4 Grain size morphometrics Grain size, standard
deviation and skewness

N/A N/A Agreement of two or more
metrics in same quadrant

Agreement of less than two
metrics in the same quadrant

t4:5 87Sr/86Sr, 143Nd/144Nd Cluster analysis SQA SQA SQA SQA
t4:6 REE composition Cluster analysis SQA SQA SQA SQA
t4:7 Heavy minerals Cluster analysis SQA SQA SQA SQA
t4:8 XRD Cluster analysis SQA SQA SQA SQA
t4:9 Misc. constituents Cluster analysis SQA SQA SQA SQA
t4:10 Bedform asymmetry Asymmetry (%) A≥20% 20%>A≥10% 10%>A≥5% Ab5%
t4:11 Residual current measurementsa Duration of deployment D≥3 months 3 months>D≥1 month 1 months>D≥2 weeks Db2 weeks
t4:12 Model — outer coast and Central Bay Rate (m3/d/m) S≥10−6 10−6>S≥10−8 10−8>S≥10−10 Sb10−10

t4:13 Model — South Bay and North Bay Rate (m3/d/m) N/A S≥10−7 10−7>S≥10−9 Sb10−9

a All 1979–1982 data was assigned a confidence value of 2.t4:14
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732 patterns with sediments traveling in a southwesterly direction
733 through the mouth and over the ebb-tidal delta.
734 Sediment transport within San Francisco Bay is very complex, and
735 the relatively poor performance of grain size in predicting transport
736 direction is likely due to the numerous limitations and uncertainties

737of this approach (see Poizot et al., 2008). A fundamental concern is
738whether the grain size variability captured is associated with a mod-
739ification of the hydrodynamic energy or with sediment reworking
740processes. Additional input uncertainties stem from sampling depths
741(ideally capturing only the time-scale of the depositional process of
742interest), density of the samples, and the duration over which they
743were collected. Limitations due to model uncertainties of this simpli-
744fied trend analysis were not quantified, and as a result, only the trans-
745port directions for west of the Golden Gate, where results were
746validated by independent analyses, were incorporated into the syn-
747thesis of this larger project. Because of the many limitations associat-
748ed with this analysis, all transport directions inferred from grain-size
749measurements were assigned a low confidence rating.

7504.3. Geochemical analyses

7514.3.1. Isotopes and rare earth elements
752The normalized 143Nd/144Nd, 87Sr/86Sr, and Nd/Sr isotope ratios and
753to a lesser extent the total amounts and ratios of trace and rare earth ele-
754ments (REE) andhighfield strength elements (HFSE, such asY, Zr, Nb, Ta),
755were used to infer beach-sized sand transport pathways in the region.
756The Nd and Sr isotope ratios indicate that the sediment within the San
757Francisco Bay Coastal System can be complexly sourced both locally
758and distally. Using the Jenks (1967) optimizationmethod, a data classi-
759fication method for determining the ideal grouping of values into dis-
760tinct classes, the Nd and Sr isotope and REE anomaly data were
761classified intofive distinct groups (Figs. 11–12) thatwere correlated rel-
762ative to likely geographical sources. Based on the most robust isotopic
763indicator (εNd — for more information see Rosenbauer et al., this
764issue), the predominant source of beach-sized sand to Suisun Bay, San
765Pablo Bay, and Central Bay is likely derived from the Sierras via the Sac-
766ramento Riverwith additional local contributions to San Pablo Bay from
767the Napa River. The REE data also imply that some sediment is

Fig. 9. Iron (Fe) relative to aluminum (Al) contents of sediment at outer coast sites (upper
case), Franciscan chert and shale (lower case; Murray et al., 1991), and common rock
types (italics; Condie, 1993). Line shows the least-squares regression of four outer coast
sites (bold). See Fig. 2 for sample locations. (RO=Rodeo Beach, BC=Bonita Cove, SO=
southern Ocean Beach, OF=offshore of southern Ocean Beach, PB=Point Bonita, BB=
Baker Beach, SW=sand wave field, NO=northern Ocean Beach, fch=Franciscan chert,
fsh=Franciscan shale, ss=sandstone, gr=granite, fv=felsic volcanic, sh=shale, bas=
basalt).
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768 introduced into the Suisun Bay and San Pablo Bay from the San Joaquin
769 River. Based on the isotopic signatures, some component of sand-sized
770 sediment exits San Francisco Bay proper and is then carried southward
771 along the outer coast by prevailing currents. Nd/Sr isotopic ratios also
772 reveal regions of localized sediment accumulation such as basalt being
773 uniquely deposited around the Golden Gate Bridge. The sandy sediment
774 in the southern half of South Bay is derived from local tributaries, pri-
775 marily Alameda Creek, with no sediment evident from the Sacramento
776 or San Joaquin Rivers.
777 On the outer coast of Pt. Reyes north of the Golden Gate Bridge,
778 beach-sized material appears to be derived from the discharge of
779 the Russian River with smaller contributions likely from local streams
780 and sandstone outcrops. On the inner coast south of Pt. Reyes there is
781 some material derived from the erosion of the granitic headland that
782 seems contained within Drakes Bay. Most of the sediment on and off-
783 shore from Pt. Reyes to the Golden Gate Bridge is consistent with
784 sandstone outcrops at Pt. Reyes and likely other locally-derived
785 geochemically-similar material along the northern open coast. This
786 material mixes with sediment transiting the Golden Gate from within
787 the Bay and some of this material is carried back into Central Bay and
788 partly into South Bay through tidal currents, and some transported
789 southward along and onto Ocean Beach. The beach and offshore
790 sands along the coast south of the Golden Gate are an amalgamation

791of material transported alongshore from north of the Golden Gate
792mixed with sediment derived from within the Bay, primarily from
793the Sacramento River, as well as material derived from local outcrops
794and creeks (Rosenbauer et al., this issue). Distinct transport pathways
795were not discernible from the REE results alone, but aided in interpre-
796tation of the isotopic data.

7974.3.2. Heavy minerals
798Samples from beaches, seafloor, local drainages and cliff outcrops
799are grouped into twomajor and threeminor classes on the basis of clus-
800ter analysis of the heavy mineral abundance (Fig. 13). Twenty-two of
801the 42 samples fall into class 1 (Sierran), which is characterized by
802hornblende, hypersthene, and zircon, and occurs throughout the estu-
803ary west of Carquinez Strait, through the Golden Gate and southward
804along the coast. Class 2 (Golden Gate) consists of six samples and is sim-
805ilar to class 1, but has far less hypersthene, more zircon, and a more re-
806stricted geography near the Golden Gate. The remaining 14 samples are
807in geographically restricted areas (Franciscan, Bay streams, and Marin
808classes) or are outliers unrelated to any other samples. The wide distri-
809bution of samples from class 1 indicates that the sand is present
810throughout the estuary and out of the Golden Gate, but no directional
811trend is evident in either the abundance of the individual minerals or
812the weighting from the cluster analysis (Wong et al., this issue).
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813 4.3.3. Semi-quantitative X-ray diffraction bulk sand mineralogy
814 Beach and offshore sands north of the Golden Gate are derived
815 predominantly from Franciscan rocks eroded by local streams and
816 by the larger Russian River. Sediment from the Russian River moves
817 south along the coast and around Point Reyes (Fig. 14). Rock outcrops
818 provide sources for a component of sand for local beaches and near-
819 shore samples, but are diluted with other sources from longshore
820 transport. The general sediment signature north of the Golden Gate
821 can be traced into Central Bay and across the Bay mouth to the
822 south. Most beach and offshore sands south of the Golden Gate are
823 derived from local outcrops and creeks, longshore transport from
824 north of the Golden Gate, and sediment from the Sacramento and
825 San Joaquin Rivers that transits through San Francisco Bay. Local
826 sources or more distant sources can dominate at any particular
827 beach south of the Golden Gate.
828 The area around the Golden Gate Bridge is a zone of mixing of sed-
829 iment from various sources including longshore transport from north
830 of the Golden Gate, westward transport from the Sacramento–San
831 Joaquin and Napa–Sonoma drainages, and northward transport from
832 the area of north Ocean Beach into the southern Bay mouth along
833 Crissy Field. Local sources are prominent for beaches along the
834 Marin Headlands. Beaches just southeast of the Golden Gate receive
835 sand from erosion of local Franciscan sandstone, mixed sediment of
836 the Sacramento–San Joaquin Rivers, and the coast north of the Golden

837Gate, and from Ocean Beach. The remainder of San Francisco Bay re-
838ceives sediment predominantly from the Sacramento and San Joaquin
839Rivers. However, sediment from Napa River and Sonoma Creek can be
840identified in San Pablo Bay and the South Bay area, and likely forms a
841small component of Central Bay sediment. Local streams flowing into
842the southernmost portion of South Bay are recognized in nearby sed-
843iments. Sediment from Suisun Bay also receives sediment derived
844from erosion of the Franciscan Complex, perhaps delivered through
845small creeks (Hein et al., this issue).

8464.4. Biologic, anthropogenic, and volcanic constituents

847Organic and inorganic sediment constituents were recovered in
848294 samples collected in the San Francisco Bay Coastal System from
8491995 to 2010. Both naturally-occurring and displaced remains are
850used to identify pathways of sediment transport and sites of deposi-
851tion in the region (Fig. 15). Offshore water commonly intrudes into
852Central Bay, to the southern end of South Bay and the middle of San
853Pablo Bay, and occasionally as far east as Suisun Bay, as evidenced
854by the presence of marine-indicating organisms such as benthic and
855planktic foraminifera, ostracods, diatoms, and radiolaria. In contrast,
856estuarine waters flow from San Francisco Bay out onto the San
857Francisco Bar and along the coast, as demonstrated by the recovery
858of estuarine ostracods and benthic foraminifera in nearshore marine

A

B

A

B

Fig. 12. Representative rare earth element (REE) ratio of samples, lanthanum (La):ytterbium (Yb) (Rosenbauer et al., this issue).
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859 samples. Biota which inhabits the periphery of the Bay, such as marsh
860 benthic foraminifera and freshwater gastropods and ostracods, com-
861 monly are transported to the middle of the sub-embayments of the
862 estuary. Similarly, terrestrially-derived welding slag and glass micro-
863 spheres are found in the middle of sub-embayments and outside
864 along the outer coast, far from any docks or roads that are presumed
865 to be their source. Lastly, volcanic glass shards originating from the
866 Sacramento and San Joaquin River watersheds were recovered
867 throughout the Bay, including the extreme end of South Bay and
868 along the open coast south to Pt. San Pedro. From these data, we
869 can conclude that sediment is transported from the Delta to all re-
870 gions of the Bay and out into the offshore realm, as well as from the
871 marine realm back into San Francisco Bay. The channel in Suisun
872 Bay, San Pablo Bay, Central Bay, and South Bay, and the Golden
873 Gate, are conduits for sediment movement and sites where scouring
874 occurs. However, the transport directions inferred from the biologic,
875 anthropogenic, and volcanic constituents utilized in this portion of
876 the study should be considered with caution, as they are derived
877 from bulk sediment samples, and the hydraulic properties of the con-
878 stituents considered here are not necessarily consistent with the
879 beach-sized sand fraction isolated for the other techniques. Therefore,
880 while we have used these constituents for supporting evidence in the
881 development of the conceptual sand transport model, we have not in-
882 cluded the results with the other eight techniques in the semi-
883 quantitative integration. Nevertheless, this technique clearly demon-
884 strates the well-mixed nature of the estuary, and that fresh, brackish,
885 and marine constituents penetrate into all reaches of the Bay.

886 4.5. Bedform asymmetry

887 The mean grain size of bedform sediment samples ranged from
888 0.014 mm to 1.54 mm (Fig. 10; mean=0.34 mm, σ=0.28), indicat-
889 ing that bedform sediment is a potential source of beach sand, defined

890here as 0.15–0.50 mm. The direction and degree of bedform asymme-
891try are indicative of sediment transport direction; bedform asymmetry
892calculations suggest an ebb-dominated system (Fig. 16), with a mean
893net ebb asymmetry for the entire system of 5%, and significantly
894ebb-oriented bedforms at the mouth of San Francisco Bay (11% ebb
895asymmetry), in San Pablo Bay (7% ebb asymmetry) and Suisun Bay
896(8% ebb asymmetry). Only South Bay exhibits slight flood-orientation
897(2% flood asymmetry), while Central Bay exhibits only a slight ebb pref-
898erence (1% ebb asymmetry). Cross-sections of bedform asymmetry
899across the narrowest section of Suisun Bay (20% ebb asymmetry), the
900entirety of Central Bay (12% ebb asymmetry), and the inlet mouth (5%
901ebb asymmetry) all suggest that the Bay is a net exporter of sand to
902the open coast. In addition to mean overall ebb orientation of the
903bedforms, there are a number of large regions where ebb- or
904flood-directed transport is clearly dominant, such as the southern por-
905tion of Central Bay (ebb), through the center of the Golden Gate
906(ebb), and along the southern margin of the Golden Gate (flood). The
907asymmetrymeasurements significantly agree (up to ~76%)with annual
908residual transport directions derived from numerical modeling (see
909Section 4.7), and the orientation of adjacent, flow-sculpted seafloor fea-
910tures such as mega-flute structures (Barnard et al., this issue-a).

9114.6. Measured residual currents

912Current measurements show that residual currents were predomi-
913nantly ebb-oriented in the central and northern portions of Suisun Bay
914(Fig. 17A;Walters andGartner, 1985;Walters et al., 1985).Measurements
915in September 1978 showed that during spring tides, a down-estuary flow
916across the northern portion of Suisun Bay resulted from the tidally-driven
917residualflowdominating over the density-drivenup-estuaryflow.During
918neap tides, the density-driven flow dominated because of decreased ver-
919ticalmixing andweakened residual flow. A comparison ofmeteorological

Fig. 13. Distribution of primary heavy mineral classes as determined by cluster analysis. Symbols for cliff rock samples that can be assigned to classes of unconsolidated sediment are
outlined in black (Wong et al., this issue).
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920 and currentmeter data did not reveal anywind-driven component in the
921 residual circulation of Suisun Bay.
922 In South Bay, measurements obtained with mechanical current me-
923 ters during the years 1979 to 1982 indicated a residual tidally-driven
924 current northward along the west side of the main channel and east-
925 ward along the northern slope of San Bruno shoals (Fig. 17B; Cheng
926 and Gartner, 1985; Walters et al., 1985). Residual flows over the shoals
927 along the eastern part of South Bay were strongly affected by wind-
928 driven currents; under conditions of a north wind, surface flows in the
929 shallow regions were southward with an ebb-directed return flow in
930 the channel. Although these current measurements are ~thirty years
931 old, previous modeling efforts (Gross, 1997) have shown that while
932 winds contribute significantly, tidal currents are the primary forcing re-
933 sponsible for creation of residual circulation in South San Francisco Bay.
934 Unless wind patterns and magnitudes have changed substantially or
935 changes in bathymetry, freshwater loading, and the tidal prism has sig-
936 nificantly altered the tidal regime, it is likely that themeasurements are
937 still largely representative of circulation in this sub-embayment.
938 ADP measurements at the two sites along Crissy Field indicate
939 ebb-directed residual currents for both the January and September
940 2008 deployments (Fig. 17C). Residuals at the westward site were
941 oriented alongshore while at the eastward site (CF2 — near an inlet
942 to a restored tidal wetland), residual currents were ~20° from the
943 shore-normal direction. The shore-normal current component was al-
944 most always directed onshore and likely is responsible for the observed
945 sedimentation and frequent closure of the marsh inlet (Hanes et al.,
946 2011). Surface wind stress (Fig. 17D, bottom panel), has a good

947correlation (r=0.65) with westward- (ebb) directed residual currents,
948but no correlation with the north–south or shore-normal residual cur-
949rents. However, the onshore-directed residual currents show a strong
950(r=0.80) correlation with significant wave heights measured at the
951San Francisco Bar outside the Golden Gate (Fig. 17D, third panel). The
952occurrence of large ocean waves has been shown to coincide with
953marsh closure events (Hanes et al., 2011), further indicating that the
954ocean swell penetrating through the Golden Gate is largely responsible
955for the nearshore residual currents and sedimentation along Crissy Field
956beach.
957Along the outer edge of the ebb-tidal delta, residual currents were
958directed seaward (Fig. 17C). For the winter measurement period in
9592006, waves averaged 2.6 m with a maximum of 5.6 m in ~14 m
960water depth at Site 5, but the depth-averaged residual current (con-
961sistently offshore) was poorly correlated with wave height, indicating
962the dominant influence of the ebb jet emanating from the Golden
963Gate. Residual current measurements along Ocean Beach (Sites 2, 3
964and TV1, 11 m–14 m water depth) showed a consistent north–north-
965west direction.

9664.7. Numerical modeling

967Modeled residual transport is dominantly seaward at the mouth of
968San Francisco Bay, including through the center of the Golden Gate,
969and across the ebb-tidal delta (Fig. 18). However, there is a narrow
970but distinct pathway for flood-directed transport from the northern
971section of Ocean Beach, around Pt. Lobos, and along Baker Beach,

Fig. 14. Summary of beach-sized sand transport pathways based on semi-quantitative X-ray diffraction results.
Modified from Hein et al. (this issue).
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972 which also is suggested by many of the other analyses in this paper.
973 Inside Central Bay, ebb-directed transport dominates along the pe-
974 riphery, including the southern and northwest sections. Closer to
975 the Golden Gate strait, flood-directed-transport is more prevalent in
976 the center of the inlet, while transport patterns are more complex to
977 the east, but generally agree with the bedform asymmetry patterns
978 for themajority of locations (see Fig. 16). South Bay transport directions
979 are uncertain and often conflict with the other analyses (e.g., only 38%
980 agreement with the bedform asymmetry), but the disagreement is not
981 unexpected as wind-driven gravitational circulation, known to be a
982 key driver of transport patterns in this sub-embayment (Conomos et
983 al., 1985), is not incorporated in themodel. Similarly, althoughmodeled
984 transport directions in San Pablo Bay (76% agreement with bedform
985 asymmetry) and to a lesser extent Suisun Bay (65% agreement with
986 bedform asymmetry) are well aligned with the other analyses, the
987 model results are given less weight as density-driven estuarine circula-
988 tion processes are not simulated and are known to be important in
989 those areas (Monismith et al., 2002).

990 4.8. Integration of techniques

991 The consensus beach-sized sand transport directions based on the
992 results for eight of the nine provenance techniques are synthesized in
993 Fig. 19 for each 3×3 km cell. The confidence intervals applied for each
994 technique are listed in Table 4. In the center of the San Francisco Bay
995 Coastal System (i.e., Central Bay, Golden Gate, and ebb-tidal delta), the

996transport directions and pathways are more robust (i.e., higher confi-
997dence: Fig. 19A) and delineated due to the greater sediment sampling
998density, numerical model calibration and validation, bedform distribu-
999tion, in situ current measurements, and prevalence of sand-sized mate-
1000rial. However, there is substantial regional sampling and geochemical
1001evidence to confidently determine the broad-scale sediment transport
1002pathways throughout the entire system, ranging from the distal sources
1003in the Sacramento, San Joaquin, Napa, and Russian Rivers and Sonoma
1004Creek, through each sub-embayment of the Bay, and along the entire
1005open coast study area.

10065. Synthesis and discussion

10075.1. Primary sediment sources, sinks and pathways

1008Through the quantitative integration of eight distinct provenance
1009techniques, the results (Fig. 19) are simplified in a conceptual model
1010of beach-sized sand transport for the San Francisco Bay Coastal System
1011(Fig. 20).
1012In the northern sub-embayments of San Francisco Bay, Suisun Bay
1013exports sandy sediment to San Pablo Bay, sourced from the Sierras
1014primarily via the Sacramento River, and to a lesser extent the San
1015Joaquin River, in line with previous studies that note the far greater
1016contribution of Sacramento River-derived sediments (Krone, 1979;
1017Porterfield, 1980; Oltmann et al., 1999; Wright and Schoellhamer,
10182005). In addition to Sierran sand transported from Suisun Bay, San

Fig. 15. Location of the sediment constituent study sites and pathways of sediment transport in the San Francisco Bay Coastal System inferred by the presence of marine elements
from the offshore realm as well as volcanic glass originating in the Sierras.
Modified from McGann et al. (this issue).
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Fig. 16. Inferred sand transport pathways based on agreement between bedform asymmetry and numerical modeling results, simplified from Barnard et al. (this issue-A). Arrow
length represents spatial coverage of transport direction agreement.
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1019 Pablo Bay receives notable contributions from the Napa and Sonoma
1020 drainages, with a net export of sediment to Central Bay. This is the
1021 first study we know of documenting sand contributions in the Bay
1022 from these two local tributaries, although Porterfield (1980) mea-
1023 sured significant quantities of sand in the suspended load (estimate
1024 sand transport=~40 t/day) 10's of kilometers upstream from the
1025 Bay outlet of each tributary.
1026 The provenance results demonstrate that South Bay is primarily a
1027 sink for beach-sized sand, consistent with the multi-decadal accre-
1028 tionary trend for this sub-embayment (Foxgrover et al., 2004). From
1029 the limited number of samples collected within South Bay, it appears
1030 that sandy sediment in the southern half of South Bay is derived en-
1031 tirely from local tributaries, particularly Alameda Creek, which is con-
1032 sistent with earlier findings of Conomos (1963). The northern section
1033 of South Bay includes sediment derived from both the Central Bay re-
1034 gion and the Napa River and Sonoma Creek that enter initially into
1035 San Pablo Bay. This is in contrast to the postulation by Gram (1966)

1036that the sand fraction here is entirely locally-derived, and also con-
1037flicts with Yancey and Lee (1972) who clearly designate South Bay
1038as a distinct mineral province with sediments derived exclusively
1039from the adjacent tributaries. No evidence of a significant Sierran
1040source in South Bay for beach-sized sand has been detected in the
1041present or prior studies (Conomos, 1963; Gram, 1966; Yancey and
1042Lee, 1972).
1043Central Bay comprises an amalgamation of sources, but the prima-
1044ry origin of beach-sized sand is from the Sierras via the Sacramento
1045River–Suisun Bay–San Pablo Bay transport pathway, with minor con-
1046tributions evident from the San Joaquin River, Napa River, Sonoma
1047Creek, local Franciscan sources from the Golden Gate region, and
1048from the open coast north of the Golden Gate. A portion of this sedi-
1049ment is exported to South Bay along the eastern section of the main
1050tidal channel connecting the two sub-embayments, as indicated by
1051bedform asymmetry, current measurements, and XRD. Conversely,
1052along the western end of the channel, South Bay exports sediment
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Fig. 17. Depth-averaged residual currents calculated from current measurements in A) Suisun Bay (Walters et al., 1985), B) South Bay (Walters et al., 1985), and C) at the open coast
and Crissy Field. Arrow size is not indicative of magnitude or confidence, only direction. Dashed lines show the 50-m isobath. D) Residual currents at CF2 and TV1 (upper 2 panels);
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1053 to Central Bay along a distinct pathway that wraps around the north-
1054 eastern and northern perimeter of the San Francisco peninsula toward
1055 the Golden Gate, clearly delineated through numerical modeling,
1056 bedform asymmetry, grain size, current measurements, and XRD.
1057 Beach-sized sand in Central Bay, the Golden Gate, the ebb-tidal
1058 delta and southern open coast is strongly geochemically linked. This
1059 link is further reinforced by bedform asymmetry, numerical model-
1060 ing, and current measurements. Through the center of the Golden
1061 Gate, net transport is dominantly seaward to the ebb-tidal delta,
1062 with among the highest weighted confidence values in the entire
1063 study area. The sediment is derived from numerous locations, most
1064 prominently Sierran from the Sacramento River, with additional con-
1065 tributions from the San Joaquin River, Napa River, and Sonoma Creek.
1066 Local Franciscan sources are particularly evident on local pocket
1067 beaches fed by adjacent outcrops of basalt, chert, and serpentinite.
1068 The samples collected from this zone of intense mixing also incorpo-
1069 rate sand that moves south via longshore transport from north of the
1070 Golden Gate, and northward transport from the area of Ocean Beach,
1071 along Baker Beach, and westward along the northern shoreline of San
1072 Francisco (i.e., Crissy Field).
1073 The ebb-tidal delta receives sediment primarily from the Golden
1074 Gate (dominantly Sierran), and secondary inputs that move south
1075 from the northern coast, derived chiefly from the sandstone outcrops
1076 near Pt. Reyes, and more proximal Franciscan outcrops. From the

1077ebb-tidal delta, the majority of sand-sized material moves both
1078alongshore to the south and offshore onto the inner continental shelf.
1079Along the northern outer coast, sand is derived from the Russian
1080River, particularly north of Pt. Reyes, mixing with granitic and sand-
1081stone outcrops near Pt. Reyes, and moving south with additions
1082from Franciscan rocks in cliffs and drained by local streams closer to
1083the Golden Gate. This material moves south by longshore transport,
1084with some material entering Central Bay, possibly around Pt. Bonita,
1085while the rest moves across the ebb-tidal delta toward the southern
1086open coast. The beaches immediately north of the Golden Gate are
1087sourced almost entirely from locally-derived Franciscan outcrops of
1088chert, basalt, and shale.
1089Beach and nearshore sediment along the southern open coast
1090represents a complex mixture of sand from the northern coast com-
1091bined with sediment sourced primarily from the Sacramento River
1092(i.e., Sierran) via the Bay, as well as material derived from local out-
1093crops and creeks, with the source contributions varying with along-
1094shore location. Sediment found at northern Ocean Beach is linked
1095geochemically to Baker Beach (and the adjacent Golden Gate sand
1096wave field), and Crissy Field, representative of the dominant Sierran
1097source, and consistent with the geochemistry, numerical modeling, in
1098situ measurements, and bedform asymmetry that document a distinct
1099pathway for sediment into San Francisco Bay along the northern shore-
1100line of the San Francisco peninsula. However, sand at southern Ocean
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Fig. 18.Modeled residual sediment transport in the San Francisco Bay Coastal System. Axes in UTM coordinate system. Dashed lines show the 50-m isobath. Size of arrows indicates
relative magnitude of residual transport.
Modified from Elias and Hansen (this issue).
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1101 Beach and offshore are consistent with sand locally eroded from beach-
1102 backing cliffs comprising the Colma Formation, distinguished by rela-
1103 tively high magnetite concentrations.

1104 5.2. Implications for regional sediment management

1105 From the above assimilation, a suite of distinct and important
1106 transport pathways emerge that have significant implications for
1107 regional sediment management (Fig. 20).

1108 5.2.1. Sacramento/San Joaquin Rivers (i.e., Sierran source)→Suisun
1109 Bay→San Pablo Bay→Central Bay→Golden Gate→ ebb-tidal
1110 delta→ southern open coast and continental shelf (sink)
1111 For the San Francisco Bay Coastal System, based on the multiple
1112 techniques for assessing sand provenance described herein, the Sierra
1113 Nevada Range is the dominant source of beach-sized sand, which is ac-
1114 tively transported into and through the Bay to the mouth of San
1115 Francisco Bay, and along the southern open coast, robustly supporting
1116 evidence of this source and pathway from earlier studies that looked
1117 at different grain sizes (Gilbert, 1917; Moore, 1965; Yancey and Lee,
1118 1972). Clearly, the sharp reduction in sediment supply from the Sierras
1119 over the last century (Wright and Schoellhamer, 2004; Ganju et al.,
1120 2008; Singer et al., 2008; Schoellhamer, 2011) via the Sacramento and
1121 San Joaquin Rivers, due to the cessation of the hydraulic mining signal
1122 and major watershed modifications (Gilbert, 1917; Knowles and
1123 Cayan, 2004), has had a significant impact on the sediment supply to

1124the entire region. This dominant pathway for beach-sized sandmaterial
1125destined for the open coast directly intersects the two major active ag-
1126gregatemining regions in San Francisco Bay, Suisun Bay and Central Bay
1127(Hanson et al., 2004). Alsowithin the 20th century, over 200 millionm3

1128(~170 Mt, assuming a bulk density of 850 kg/m3 per Porterfield, 1980)
1129of sediment was directly removed from the San Francisco Bay Coastal
1130System through dredging, aggregatemining, and borrow pitmining, in-
1131cluding at least 54 million m3 of sand-sized or coarser sediment from
1132Central Bay (Dallas and Barnard, 2009, 2011). Together, these changes
1133have contributed to ~240 million m3 of sediment loss to the San
1134Francisco Bay Coastal System, as estimated from bathymetric change
1135surveys spanning the last fifty years (Capiella et al., 1999; Foxgrover
1136et al., 2004; Jaffe and Foxgrover, 2006; Hanes and Barnard, 2007; Jaffe
1137et al., 2007; Fregoso et al., 2008; Barnard and Kvitek, 2010). Over
1138150 million m3 of measured volume loss during this period is from
1139the sand-dominated substrates of Central Bay, the Golden Gate, and
1140ebb-tidal delta (Hanes and Barnard, 2007; Fregoso et al., 2008;
1141Barnard and Kvitek, 2010). Coastal erosion along the outer coast south
1142of the Golden Gate during this same period is the highest for the entire
1143coast of California (Hapke et al., 2006, 2009), and has accelerated by 50%
1144between Ocean Beach and Pt. San Pedro since the 1980s (Dallas and
1145Barnard, 2011). As further evidence of the continued reduction in sedi-
1146ment supply within the system, Schoellhamer (2011) observed a 36%
1147step decrease in suspended sediment concentrations inside the Bay be-
1148tween water years 1991–1998 and 1999–2007. At the mouth of San
1149Francisco Bay, Barnard et al. (2012a) documented a fining of mean
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Fig. 19. A) Calculated transport directions based on the integration of the provenance techniques. B) Number of techniques applied for each grid cell to determine the final transport
directions.
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1150 grain size by ~0.025 mm from 1997 to 2008, in particular progressively
1151 finer sediment along the outer reaches of the ebb-tidal delta between
1152 2002 and 2007, indicating a reduction in the coarser sand supply.
1153 Looking forward over the next century, the National Research
1154 Council (2012) projects 92 cm (range 42–166 cm) of sea level rise by
1155 2100 for San Francisco Bay. Outer coast and Bay beaches, an important
1156 line of defense against storm impacts and rising sea levels, will require
1157 increasingly higher rates of sand supply to prevent erosion and land-
1158 ward migration, which in many locations would threaten fringing de-
1159 velopment. Using Global Climate Models linked to regional physical
1160 and ecological models in the San Francisco Bay area through 2100,
1161 Cloern et al. (2011) projected reduced fluvial discharge from the
1162 Sacramento–San Joaquin Delta, a further decline in suspended sedi-
1163 ment concentration, and amarked increase in the frequency of extreme
1164 water levels. At present, aggregate mining removes approximately
1165 0.9 million m3/yr of sand and gravel-sized sediment in Central Bay
1166 and Suisun Bay (Hanson et al., 2004), while dredging removes about
1167 3 million m3/yr of sediment, with the majority of this material perma-
1168 nently removed from the San Francisco Bay Coastal System (Dredged
1169 Material Management Office, 2008; Keller, 2009; San Francisco
1170 Estuary Institute, 2009). Together, these losses exceed the present an-
1171 nual sediment supply from the Sierras and local watersheds combined
1172 (Schoellhamer et al., 2005; McKee et al., this issue). Therefore, manage-
1173 ment of the current sediment inventory in the Bay will be critical.

1174 5.2.2. Ocean Beach→Baker Beach→Crissy Field
1175 Multi-decadal erosion and contraction of the ebb-tidal delta
1176 (Hanes and Barnard, 2007; Dallas and Barnard, 2011) have modified

1177sediment transport patterns along Ocean Beach, effectively driving
1178more sediment toward the northern end of the beach and less toward
1179the southern end (Hansen et al., this issue). The modeled patterns are
1180supported by observed beach and nearshore changes over interannual
1181(Hansen and Barnard, 2010) and multi-decadal time scales (Dallas
1182and Barnard, 2011; Barnard et al., 2012a), including an ~3 fold increase
1183in the rates of shoreline accretion at the north end over the last several
1184decades, and correspondingly higher rates of erosion at the south end
1185that have led to significant infrastructure damage (Barnard et al.,
11862011a). As the northern shoreline has continued to extend seaward, in-
1187creasingly higher volumes of northward-moving sand are no longer
1188trapped by Pt. Lobos at the north end of Ocean Beach, and instead
1189move toward Baker Beach and eventually into Central Bay at Crissy
1190Field (Fig. 20). For example, over the last decade, sedimentation forced
1191the relocation of a tide gauge and caused shoaling within the adjacent
1192yacht harbor. These three sites have now been linked geochemically
1193in this study, and recently accelerating rates of shoreline accretion at
1194Baker Beach and Crissy Field correlate temporally with observed
1195changes at northern Ocean Beach (Dallas and Barnard, 2011). These
1196trends and correlative impacts are expected to continue (Hansen et
1197al., this issue) as higher sea levels and further reductions in sediment
1198supply drive further contraction of the ebb-tidal delta.

11995.2.3. Northwest South Bay→southern Central Bay→Golden Gate
1200This distinct pathway, substantiated by a wide range of prove-
1201nance techniques (i.e., XRD, bedform asymmetry, current residuals,
1202numerical modeling), intersects three lease sites on Presidio Shoals
1203in southern Central Bay (see Fig. 18), where active aggregate mining

-122°-122°30'-123°

38°

37°30'

Fig. 20. Final conceptual model of the primary beach-sized sand transport pathways in the San Francisco Bay Coastal System, based on the integration of the provenance techniques.
Notable anthropogenic activity locations and significant shoreline change trends are also plotted.
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1204 takes place (Fig. 20). Bathymetric change analysis from 1997 to 2008
1205 across the lease sites records a volume loss of ~2.3 million m3; most
1206 of this attributed to sand and gravel removal by aggregate mining
1207 (Barnard and Kvitek, 2010), significantly reducing the sediment avail-
1208 able for transport to the mouth of San Francisco Bay and adjacent
1209 beaches.

1210 5.2.4. South Bay local tributaries (source)→South Bay (sink)
1211 The integrated provenance results demonstrate that South Bay is
1212 primarily a sink of beach-sized sand (with the notable exception of
1213 the northwest portion as described in the previous section), particu-
1214 larly the southern half, where local tributaries, namely Alameda
1215 Creek and its tributary, Calaveras Creek, are the primary sources,
1216 with no evidence of a Sierran component. As South Bay is the only
1217 sub-embayment with a recent accretionary trend (Foxgrover et al.,
1218 2004), and is the site for the largest tidal wetland restoration on the
1219 west coast, the prospects that the newly created tidal wetlands will
1220 keep up with sea level rise are greater than for regions that rely di-
1221 rectly on a Sierran source where sand supply continues to trend
1222 downward.

1223 5.2.5. Russian River (source)→Pt. Reyes→ebb-tidal delta→southern
1224 open coast (sink)
1225 In contrast to earlier analyses of heavy minerals contained in
1226 beach and inner shelf sediments that suggested that the Russian
1227 River was not a major source of sediment in the vicinity of Pt. Reyes
1228 south to the Golden Gate (Cherry, 1964; Minard, 1971; Demirpolat,
1229 1991), the geochemical evidence here definitively links the Russian
1230 River-derived sand to beach sand immediately north of Pt. Reyes.
1231 XRD analyses further suggest that the Russian River influence may ex-
1232 tend as far downcoast as the ebb-tidal delta and southern open coast.
1233 It is possible that the finer sand grain sizes (b0.25 mm heavy min-
1234 erals) in the prior studies would have been more easily advected off-
1235 shore at the Russian River mouth and at Bodega Head, effectively
1236 removing them from the littoral system, although the density of
1237 these heavy minerals would make themmore hydraulically compara-
1238 ble to coarser, more commonly-occurring beach mineral grains. Nev-
1239 ertheless, depending on the impact of future climate change on
1240 Russian River discharge rates, this source may help to mitigate coastal
1241 erosion pressures on outer coast beaches driven by rising sea levels
1242 and the projected continued reduction in the Sierran sediment
1243 supply.

1244 6. Conclusions

1245 Through the unique integration of nine separate provenance tech-
1246 niques, the sources and pathways for beach-sized sand in a complex
1247 coastal–estuarine system have been robustly established. The consen-
1248 sus results highlight the regional impact of a sharp reduction in the
1249 primary sediment source to the San Francisco Bay Coastal System
1250 over the last century – the Sierras – in driving massive erosion of
1251 the Bay floor, ebb-tidal delta, and the highest regional shoreline re-
1252 treat rates in California along the adjacent outer coast. In addition,
1253 this work also highlights the need to more efficiently manage existing
1254 in-Bay sediment resources, as active aggregate mining and dredging
1255 occurs along well-defined sand transport pathways that carry sedi-
1256 ment toward outer coast beaches, at removal rates that exceed the
1257 present-day sediment supply rates from all San Francisco Bay water-
1258 sheds. Given the observed reduction in contributions from the Delta,
1259 and the relative increase of the sediment supply from local tributaries
1260 which may be enhanced in the coming decades due to flood control
1261 strategies within local watersheds, future beach-sized sand prove-
1262 nance should evolve over the course of the next century to represent
1263 these more proximal sources. The comprehensive approach intro-
1264 duced here also definitively established other, previously unresolved
1265 secondary sources of sand input to the system that may contribute to

1266the sustainability of beaches on a local and system-wide scale, includ-
1267ing the Russian and Napa Rivers, and eroding cliff and bluff sources,
1268such as in the vicinity of Pt. Reyes, within and adjacent to the Golden
1269Gate (e.g., Franciscan Formation), and along the southern open coast
1270(e.g., Colma Formation). Cross-validating geochemical analyses, nu-
1271merical modeling, physical process measurements, and proxy-based
1272techniques (e.g., bedform asymmetry, grain size morphometrics) is
1273an effective approach for confidently defining sources, pathways
1274and sinks of sand in complex coastal–estuarine systems.
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Executive Summary 
Under the auspices of the Delta Science Program, the seven-member Independent 
Scientific Review Panel (Panel) reviewed the adequacy of the Effects Analysis 
component of the Bay Delta Conservation Plan (BDCP or Plan). This report 
represents the third phase of the Effects Analysis review; the Phase 1 (completed in 
November 2011) and Phase 2 reviews (completed June 2012) were partial reviews of 
the Effects Analysis and were completed as the Conceptual Foundation and Analytical 
Approach were still under development. These documents are available online at: 
http://deltacouncil.ca.gov/science-program/independent-review-draft-bay-delta-
conservation-plan-effects-analysis. The present, Phase 3 review covers the first 
complete public draft of the BDCP Chapter 5 Effects Analysis and its associated 
technical appendices, made available in December 2013.  

Four broad themes emerged from the Panel’s review of the BDCP Effects Analysis. 
Firstly, the long, highly detailed document was difficult to review and comprehend. 
The vastness of the Effects Analysis report and appendices are both its strength and 
weakness. Although highly improved from the documents that the Panel reviewed 
during Phase 2, Chapter 5 continues to be fragmented in its presentation and 
sometimes inconsistent with the technical appendices. While the sheer scope of the 
analysis is impressive, the inefficient organization and incomplete cross-referencing 
among sections within the Effects Analysis (e.g., the 8 supporting appendices, totaling 
~4500 pages) as well as with the larger BDCP planning documents make 
interpretation of anticipated net effects of BDCP implementation difficult at best. The 
745-page Chapter 5: Effects Analysis does not represent a stand-alone document and 
it relies extensively on the associated appendices and other chapters for the 
presentation of scientific information, with insufficient guidance for the reader. As 
concluded from the Phase 2 report, the Panel universally believes that by itself, 
Chapter 5: Effects Analysis inadequately conveys the fully integrated assessment that 
is needed to draw conclusions about the Plan, in part because of incomplete 
information on factors affecting the covered species. 

The second theme in the Panel’s review is an apparent disconnect between the 
assessments of the levels of scientific uncertainty presented in Chapter 5 versus what 
is characterized in the technical appendices. In many cases, the Panel felt that there 
was appropriate characterization of high uncertainty within the technical appendices 
but Chapter 5 did not sufficiently acknowledge or articulate this reality, especially 
when using professional judgment to reach overall net effects of the BDCP on key 
species. In particular, the Panel observed that the critical uncertainties associated with 
presumed beneficial effects of tidal wetland restoration were not recognized in the 
Chapter 5 summary. Given the magnitude of the BDCP, the inherent natural and 
anthropogenic complexity in the Bay-Delta ecosystem, and the long time horizon for 
BDCP implementation and rehabilitated community development, most of the 
potential BDCP effects carry a relatively high level of uncertainty. For these reasons, 
the Effects Analysis must provide clear guidance for conceptual models, monitoring, 
metrics that assess underlying ecosystem processes, explicit thresholds and triggers, 
alternative hypotheses, special studies to address critical information gaps, and 
structured decision making in the form of a rigorously institutionalized adaptive 
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management process.  

The third major theme of this review is the lack of an integrated or quantitative 
assessment of net effects, echoing a similar review comment in the Phase 2 review. 
The Panel acknowledges that considerable effort has been made in documenting the 
complex information used to determine net effects. However, in the case of covered 
species, effects could not be quantified and only two of the sixteen existing life cycle 
models were deemed to be relevant to BDCP. For these and other reasons, a 
systematic approach to synopsize the overall net effect on each species was not 
used. Instead, professional judgment was used instead of a ranking approach to 
quantify a synthesis of cumulative effects and associated certainty in the projected 
outcome. Finally, in one paragraph, Chapter 5 accurately portrayed the anticipated 
BDCP effects: “These expectations represent a working hypothesis of the relationship 
between actions, stressors, and biological performance”. However, this statement was 
not emphasized throughout the document. 

The fourth major theme reflected on the need to address the extensive uncertainties 
associated with the assumptions and predictions of the beneficial effects of the BDCP 
conservation measures. While the Phase 2 Effects Analysis accurately reflected the 
detailed process and implementation structure to apply an adaptive management 
approach to resolve uncertainties, the Panel was concerned that it defaulted to rather 
“passive learning” instead of a rigorous, institutionalized adaptive management 
process that resolved effects on covered species and their requisite ecosystems 
through an active, experimental approach. 

Together with background obtained during Phase 1 and 2 of the BDCP Effects 
Analysis review, the Panel provides the following synopsis of the Panel’s responses to 
their General Charge Questions; further responses to specific issues and the 
adequacy of supporting documents are provided in the body of the report. 

1. How well does the Effects Analysis meet its expected goals? 

The Phase 3 review-version of the Effects Analysis is a much improved and 
impressive compilation of background material and scientific and technical knowledge 
about the Bay-Delta that provides a plausible basis for the conservation measures. 
The Panel concluded that much of the available data and arguments for the rationale 
behind the Effects Analysis assumptions and conclusions are contained within the 
BDCP documents. However, we suggest that the Effects Analysis (Chapter 5) itself is 
still poorly substantiated and leaves too much to appendices and other BDCP 
chapters without explicit cross-references. The lack of accessibility to information 
within the chapter or clear reference to supporting detail inhibits rather than elucidates 
comprehension of the findings and thus conveys an unsatisfying “trust us” message. 

Our conclusion of the Effects Analysis is that many of the critical assumptions in 
modeling effects and justifications behind the supposed benefits of the conservation 
measures are highly uncertain. Much of the conservation measures center around 
restoration activities and management actions to improve current conditions. Our 
impression, therefore, is that the foundation of the BDCP is weak in many respects 
and the default burden to ensure covered species benefit, if not recovery, depends on 
adaptive management. The adequacy of the BDCP therefore rests not in the intent 
and development of the conservation measures, but in the rigor and application of 
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adaptive management to ensure that the critical uncertainties are addressed and 
strategically incorporated into a progressively refined Plan. 

2. How complete is the Effects Analysis; how clearly are the methods described? 

Chapter 5 provides a comprehensive overview of the spatial and temporal scope of the 
analysis, definitions of project baselines that differ depending on regulatory authority, 
recognition of climate change information, identification of a variety of models used to 
evaluate effects, treatment of viable salmon population criteria, and the approach to 
determining net effects on fish and wildlife. As might be expected, with the size of the 
Effects Analysis task, the quality of the assessments ranged in scientific rigor based on 
the amount of available data and best available science. Some aspects of the 
assessment, such as water quality and flow, were quantitatively assessed using 
sophisticated mathematical models. Some aspects of the Chinook salmon assessments 
were also based on empirical data and process-based models. However, for many of 
the other fish species and their potential stressors, conceptual models supported by the 
scientific literature were the only recourse.  

3.  Is the Effects Analysis reasonable and scientifically defensible? How clearly are 
the net effects results conveyed in the text, figures and tables? 

The approach to net effect conclusions needs to be reconsidered and revamped. The 
Effects Analysis assessment of net effects, particularly for covered fish, tries to 
incorporate information on potentially beneficial or detrimental effects covering 12 
different stressors, 32 attributes, and multiple life stages using best available 
information and science. Only a perfect life-cycle model with perfect information on all 
the effects and their interactions could possibly weight the results correctly and draw 
unambiguous conclusions. A serious limiting factor of the current consolidation of Net 
Effects is a near complete absence of any weighting of the biological importance to 
particularly sensitive life history stages of the many attributes under consideration. As a 
result, whether and how any critical life stages or attributes are being adversely affected 
by the BDCP is generally unclear. The net effects conclusions for a fish species needs 
to therefore take into account the relative importance of the various life history stages, 
make them explicit, and interpret Plan effects within that context on a species-by-
species basis. Similarly, the simple summation of the number of acres of suitable 
habitat that are removed or restored for each species by the conservation measures 
does not consider landscape-level effects such as connectivity and patch size, nor does 
it take into account variation in habitat quality. 

The net effects analysis tends to overreach conclusions of positive benefits for covered 
fish species, given the inability to quantify the over-all net effects and the realization of 
high uncertainty. In particular, it does not adequately defend conclusions regarding the 
net effects of habitat restoration. Restoration of tidal wetlands (and other communities) 
is highly uncertain and at least an extremely long process. The Effects Analysis does 
not adequately justify the critical assumption of the benefit of tidal wetland restoration as 
a food web subsidy for covered pelagic fish given the uncertainties of tidal wetland 
restoration itself. A critical issue is the implicit expectation that restoration activities will 
result in increases in abundance of lower trophic levels, but it is uncertain whether the 
resulting increased production will result in food web pathways supporting covered 
species. The presentation of phytoplankton-based and tidal wetland macrophyte 
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detritus-based food webs as alternative ecosystem processes, rather than as an 
integrated system, also significantly complicates the interpretation of the potential 
benefit of BDCP restoration. For foraging salmonids, the Effects Analysis did not 
evaluate the reduced extent to which salmonids would have access to rehabilitated 
habitat when the north Delta intakes are operating and flows are reduced. 

Only one configuration of Restoration Opportunity Areas (ROAs) were modeled by the 
hydrodynamic models and the locations of these assumed Restoration Opportunity 
Areas are not available. Some details of the hydrodynamic modeling, especially where 
1D and 2D models did not agree or situations where counter-intuitive results were 
reported, could not be evaluated due to the limited information provided. 

4.  How well is uncertainty addressed? How could communication of uncertainty 
be improved? 

A broad consensus exists among the Panel that Chapter 5 does not adequately 
acknowledge the extensive uncertainty associated with the BDCP’s assumptions and 
predictions. In its current form, at the level of detail conveyed, in the models used, and 
in the verbal assessments and conclusions, the level of uncertainty is often downplayed. 
Within appendices sometimes more explicit discussion of uncertainties can be found, 
but there is a disconnect between the summary pages with the conclusions drawn in 
Chapter 5. In situations in which an array of outcomes may be possible, only the more 
beneficial outcomes are used in conclusions about the BDCP. Communication of 
uncertainty would be improved by consideration of a range of potential outcome values 
in models.  

5.  How well does the Effects Analysis describe how conflicting model results and 
analyses in the technical appendices are interpreted? 

The Panel found models describing salmonid Delta passage and habitat suitability for 
terrestrial species to be appropriate and any conflicting results adequately explained. 
Because hydrodynamic models are sensitive to how the open water regions are 
represented and how they are connected to the adjacent channels, and because the 
panel was not provided the bathymetric configuration of the ROAs or the order in which 
the ROAs were established, it is not feasible for the Panel to evaluate the sensitivity of 
the models to the placement of the Restoration Opportunity Areas.  
Overall, the Panel found the Chapter 5 text describing the two life cycle models (IOS 
and OBAN), which provide alternative views of BDCP effects compared with other 
analyses, to be complicated and somewhat confusing. It was not clear whether or not 
the models were appropriately applied to evaluate a portion of the BDCP attributes. 

The Effects Analysis modeling of salmon sensitivity to water temperature during egg 
incubation in the Sacramento River is not clear, given that the BDCP has no effect on 
upstream conditions according to some sections of Chapter 5. The Chapter 5 evaluation 
needs clarification, including a clear description of how the BDCP might affect flow and 
temperature in this area. 

6. How well does the Effects Analysis link to the adaptive management plan and 
associated monitoring programs? 

While both the need for and operative structure of adaptive management is identified 
considerably more in the Phase 3 review version of the Effects Analysis, it remains 
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characterized as a silver bullet but without clear articulation about how key assumptions 
will be vetted or uncertainties resolved to the point that the BDCP goals and objectives 
are more assured. The concept of adaptive management is appropriately described and 
allocated a prominent role in the implementation structure. However, the commonly 
acknowledged process of adaptive management is easily misunderstood and 
misapplied, often resulting in a loss of rigor and commitment in application. Because of 
the extensive uncertainties surrounding the assumptions and predictions of the BDCP, 
the Panel strongly emphasizes institutionalizing an exceedingly rigorous adaptive 
management process. This is critical in order to avoid the high risk associated with 
ecological surprises that will be difficult or impossible to reverse once they have 
occurred. BDCP must make a commitment to the fundamental process, and specifically 
the required monitoring and independent science review, not just the concept of 
adaptive management. 
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Introduction 
This report describes the results of an independent scientific review of the Bay Delta 
Conservation Plan (BDCP) Effects Analysis. At the request of the BDCP participants, 
the Delta Science Program convened an Independent Science Review Panel (Panel) to 
assess the scientific soundness of the BDCP Effects Analysis, guided by a Panel 
Charge with explicit questions to address. 

Background and History 
The BDCP Working Draft was initially released November 18, 2010 without a detailed 
effects analysis. This review has been conducted in three phases and was initiated in 
October 2011. The Panel’s initial (Phase 1) review was conducted on the Draft BDCP 
Effects Analysis' Conceptual Foundation and Analytical Framework and the Entrainment 
Appendix as an example of the application of the conceptual understanding, methods 
and analyses discussed in the Conceptual Foundation and Analytical Framework. In the 
most recent drafts of the BDCP Effects Analysis, the Foundation and Framework 
(originally Appendix A) concepts were incorporated into Chapter 5: Effects Analysis. 
During Phase 2, the Panel reviewed drafts of the BDCP Chapter 5: Effects Analysis and 
drafts of many of the associated technical appendices. Appendices 5.E: Habitat 
Restoration and 5.G: Fish Life Cycle Models were not reviewed during the Phase 2 
review. The BDCP Chapter 5: Effects Analysis and all of its associated technical 
appendices were reviewed during the Phase 3 review that is summarized in this report. 

BDCP Goals and Role of Effects Analysis 
The overall goal of the BDCP is to restore and protect ecosystem health, water supply, 
and water quality within a stable regulatory framework. Component goals include: 

• provide for the conservation and management of Covered Species within the 
Plan Area; 

• preserve, restore and enhance aquatic, riparian and associated terrestrial natural 
communities and ecosystems that support Covered Species within the Plan Area 
through conservation partnerships; 

• allow for projects to proceed that restore and protect water supply, water quality, 
and ecosystem health within a stable regulatory framework; 

• provide a means to implement Covered Activities in a manner that complies with 
applicable State and Federal fish and wildlife protection and laws, including 
California Endangered Species Act and Federal Endangered Species Act, and 
other environmental laws, including the California Environmental Quality Act and 
National Environmental Policy Act; 

• provide a basis for permits necessary to lawfully take Covered Species; 
• provide a comprehensive means to coordinate and standardize mitigation and 

compensation requirements for Covered Activities within the Planning Area; 
• provide a less costly, more efficient project review process which results in 

greater conservation values than project-by-project, species-by-species review; 
and, 

• provide clear expectations and regulatory assurances regarding Covered 
Activities occurring within the Planning Area. 
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The Effects Analysis is a critical component for the BDCP. Its purpose is to provide the 
best scientific assessment of the likely effects of BDCP actions on the species of 
concern and ecological processes of the Bay-Delta system. The Effects Analysis will, 
out of necessity, rely heavily on the application of models to quantify the likely results of 
the BDCP. These include conceptual, numerical, hydrodynamic, operational, and 
species models. The BDCP Effects Analysis is being conducted and documented 
through Chapter 5: Effects Analysis and a series of technical appendices centered on 
common stressors or groups of similar effects. The draft appendices reviewed in 
Phase 1 of the Effects Analysis review included the Conceptual Foundation and 
Analytical Framework Appendix (Foundation and Framework) and the Entrainment 
Technical Appendix. The Foundation and Framework described the high-level vision, 
purpose, and regulatory foundation for the Effects Analysis. It also provided an overview 
of the proposed methods to accomplish the analysis. In the most recent drafts of the 
BDCP Effects Analysis, the Foundation and Framework (originally Appendix A of the 
BDCP) concepts have been incorporated into Chapter 5: Effects Analysis.  

Panel Members 
• Alex Parker, Ph. D., California Maritime Academy, California State University 

(Panel Chair) 
• Charles "Si" Simenstad, M.S., University of Washington (Lead Author) 
• T. Luke George, Ph.D., Colorado State University 
• Nancy Monsen, Ph.D., Stanford University 
• Tom Parker, Ph.D., California State University San Francisco 
• Greg Ruggerone, Ph.D., Natural Resources Consultants, Inc. 
• John Skalski, Ph.D., University of Washington 

The Panel member’s biographies are included in Appendix A of this report. 

Charge to Panel 
The Panel was charged with assessing the scientific soundness of Chapter 5: Effects 
Analysis and the associated technical appendices, including recommendations for how 
these might be improved with respect to achieving their stated goals (Appendix B). The 
charge directed the Panel to address six general questions on Chapter 5: Effects 
Analysis and review of eight specific topics that had been formulated by the BDCP 
agencies. In addition, seven other questions were addressed on the approach, analysis 
and models described in the Chapter 5 technical appendices. 

Review Schedule 
• October 2011 

o The Panel convened in Sacramento to discuss the Foundation and 
Framework and Entrainment Technical Appendix and made initial 
recommendations. 

• November 2011 
o Phase 1 Panel report completed November 28, 2011. 

• April/ May 2012 
o The Panel reconvened in Sacramento to discuss BDCP Chapter 5: Effects 

Analysis and the many of the technical appendices. Appendices 5.E: 
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Habitat Restoration and 5.G: Fish Life Cycle Models were not reviewed at 
this time. 

• June 2012 
o Phase 2 Partial Review Panel report completed. 

• December 2013 
o An informational briefing was provided for the Panel. It included an 

overview of changes to the Effects Analysis and associated technical 
appendices since the Phase 2 review, including the changes made in 
response to the Panel’s previous comments. 

• January 2014 
o The Panel convened in Sacramento to discuss the BDCP Chapter 5: 

Effects Analysis and technical appendices on January 28-29. 
• March 2014 

o Phase 3 report completed. 

Organization of Report 
We have sought to organize the Panel’s review comments and recommendations 
around the questions framing the Charge to the Panel (Appendix B). Given the 
extensive volume of review material in Chapter 5 and its associated appendices, our 
ability to draw on other chapters in the entire BDCP document and all other 
supplemental material provided to the Panel was considerably limited and inconsistent. 
However, we attempted to reduce our own uncertainties by exploring the whole body of 
the BDCP as much as was feasible within the constraints on our time and resources. 

For each of the Panel Charge questions we provide a brief summary section, a series 
of bulleted recommendations, and a comments section with more detailed discussion. 
In order to maintain this structure throughout the report, there is some redundancy, 
particularly between the summary comments and detailed comments sections. 

Summary observations 

Reponses to Phase 1 and Phase 2 Panel recommendations 
Many of the recommendations from the Phase 2 report should still be referenced while 
developing the adaptive management plan and initial rules for operating the north Delta 
diversion facility. Highlighted below are some Phase 2 recommendations that are 
relevant in this Phase 3 report. 

Recommendation 1: Analysis of biological effects needs more consistency and 
specificity 

In some respects, the current draft of the Effects Analyses lacks even more specificity 
than before, although it may be that sections were moved to other chapters. The ‘multi-
author’ problem is apparent in the variation in assessments found in different locations. 
Most biological objectives for covered fishes were not fully evaluated in Chapter 5 
because information was deemed to be insufficient (Table 5.2.8). Requests for full 
aquatic food webs were followed and a reasonable conceptual food web was provided, 
but it was incomplete. 
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Recommendation 2: Net Effects Analysis needs greater objectivity 

Regardless of the degree of uncertainty and the number of linkages without analyses, 
the conclusion is often overstated as the most beneficial result. Many biological models 
were analyzed without any sensitivity analyses; consultants would say, ‘there’s no data,’ 
but they could have said, ‘what if we were just 90% correct here, or 60% correct’, or 
‘what if the benefits of restoring wetlands are delayed 10-15 years over our most 
positive perspective’ – but none of those alternative scenarios were considered. 

Recommendation 3: Increase consistency of stressor analysis across covered 
species, and provide more detail. 

Chapter 5 identified a ranking approach that addressed: 1) importance of attribute to the 
population; 2) effect of stressor on individuals; and, 3) certainty of 1 & 2. However, the 
analysis did not transparently follow through with this approach. 

Recommendation 4: Chapter 5 must be a “stand alone” document 

The synthesis quality of the Effects Analysis was improved. But reference to specific 
sections of technical appendices and other supporting documentation could be 
improved in many sections. Given uncertainty in effects analysis, more description of 
monitoring and adaptive management would be worthwhile to show that the BDCP 
would adequately address the uncertainty. 

Recommendation 5: Clarify the baseline 

The baseline(s) was described, although the baselines vary with regulatory agency. 
This complicated an already very complicated and lengthy Effects Analysis. 

Recommendation 6: Provide systematic understanding and planning for 
conservation actions, especially restoration 

Achieving beneficial conservation measures requires understanding limiting factors, 
ecosystem processes, sequencing, adaptive management responses, thresholds for 
certain actions, and interactions and other consequences of these actions. Otherwise, 
this isn’t a conservation plan, but rather a conservation menu that generally fails to 
describe how major uncertainties will be resolved. For instance, while the Effects 
Analysis recognizes that suspended sediment has been declining in the Sacramento 
River and that the new diversions would remove an additional 8-9%, all analyses used a 
high and constant amount with no mention of downstream sediment effects on either 
Suisun or San Francisco Bay. Similarly, the uncertainty about being able to remove 
Egeria or other invasive species is not directly addressed in Chapter 5. Egeria is 
certainly poorly considered in the context of the aquatic food webs. Bivalves are not 
incorporated into aquatic food web analyses, although they’re mentioned as 
‘uncertainties’. 

While the conceptual model of food web enhancement support of covered species 
through restoration of tidal wetlands is more thoroughly covered, potential changes in 
the contributions of different food web sources and subsidies are still treated as 
disparate. Discussion of the Delta’s potential food web structure and dynamics under 
BDCP conservation measures still fails to treat the Delta as a system, with spatially and 
temporally integrated sources of phytoplankton-based and detritus-based secondary 
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production. There remains the need to provide a synthetic view of the potential benefit 
of restoration to the covered species that represents the integrated ecosystems and 
processes that fuel that food web, and potentially enhance it under the BDCP. 

No additional detail has been provided for the Restoration Opportunity Areas (ROAs), 
other than their general locations. There is very little mention of how they will be 
connected, interact or be sequenced. What criteria have been developed to provide that 
guidance, or is it entirely dependent on opportunity (real estate costs, availability, public 
land, etc.)? Ultimately, adaptive management incorporating an extensive management 
structure and large representation of stakeholders will need to be implemented in order 
to resolve issues and uncertainties. There is a tremendous trust embodied in an ill-
defined adaptive management process. 

Recommendation 7: Include indirect effects of contaminants as part of Appendix 
5.D: Contaminants 

Indirect effects of contaminants on covered species via food web effects (i.e., 
contaminant effects on the microorganisms that make up the food web that covered 
species depend on) are almost certainly important. 

Recommendation 8: Accurately characterize food resources and food webs  

While there is now more comprehensive assessment of both phytoplankton- and 
detritus-based food web pathways proposed to be enhanced by BDCP conservation 
measures, the Effects Analysis still leaves the impression that phytoplankton and 
macrophyte (e.g., tidal marsh) production are separate, almost “opposing” alternative 
food webs. Only a simple depth model is used for phytoplankton production, nothing 
else incorporated. Many things are now mentioned in the text, no analyses 
incorporated, no discussion of potentially modified planktonic composition, etc. 

Recommendation 9: The hydrodynamic modeling needs to capture the entire 
domain of effects 

1) New guidelines will need to be put in place to regulate tidal (and maybe tidally 
averaged reverse flows) in the north Delta channels including Steamboat, Sutter, and 
Georgiana Sloughs. The operation of the Delta Cross Channel also needs to be 
rethought. These new guiding regulations need to be in place before exports start to 
occur in the system. 

2) The current Effects Analysis does not consider the influence of shifting timing of 
withdrawals on San Francisco Bay circulation patterns and ecology. This is a significant 
omission with ecologically important implications. 

Recommendation 10: Incorporate life cycle models for all species, as quantitatively 
as possible 

Appendix 5.G identified a number of life cycle models, but eliminated all but two to be 
used in the effects analysis. The Panel questioned whether some models were 
inappropriately dismissed. The two models used in Chapter 5 both involved winter 
Chinook salmon. Thus, the large majority of covered species were not evaluated with 
life cycle models. The Panel asks why the BDCP did not develop life cycle models when 
beginning the process. 
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Recommendation 11: Consider salmonids at stock and life history scale 

This aspect of the Effects Analysis was also improved. Each salmonid stock was 
evaluated. “Forager” versus “migrant” life histories were compared and evaluated, but 
proportions of each life history type did not seem to be considered in the analysis of net 
effects. Furthermore, the relative proportion of wild versus hatchery fish contributing to 
each life history type was not considered.  

Recommendation 12: Identify analytical tools that need to be developed to address 
the extremely high uncertainty involved with calculating sediment supply and 
turbidity 

Multiple statements within Chapter 5 and Appendix 5.C indicate that turbidity distribution 
is largely unknown. 

Recommendation 13: Levels of uncertainty are not adequately addressed 

The Effects Analysis provides an improved recognition of uncertainty, but there’s not 
better resolution of uncertainty than in previous drafts and the more complete 
discussion of uncertainty is often buried in the appendices. As a result, Chapter 5 
reflects the lowest common denominator in terms of uncertainty. The level of uncertainty 
was often mentioned when evaluating the effect of a stressor on a species. Uncertainty 
was also mentioned when estimating net effects. However, conclusions regarding 
covered fish often overstated potential beneficial effects while not adequately 
addressing the lower-end effects. 

Recommendation 15: Include sensitivity analyses and model validation in the effects 
analysis for covered fish species 

While sensitivity analyses would have informed the Effects Analysis in the case of some 
of the biological models, this recommendation was generally not followed. 

Recommendation 16: Provide more detail about the specific approaches that will be 
used when implementing adaptive management 

Given the tremendous levels of uncertainty associated with critical assumptions and 
predictions inherent in the Effects Analysis, the burden of sustaining or enhancing 
covered species will seemingly fall almost entirely on adaptive management, particularly 
“active” adaptive management where explicit interventions may be required. However, it 
remains unclear how many of the critical uncertainties can or will be addressed as 
explicit experiments. While the Adaptive Management Plan is appropriately, and often 
effectively, designed to specifically address the major uncertainties, thresholds, triggers 
and alternative measures need to be explicitly derived from conceptual and numerical 
models. In some cases, metrics or success criteria have yet to be identified (e.g., Table 
3.D.2). Furthermore, the critical monitoring that would be required for effective decision 
making and adjustments are often relegated to research actions rather than mandated 
effectiveness monitoring, which presents potential lack of commitment or delay in timely 
resolution of critical uncertainties. Given the critical importance of monitoring and 
adaptive management to BDCP success, it would be worthwhile to have an explicit 
section within Chapter 5 that specifies how monitoring and adaptive management has 

BDCP1673



P a g e  | 16 

 
been designed and implemented to address specific uncertainties, test critical 
assumptions and predictions and sequenced to improve the chance of success. 

Recommendation 17: Ensure a declining fish population (e.g., longfin smelt) does 
not decline further while waiting for possible beneficial effects of habitat restoration 

The key assumption is that food production will be the primary benefit to longfin smelt 
from habitat restoration measures. Winter-spring flow is also believed to be key factor 
affecting abundance. Chapter 5 states that the key question is the extent to which 
abundance can be increased through improved food production and how these 
improvements interact with the spring outflow-abundance relationship. Recognition of 
the length of time needed to restore habitats and increase food production for longfin 
smelt could be strengthened in Chapter 5. 

Accessibility of Effects Analysis elements 
The Panel recognizes that the complexities involved in the process to develop and the 
ultimate structure of the BDCP are enormous, and as a consequence reviewing one 
component such as the Effects Analysis can be inhibited by lack of clear knowledge of 
the other components, expanded detail or underlying rationale. Furthermore, the Panel 
found it difficult to readily track down key information in the 745 page Effects Analysis 
(Chapter 5), which was supported with eight appendices containing an additional 4,500 
pages. In general, in spite of its length, we often found assumptions or conclusions 
stated in the Effects Analysis to be lacking in sufficient detail to stand alone without links 
to Effects Analysis appendices or other BDCP chapters that provided the necessary 
detail or background. Although outside the charge of the Panel, we often found after 
digging further into the BDCP documents that the Effects Analysis was supported with 
some information. We recommend that for recognition of the voluminous and detailed 
information supporting the Effects Analysis, and ease of migrating through it, a simple 
system of (appendix/chapter and page-line number) cross referencing be employed to 
point the reader to that supporting information. 

General Charge Questions 

1.  How well does the Effects Analysis meet its expected goals? 

Summary 

Compared to the initial development of the BDCP Effects Analysis, the Panel 
consensus is that the Phase 3 version is a much improved and impressive compilation 
of background material and scientific and technical knowledge about the Bay-Delta that 
provided a plausible basis for the conservation measures. The Panel concluded that all 
of the available data and arguments for the rationale behind the Effects Analysis 
assumptions and conclusions are contained within the BDCP documents, although we 
suggest that the Effects Analysis (Chapter  5) itself is still poorly substantiated and 
leaves too much to appendices and other BDCP chapters without explicit cross 
references. The lack of accessibility to information conveys a “trust us” message. 

Evaluation of BDCP effects was typically systematic in that it attempted to identify key 
attributes affecting Covered Species and described, to the extent possible, the 
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importance of that attribute, the potential effect of the BDCP on the attribute, and 
uncertainty regarding the evaluation. Findings from multiple approaches taken to assess 
potential effects were described and strengths and shortcomings were identified when 
possible. However, this level of detail, which sometimes included conflicting information, 
inhibits rather than elucidates comprehension of the findings.  

The tenuous conclusion drawn from the Effects Analysis is that many of the critical 
justifications behind the supposed benefits of the conservation measures are highly 
uncertain. Other than the impression that the foundation of the BDCP is weak in many 
respects, the default burden to ensure Covered Species benefit, if not recovery, rests on 
adaptive management. The adequacy of the BDCP therefore rests not in the intent and 
development of the conservation measures, but in the rigor and application of adaptive 
management to ensure that the critical uncertainties are addressed and strategically 
incorporated into a progressively refined Plan.  

There is great potential in the area of decreasing invasive aquatic vegetation (IAV) 
abundance. Control of extremely invasive IAV, such as Egeria densa (Brazilian 
waterweed) and Eichhornia crassipes (water hyacinth), could be substantial and 
effective if the Plan follows through on its actions. The prospects of success with 
predator control appear marginal and then only if hotspot actions are followed through 
year after year. The effects of water withdrawals by the Plan may lead to expanded 
populations of the non-indigenous, invasive clams Potamocorbula amurensis and 
Corbicula fluminea without further direct actions to control their population growth. The 
fate of Microcystis aeruginosa is also not promising. Between trends in climate warming 
and planned water withdrawals, the prospects for Microcystis blooms appear to remain 
unchanged or slightly worse under the Plan, although the direction of these potential 
outcomes is highly uncertain. 

The Effects Analysis develops a robust conceptual model of aquatic food webs and the 
diverse linkages that may impact the net production of food for covered fish species. 
Yet, the Effects Analysis contains a number of assumptions, some of which are 
inappropriate (such as the magnitude and location of invasive clam depression of 
phytoplankton production), and others highly uncertain. Uncertainties are mentioned, 
but no effort was made to include conservation efforts reaching only a portion of the 
biological objectives and goals. Thus the analysis of effects further assumes only the 
most beneficial potential results, but doesn’t incorporate other possibilities. Other 
aspects of food webs in aquatic habitats are described but remain unanalyzed, some of 
which may enhance, while others may inhibit achievement of biological objectives. 
While the overall conceptual model is adequate, integration and synthesis is lacking. 
Consequently the conclusions and net effects are not appropriate given the gaps in 
analyses and the uncertainties. 

For terrestrial communities and covered species, the Effects Analysis provides a simple 
accounting of the number of acres of natural communities and suitable habitat that will 
be removed and restored but very little information is provided about the management 
actions that will be implemented to maintain them over the duration of the conservation 
plan. 
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Recommendations 

• Provide detailed cross-referencing and indexing between Chapter 5 and the 
associated technical appendices as well as other chapters of the BDCP, 
especially the Adaptive Management Plan. 

• Improve reporting of uncertainty levels within Chapter 5 Effects Analysis, 
including within the Executive Summary. 

• Identify the most relevant monitoring indicators necessary to evaluate the 
trajectory of outcomes with respect to the biological objectives,  

• Complete work on biological objectives. 
• Provide triggers for adaptive management  
• Guide the scientific community by highlighted research priorities to address 

critical information gaps. 
• Improve on the systematic approach for integrating net effects for Covered 

Species. 
• Develop life cycle models for each of the Covered Species in order to evaluate 

BDCP effects 

Comments 
The length and detail of the text and accompanying tables indicate considerable effort to 
document information used to determine the net effects. However, this level of detail, 
which sometimes included conflicting information, inhibits rather than elucidates 
comprehension of the Effects Analysis findings.  

Overall, the BDCP and the 22 conservation measures have the goal to enhance fish 
and wildlife species in the Plan Area. Twenty-one of the conservation measures involve 
actions intended to restore habitat and benefit Covered Species. Conservation 
Measure 1 (Water Facilities and Operation) also has the goal to benefit covered species 
but this specific action involves activities that may adversely impact species (e.g., water 
removal and construction activities) while also benefiting some species (e.g., reduced 
entrainment at the south Delta pumps). Therefore, a key goal of the BDCP Effects 
Analysis is to determine whether the overall positive effects of the conservation 
measures outweigh the adverse effects of water removal and project construction, and if 
so, to what degree.  

The Effects Analysis attempted to evaluate the effects of the BDCP on each covered 
fish species in an open, unbiased manner. Sixteen life-cycle models for Covered 
Species were examined for applicability to the BDCP, but only two were deemed to be 
relevant. It was not clear why life cycle models were not developed for the specific 
purpose of evaluating BDCP effects on each of the Covered Species. Quantitative 
effects could not be described, rather effects of each attribute were ranked as zero, low, 
moderate, or high effect. A systematic approach to synopsize the overall net effect on 
each species was not used even though a ranking approach that could have been used 
in a systematic roll-up was described. Instead, professional judgment was used to 
assess the overall net effect.  

If there is one area of general scientific consensus among the Panel about the 
implementation of the Bay Delta Conservation Plan is that its outcomes remain highly 
uncertain. As such, one would expect that the Effects Analysis would reflect this general 
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conclusion by stressing a high level of uncertainty around all of its conclusions. There is 
also general consensus among stakeholders that the high level of uncertainty should 
not be an impediment to any action in the restoration of the Bay Delta ecosystem. The 
only way to address the highly uncertain outcomes of BDCP implementation is through 
rigorous monitoring and adaptive management. The BDCP Effects Analysis should 
better integrate where uncertainty exists, identify the most relevant monitoring indicators 
necessary to evaluate the trajectory of the outcome, provide triggers for adaptive 
management and guide the scientific community by highlighted research priorities to 
address critical information gaps. On these points the Effects Analysis as a stand-alone 
document falls short. 

Table 5.2-8 identifies the biological objectives for each of the covered fish species and 
whether or not the Effects Analysis was able to assess the likelihood of the BDCP 
achieving the objectives. Some of the biological objectives were quantitative, thereby 
providing a specific metric that could be evaluated both prior to BDCP implementation 
and after implementation. For example, for winter-run Chinook originating in the 
Sacramento River, the objective is to achieve a 5-yr geometric mean survival through 
the Delta of 52% by year 19 (from an estimated 40% at present), to 54% by year 28, 
and to 57% by year 40. Although the table notes that this objective is interim and 
subject to possible change as new data are collected, the Review Panel complements 
the BDCP team for developing quantitative biological objectives to be achieved within 
specific time periods. Ideally, the Effects Analysis should evaluate likelihood of the 
BDCP achieving each biological objective. 

The inability to fully evaluate the likelihood of achieving each biological objective at this 
time highlights the need for a rigorous monitoring and Adaptive Management Plan. 
Chapter 5 seems to recognize this need in light of the incomplete evaluation of 
biological objectives. The Panel was not tasked with reviewing monitoring and adaptive 
management plans. Nevertheless, monitoring efforts should be designed to quantify 
whether or not the biological objectives are being achieved. The adaptive management 
plan needs to be linked to monitoring with identified trigger points and actions to steer 
the effort towards achievement of the biological objectives. 

For terrestrial communities and covered species, the Effects Analysis, for the most part, 
provides a simple accounting of the number of acres of natural communities and 
suitable habitat that will be removed and restored but very little information about the 
management actions that will be implemented to maintain them over the duration of the 
conservation plan. The estimates of habitat restoration assume that restoration targets 
for the different habitats will be achieved with certainty, an assumption that unlikely to 
be met. In addition, the contribution of natural community restoration to species habitat 
restoration is estimated by multiplying the percentage of modeled habitat comprising the 
natural community by the total acres of natural community restoration in the plan area. 
This approach, however, confounds the spatially explicit nature of many of the species 
distributions within the Plan Area. For instance, only the riparian woodland south of 
Highway 4 within the Plan Area is considered potential riparian woodrat habitat which 
makes sense given their current distribution. The riparian woodland in this region 
currently comprises approximately 12.1% of the riparian woodland in the entire Plan 
Area. It is inappropriate to apply this percentage the estimate the amount of restored 
habitat in the Plan Area that will be available to riparian woodrats. If none of the 
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restored habitat occurs south of Highway 4 then none of it will be potentially available to 
riparian woodrats. It makes much more sense to identify only riparian woodland 
restored south of Highway 4 as potential riparian woodrat habitat. Because the 
distribution of many of the species in the Plan Area is limited by their current distribution 
and dispersal abilities, the potential for colonization of restored areas should be 
identified using spatially explicit information. In the case of the riparian brush rabbit and 
riparian woodrat, a specified number of acres of riparian woodland should be restored 
within their potential range in the Plan Area. 

The issue of the management of terrestrial communities and covered species is 
addressed in very broad terms in Chapter 5. In some cases there is mention of 
maintaining communities in a successional state that will make it suitable for a particular 
species (e.g., early successional riparian forest for riparian brush rabbits and western 
yellow-billed cuckoo), but many of the uncertainties surrounding long-term management 
of species and habitats are subsumed into adaptive management. Adaptive 
management is unlikely to succeed unless clear targets and thresholds for alternative 
management approaches are identified. 

2.  How complete is the Effects Analysis; how clearly are the methods described? 

Summary 
The Effects Analysis is a monumental effort incorporating over 745 pages of text and 
another 4,500 page of supporting appendices. The assessment covers potential 
changes in the physical environment, natural communities (12), fish (11 species), 
wildlife (25) and plant (12) species associated with BDCP. For fish species, 12 different 
categories of stressors and 32 attributes were examined over four different life stages. 
As many as 14 different operating scenarios were examined from the status quo to the 
long-term effects of BDCP implementation with climate change. For terrestrial species, 
areas of habitat loss and gained through management actions were examined.  

Chapter 5 provides an overview of the spatial and temporal scope of the analysis, 
definitions of project baselines that differ depending on regulatory authority, recognition 
of climate change information, identification of a variety of models used to evaluate 
effects, treatment of viable salmon population criteria, and the approach to determining 
net effects on fish and wildlife. Biological goals and objectives were identified; this is 
important because the Effects Analysis should address each biological objective. 

As might be expected, with the size of the Effects Analysis task, the quality of the 
assessments ranged in scientific rigor based on the amount of available data and best 
available science. Some aspects of the assessment, e.g., such as water quality and 
flow, were quantitatively assessed using sophisticated mathematical models. Aspects of 
the Chinook salmon assessment were also based on empirical data and process-based 
models. However, for many of the other fish species and their potential stressors, 
conceptual models supported by the scientific literature were the only recourse. In the 
case of Effects Analysis on fish, a workshop of professional biologists was used to 
incorporate feedback and to better express levels of uncertainty associated with 
assessment conclusions. The distinction between conclusions drawn from quantitative 
models and conceptual models was made clear.  
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The vastness of the Effects Analysis report and appendices is both its strength and 
weakness. In order to draw conclusions regarding effects of individual stressors or net 
effects on a species, it was often necessary in the report to draw on information from a 
number of appendices or other sections of the report. In many cases, these sections 
were not referenced or the specific findings of those sections not restated. This leaves 
the reader to hunt for the pertinent facts. It also appears at times that conclusions are 
based on a select subset of the facts that influence both the strength and certainty of 
the conclusions.  

Because the variety of topics that the BDCP covers, how clearly the methods are 
described varies between topics. Several panelists gave input into Question 2 based on 
their areas of expertise. 

Covered Fish 
Approximately 72% of the objectives for covered fish could not be fully evaluated at this 
time due to insufficient information. The overall net effects conclusion for each species 
seemed to be based on the judgment of the authors, rather than a systematic ranking of 
attribute importance, change in response to the BDCP, and uncertainty in the rankings. 
Sixteen life cycle models for Covered Species were examined for applicability to the 
BDCP, but only two were deemed to be relevant, although the Panel is concerned about 
the exclusion of some life-cycle models. A systematic approach for synthesizing the net 
effect on each Covered Species was not used even though a ranking system was 
described that could have been used as a semi-quantitative scoring approach. Instead, 
professional judgment was used to assess the overall net effect. 

In section 5.5, the text describes a numeric ranking for evaluating the importance of the 
attribute to the species, and the effect of the BDCP action on the attribute. The 
summary table (e.g., Fig. 5.5.1-5) was extremely difficult to read, used text to describe 
the effect (zero to high) and color to describe certainty. A small, essentially illegible “-“ 
sign identified negative rankings. This summary table needs to be redesigned to 
improve readability. 

No major omissions for the scientific literature or failure to use best available data were 
found in the Effects Analysis. However, the Effects Analysis did not develop new 
methods when gaps in assessment capabilities were encountered. For example, no 
attempt was made to modify any of the existing delta smelt models for the express 
purpose of this assessment. 

An inevitable risk in using any mathematical model is extrapolation outside the range of 
the model. This extrapolation is likely whenever projecting to environmental conditions 
that have not yet occurred such as the changes that could be brought about by the 
BDCP. It is imperative that model-based assessments clearly state when such 
extrapolation is occurring and the potential direction of bias that might likely arise.  

Hydrodynamics 
The coupling of the multi-D, DSM2, and CALSIM II models is not a standard method 
that would naturally be understood by the reader. The documentation for this coupling is 
part of the EIS documentation, not part of the BDCP documentation. A short summary 
of the method should be included in Chapter 5. 
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Terrestrial species 

The methods for the terrestrial species are adequately described in the various 
appendices (but see specific comments on the description of the methods for the habitat 
restoration in Appendix 5.J.B). 

Recommendations 

Over-arching recommendations 
• Include a table of cross-references for each section or appendix referenced in the 

Net Effects. 
• Add formal comparisons of model results in the Effects Analysis and appendices. 
• Include within the Net Effect sections, discussions of contradictions or non-

supportive facts in order to better capture some of the uncertainty in the 
conclusions. 

• Emphasize the following Effects Analysis statement: “These expectations 
represent a working hypothesis of the relationship between actions, stressors, 
and biological performance.”   

Covered fish 
• Model-based assessments should clearly state when extrapolation is occurring 

and the potential direction of bias that might likely arise.  
• Redo the format of the effects on attributes summary tables (e.g., Fig. 5.5.1-5) to 

improve readability. 

Hydrodynamics 
• A short summary of the method to inter-link multi-D hydrodynamic models, 1-D 

(DSM2) models, and CALSIM II should be included in Chapter 5. 

Comments 

Effects on Covered Fish 
Chapter 5 addressed topics that it should address given information available at this 
time. Chapter 5 provides an overview of the: 

• spatial and temporal scope of the analysis 
• definitions of project baselines that differ depending on regulatory authority 
• recognition of climate change effects on future conditions 
• identification of BDCP actions 
• identification of a variety of models and their limitations for evaluating BDCP 

effects 
• an ESA take assessment including effects on viable salmon population criteria 
• a qualitative approach for determining effects of each attribute on species habitat 

and performance 
• an approach for classifying certainty of the effects analysis, and 
• a description of the approach for evaluating overall net effects of the BDCP on 

each fish and wildlife species.  
Additionally, biological goals and objectives were identified in Chapter 5. Identification of 
biological goals and objectives in Chapter 5 is important because the Effects Analysis 
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should address the ability of the BDCP to achieve each biological objective. However, 
Chapter 5 states that approximately 72% of the objectives for covered fish could not be 
fully evaluated at this time due to insufficient information. It is noted in Chapter 5 that 
these information needs would be incorporated into monitoring and research actions, 
which are described in Section 3.6 (not reviewed by the Panel). Given the incomplete 
information, the Effects Analysis states, “These expectations represent a working 
hypothesis of the relationship between actions, stressors, and biological performance.”  
This is an important statement that should be highlighted in Chapter 5 rather than in the 
middle of a paragraph on page 5.2-36.  
Implementation of methods for evaluating BDCP effects was not readily transparent. 
Section 5.5 describes a numeric ranking approach for evaluating 1) the importance of 
the attribute to the species, and 2) the effect of the BDCP action on the attribute. 
Rankings reportedly ranged from -4 to +4. These two values were reportedly multiplied 
to develop a ranking of effect for each attribute. Certainty was reportedly evaluated 
using the same numerical ranking approach for both the importance of the attribute on 
the species and the BDCP effect on the species attribute. This approach seems 
reasonable given the limitations of existing information, and the evaluation would be 
transparent. However, the numeric values of these rankings were not presented or 
discussed in the BDCP. Instead, figures were presented (e.g., Fig. 5.5.1-5) that used 
text to describe the effect (zero to high) and color to describe certainty. A small, 
essentially illegible “-” sign identified negative rankings. It was not clear whether this 
summary figure incorporated the importance of the attribute to the population, although 
importance of the attribute was often described in the text.  

The numeric ranking approach described above was not used to evaluate net effects of 
the BDCP on each species, even though it seems that it could have been used and 
compared with the professional judgment evaluations. Instead, the overall net effects 
conclusion for each species seemed to be based on the judgment of the authors, rather 
than a systematic ranking of attribute importance, change in response to the BDCP, and 
uncertainty in the rankings. Chapter 5 notes that its conclusions were compared with 
professional judgments of agency personnel provided during a series of workshops in 
August 2013. This is worthwhile, but a table showing the variability in the judgments 
would have been useful as a means for indicating variability in the assessment 
rankings. 

The Panel does not provide comments on methodologies presented in the technical 
appendices, except when discussed below. The level of detail in the descriptions of 
methodologies in the appendices varies considerably. In many cases, the original 
document must be consulted for a description of the methodology. Given the variety of 
information sources, referral to the original report for methodology was not unexpected. 

Hydrodynamics 
One of the issues that had to be worked through with the hydrodynamic models for the 
Effects Analysis was how to use hydrodynamic models that were designed for the 
current bathymetric configuration of the Delta and the watershed. The CALSIM II model 
is a watershed optimization model that has operational criteria based on salinity 
intrusion into the Delta. Changing main point of diversion in Conservation Measure 1, 
adding ROAs in Conservation Measure 3, and factoring in climate change (especially 
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sea level rise), all change the circulation patterns in the Delta and the associated salinity 
intrusion. It is necessary to use the physically based multi-dimensional hydrodynamic 
models to first calculate hydrodynamic parameters (stage and flow) and salinity 
throughout the system. Because the multi-dimensional models are computationally 
intensive to run, the results of the multi-dimensional models are used to calibrate the 
DSM2 (1-D) model. The DSM2 (1-D) model is then used to create the relationship 
between salinity intrusion and river input flows. This river inflow-salinity intrusion 
relationship is what CALSIM II needs for optimization. 

The coupling of the multi-D, DSM2, and CALSIM II models is not a standard method 
that would naturally be understood by the reader. The documentation for this coupling is 
part of the Environmental Impact Statement documentation, not part of the BDCP 
documentation. A short summary of the method should be included in Chapter 5. 

Effects on Terrestrial Species 
The methods for the terrestrial species are adequately described in the various 
appendices (but see specific comments on the description of the methods for the habitat 
restoration in Appendix 5.J.B). 

3.  Is the Effects Analysis reasonable and scientifically defensible? How clearly 
are the net effects results conveyed in the text, figures and tables? 

Summary 

The effects analysis covers a multitude of topics. Each panelist provided input into 
Question 3 based on their areas of expertise. 

Overall approach to determine net effects 
The Effects Analysis, particularly for covered fish, tries to incorporate information on 
potentially beneficial or detrimental effects covering 12 different stressors, 32 attributes, 
and multiple life stages using best available information and science. Only a perfect life 
cycle model with perfect information on all the effects and their interactions could 
possibly weight the results correctly and draw unambiguous conclusions. Any and all 
actual effects analyses are far from that measure of perfection, including the BDCP. The 
effect summary figures (e.g., Figure 5.5.2-5) attempt to illustrate the multidimensional 
aspects of the assessment process and, along with the Net Effect narratives, try to 
convey an overall assessment conclusion. A serious limiting factor of the current 
cumulative Net Effects is a near complete absence of any explicit weighting (in 
summary tables) of the biological importance of the many attributes under consideration 
(e.g., Figure 5.5.1-5). Size and direction of anticipated effects on the attributes is 
provided in the summary figures, along with color coding levels of certainty. Even 
though summary tables show values for each life stage, what cannot be discerned is 
whether any critical life stages or attributes are being adversely affected by the BDCP. 
Consequently, it is also unclear whether the Net Effects conclusions are correctly taking 
critical life stages into account when deriving overall Net Effects conclusions.  

The approach to net effect conclusions needs to be reconsidered and revamped. The 
net effect summary figure (e.g., Figure 5.5.2-5) does not include the relative importance 
of the categories (e.g., food, entrainment, etc.). Without incorporating their relative 
importance in the summary figure, net effect conclusions are potentially meaningless 

BDCP1673



P a g e  | 25 

 
and uncertainty cannot be characterized. The net effect conclusions for a fish species 
need to therefore take into account the relative importance of the various categories, 
make them explicit, and interpret Plan effects within that context on a species-by-
species basis. 

Covered Fish 
The Effects Analysis does not adequately defend conclusions regarding the net effects 
of the BDCP, including habitat restoration. Habitat restoration certainly has the potential 
to increase the productivity of species such as salmonids, but the literature contains 
relatively few studies documenting the population response of salmonids to habitat 
restoration. The conclusion statements from Chapter 5 (and/or the Executive Summary) 
tend to overstate the beneficial effects of BDCP for many different fish populations (e.g., 
salmonids, delta smelt, green and white sturgeon). The net effects analysis tends to 
over-reach conclusions of positive benefits for covered fish species, given the inability to 
quantify the overall net effect and the realization of high uncertainty. 

Key issues/questions that still need to be address for covered fish include: 

1. The importance of interactions between BDCP flows and habitat restoration. 
2. Will the migrant life history sufficiently benefit from conservation measures to 

offset moderate negative impacts related to reduced spring flows? Migrant 
salmonids may benefit less from conservation measures, and may experience a 
negative net effect. 

3. To what extent is foraging habitat and exposure of foraging salmonids to 
predators affected by reduced spring flows? 

4. The text does not distinguish between hatchery versus wild salmonids in the 
analysis. 

Conceptual Models 
In general, the conceptual models for dissolved oxygen and contaminants are well 
developed, although consideration of nutrient form and nutrient ratios (e.g., Glibert et al. 
2011) would be a nice addition given the interest and recent publications on these 
topics. Also, algal toxins could be an attribute for monitoring to reduce uncertainty in 
contaminants and food web conceptual models. 

Although there are good synthetic conceptual models developed for the Bay-Delta 
longfin smelt population encapsulated in the Effects Analysis (e.g., Baxter 2010; 
Rosenfield 2010), the conceptual model is still constrained by the lack of a life-history 
model that would elucidate the role of prey composition and abundance in population 
dynamics. 

Food Webs 
Restoration of tidal wetlands (and other communities) is highly uncertain and at least an 
extremely long process. The Effects Analysis does not adequately justify the critical 
assumption of the benefit of tidal wetland restoration as a food web subsidy for covered 
pelagic fish given the uncertainties of tidal wetland restoration itself. The conceptual 
model of the food web appears to include many of these processes. However, within the 
narrative current understanding as well as the implications of inherent uncertainties are 
not fully explored.  
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Organic matter subsidies to the Delta Food Web 

There is an expectation that restoration activities will result in increases in abundance of 
lower trophic levels but the structure of the lower food web will be critical in whether this 
increased production can support covered species. Not only quantity, but also quality of 
the primary production that is supported by restoration activities is important. Water 
residence time within ROAs and other characteristic transport timescales for Delta 
channels are not the only factors to consider. The type of phytoplankton primary 
production that is stimulated is highly uncertain and likely dependent upon water 
temperature, nutrient concentrations, vertical mixing and grazing. In addition, an 
increased residence time may promote toxigenic cyanobacteria (Microcystis 
aeruginosa). 

Hydrodynamics and physical changes at export facilities 
For hydrodynamic modeling, only one set of ROAs were modeled. Because the 
locations of these assumed ROAs are not being presented to the public, there are 
details of the hydrodynamic modeling that cannot be factored into the Panel’s evaluation 
of the Effects Analysis. 

Conservation Measure 1 now includes significant modifications to Clifton Court Forebay. 
This region has been identified as a predation hot spot by multiple studies. Reduction in 
predation hot spots should be considered in the physical design. 

Terrestrial species 
The Effects Analysis for terrestrial species focuses almost exclusively on a simple 
summation of the number of acres of suitable habitat that are removed or restored for 
each species by the conservation measures. The simple accounting approach does not 
consider landscape-level effects such as connectivity and patch size nor does it take 
into account differences in habitat quality. 

Recommendations 

Overall approach to determine net effects 
• Clearly indicate on effect summary figures (e.g., Figure 5.5.2-5) both beneficial 

(+) and detrimental (−) effects.  
• In order to incorporate biological importance into the Net Effects process, the 

rows (i.e., categories, attributes) of the effects figures (e.g., Figure 5.5.21-5) 
could be ranked or rearranged in clusters according to biological importance for 
the specific species (e.g., high, medium, low). In this way, it would be easier to 
assess whether any biologically important attributes are likely to be negatively 
impacted and at what level of impact. It will also allow readers to discern whether 
any biologically important attributes also have high levels of uncertainty assigned 
to them. 

• From the August 2013 Covered Fish workshops, it would be valuable to include 
in the Net Effects summary, what fraction of the attendees agreed with the Net 
Effects conclusions (i.e., direction, amplitude and level of certainty). 
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Covered fish 

• Examine and re-write conclusion statements about population net effects in both 
Chapter 5 and the Executive Summary to objectively express the range in 
anticipated population effects. 

• Evaluate effects of conservation measure attributes on species while considering 
all other potentially interacting conservation measures. 

• Consider relative abundance of salmon life histories when evaluating net effects 
on each species. 

• “Wild” salmonids should be considered separately from hatchery fish whenever 
possible. 

Conceptual Models 
• Consideration of nutrient form and nutrient ratios (e.g., Dugdale et al. 2007; 

Glibert et al. 2011) would be a nice addition to food web models given the 
interest and recent publications on these topics.  

• Algal toxins could be an attribute for monitoring to reduce uncertainty in 
contaminants and food web conceptual models. 

Food Web  
• A simple surface area versus water volume calculation would provide a first-order 

estimate of potential food subsidy to open water habitats of the low salinity zone.  
• Evaluate and compare the magnitude and temporal and spatial variation in the 

multiple organic matter subsidies to the Delta food web. 
• Incorporate into the Effects Analysis the idea that tidal wetland restoration may 

mitigate some of the nutrient loading into Delta by acting as a nutrient sink 
through emergent vegetation production, phytoplankton production as well as 
fluxes to the atmosphere via denitrifcation. 

• Estimate the potential food web subsidy attained based on the degree to which 
habitats are connected hydraulically to Suisun and Grizzly Bays. These areas 
could serve as “proof of concept” for other, unidentified Restoration Opportunity 
Areas. 

Hydrodynamics and physical changes at export facilities  
• When Conservation Measure 3 is implemented, the details of the connection 

between the Restoration Opportunity Areas and the adjacent channels and the 
order in which the Restoration Opportunity Areas are established need to be top 
design criteria. 

• Since Conservation Measure 1 is proposing significant physical changes be 
made to Clifton Court Forebay, the identified predation hot spots within Clifton 
Court Forebay should be considered in the re-design. 

Terrestrial species 
• Landscape-level effects should be considered. 
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Comments 

Effects on Covered Fishes 
A Comprehensive Summary Figure Would Be Useful. For specific actions affecting 
covered fishes, the Effects Analysis summarizes findings of multiples investigations 
when available and often qualifies the findings with opinion statements of how important 
the attribute might be and how certain the finding is. This assessment by the authors of 
the Effects Analysis is often compared with a summary of conclusions, including a 
statement of uncertainty, developed from a workshop with agency personnel in August 
2013. This approach is reasonable given the information available, but as noted 
elsewhere, improvements could be made to systematically summarize 1) the relative 
importance of the attribute, 2) the level of change caused by BDCP implementation, and 
3) the certainty of this evaluation. The relative importance of an attribute was often 
provided within the narrative of Chapter 5, but a comprehensive table or figure 
summarizing this metric was not presented along with the effect of the BDCP on the 
attribute and the certainty associated with the rankings. A comprehensive summary 
figure is a key step leading to the overall net effect determination for each species. This 
figure would also enhance transparency in the final professional judgment of net effects. 
Furthermore, some sections of the Effects Analysis did not seem to reach a conclusion 
or describe the certainty about the findings, e.g., text description of Feather River flow 
effects on spring Chinook (see Feather River discussion below).  

Salmonid Life History Increases Uncertainty. Salmonids have a variety of juvenile life 
history types that result in differential use of Delta habitats over time. The Effects 
Analysis characterized these life history types as foragers and migrants. Foraging 
juvenile salmonids are younger, smaller and typically inhabit shallower habitats 
compared with larger, older yearling salmonids that pass through the Delta relatively 
quickly. Recognition and consideration of these two life history strategies in the BDCP 
Effects Analysis (e.g., Fig. 5.5.3-4) is important. However, as noted below, the complex 
life history of salmonids, including life history differences between wild and hatchery 
origin fish, leads to greater uncertainty in the overall net effect of the BDCP actions on 
salmonid populations. 

Literature Shows Major Restoration Needed to Improve Fish Populations. The Effects 
Analysis does not adequately defend conclusions regarding the net effects of the 
BDCP, such as habitat restoration, on fish species. Habitat restoration certainly has the 
potential to increase the productivity of species such as salmonids, but the literature, 
including published papers and technical reports, contains relatively few studies 
documenting the population response of salmonids to habitat restoration (see reviews 
by Roni et al. 2008, 2011). Findings in the literature on the response of salmonid 
populations to habitat restoration was not adequately addressed in the Effects Analysis 
when describing the net effect of each species, although the methods section 
(5.2.7.10.3) did provide a reference by NMFS stating that quantitative linkages between 
specific habitat actions and viable salmonid population criteria is difficult. The difficulty in 
documenting population responses to habitat restoration should be recognized and 
addressed with large and strategic habitat restoration projects and detailed monitoring. 
For example, in a comprehensive evaluation of salmon responses to habitat restoration 
in Puget Sound, Roni et al. (2011) concluded: 
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“Given the large variability in fish response (changes in density or abundance) to 
restoration, 100% of the habitat would need to be restored to be 95% certain of 
achieving a 25% increase in smolt production for either species. Our study 
demonstrates that considerable restoration is needed to produce measurable 
changes in fish abundance at a watershed scale.” 

Conclusions Often Overstate Beneficial Effects. The Panel believes that the net effects 
analysis tends to over-reach conclusions of positive benefits for covered fish species, 
given the uncertainty and inability to quantify the overall net effect. Given the findings of 
Roni et al. (2011), it may be inappropriate to extend an uncertain but potentially positive 
effect conclusion to statements about species conservation, especially under future 
climate scenarios. For example, the following grand conclusion statements from 
Chapter 5 (and/or the Executive Summary) tend to overstate the beneficial effects of 
BDCP: 

“The magnitude of benefits for winter-run Chinook salmon at the population level 
cannot be quantified with certainty. Nonetheless, the overall net effect is 
expected to be a positive change that has the potential to increase the resiliency 
and abundance of winter-run Chinook salmon relative to existing conditions.”  

Statements about increased resiliency and abundance are inappropriate given the high 
uncertainty expressed in the initial sentence. The statements tend to focus on the upper 
end of beneficial effects rather than a balanced analysis that might capture the range in 
net effects. The Panel underlined the questionable text. 

“The BDCP should help conserve the species in the Plan Area and help it cope with 
expected climate change….” The term “conserve” implies a large beneficial population 
effect for salmon that may help the population recover from ESA listing. Maybe the 
BDCP will lead to a positive effect, but the magnitude of the effect is uncertain, as 
stated above, so it seems inappropriate to imply the BDCP would eliminate attributes in 
the Delta that cause lower population viability. The life cycle models suggested climate 
change effects would overwhelm the evaluated BDCP actions on winter Chinook 
salmon.  
The following conclusion for delta smelt overstates and over-emphasizes the potential 
for significant beneficial effects (by emphasizing great potential) while also noting the 
conflicting conclusion of high uncertainty in the net effect: “While there is great potential 
for large benefits for delta smelt, there is a high level of uncertainty regarding the 
resulting effects. However, combined with the Fall X2 decision tree, the BDCP will have 
at least a minor beneficial effect on the species, but a great potential for larger benefits 
depending on actual food production and location of delta smelt population in relation to 
restored areas.” The high-end benefit is emphasized in the BDCP text. Perhaps there is 
higher certainty for a positive versus negative net effect but there is high uncertainty for 
the net effect of actions on the delta smelt population, ranging from little to high 
population effect. This evaluation would benefit by the removal of “great”.  

For green and white sturgeon, the BDCP concluded: “Therefore, the BDCP is expected 
to conserve both species in the Plan Area through improvements in abundance, 
productivity, life history diversity, and spatial diversity.” The term “conserve” implies a 
large beneficial population effect that was not supported by the evaluation. The 
conclusion statement also implies and therefore overstates measureable positive 
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changes to four population viability criteria. These benefits may reflect the goals of the 
BDCP, but the uncertain magnitude of benefits to sturgeon should not be described as 
improving abundance, productivity, life history diversity, and spatial diversity. 

Interactions between conservation measures. Interactions between BDCP flows and 
habitat was not adequately addressed in the report. For example, Table 5.5.3-4 shows 
that habitat units typically increased for foraging salmonids in response to habitat 
restoration, but the habitat analysis did not appear to consider whether salmonids would 
have access to the habitat during reduced flows under the BDCP scenarios (see Table 
5.E.4-1). For example, flows were expected to be ~15% to 20% lower during January to 
April when many foraging salmonids are rearing in the Delta area. In other words, how 
much rearing habitat is available and what is the habitat quality for foraging salmonids 
when flows have been reduced 10-20%? The Cache Slough region is one example 
where key habitat restoration sites might be affected by reduced river flows. Perhaps 
tidal fluctuations overwhelm river flows in some of the lower habitats, but this should be 
stated in the report. For foraging salmonids, do reduced flows of the BDCP negate the 
reported habitat gains from some restoration activities? Recommendation: evaluate 
effects of conservation measure attributes on species while considering all other 
potentially interacting conservation measures. This approach was taken for some 
measures (e.g., Delta Passage Model evaluations) but not all. 

Migrant salmonids may benefit less from conservation measures and may experience a 
negative net effect. The effect of each attribute on migrant versus forager salmonids 
was examined in Chapter 5, but summary Figure 5.5.3-2 did not capture differences in 
the assumed relative abundances of these life histories among the species. Plan area 
flows were typically ranked as a moderate negative effect on migrant salmonids in the 
Sacramento River and a low negative effect on foragers. However, this attribute was 
ranked the same for each salmonid species regardless of the proportion migrants 
versus foragers assumed in the population. The negative impact of reduced plan area 
flows should have been greater on Sacramento River species such as spring Chinook 
and steelhead that are dominated by migrant life histories.  

Migrant life histories are less likely to benefit from habitat restoration activities, which 
are a key focus of the BDCP conservation measures. This implies that spring Chinook 
and steelhead may experience less benefit from BDCP actions than other salmonid 
species, or they may even experience a negative net effect in response to reduced 
spring flows. The key question, which deserves more attention in the BDCP, is whether 
the migrant life history will sufficiently benefit from conservation measures to offset 
moderate negative impacts related to reduced spring flows. This question is key for 
spring Chinook and steelhead that are composed mostly of migrant life histories.  

Characterize uncertainty in plan area flow effects on salmonid life history types. The 
Delta Passage Model (DPM) is a key tool for this evaluation because it predicts survival 
of migrant salmonids while considering river flows, passage into interior areas, 
entrainment to pumps, and passage into the Yolo Bypass. The survival model is largely 
based on Chinook salmon exceeding 140 mm in fork length, therefore the DPM does 
not represent foragers or smaller migrants, which are the target of the habitat 
restoration activities.  
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The Effects Analysis states that it was assumed with moderate certainty that flow has 
high importance to foraging winter Chinook salmon, then notes that the moderate level 
of uncertainty reflects the relative lack of investigation on the influence of flows on 
smaller salmonids (Page 5.5.3-24, line 39-41). Moderate uncertainty is quite different 
from moderate certainty, which is also concluded in each salmonid summary figure 
(e.g., 5.5.3-4). If there is no information on how flows affect survival of smaller foraging 
salmonids in the Delta, it is difficult to accept a moderate level of certainty associated 
with the low negative impact of flows on foraging juveniles salmonids, especially when 
data suggest flow has a significant effect on larger salmonid (migrant) survival (Fig. 
5C.5.3-4). To what extent is foraging habitat and exposure of foragers to predators 
affected by reduced spring flows?  For winter Chinook and fall Chinook, the forager life 
history is the dominant type, indicating less certainty about the net effect of BDCP flows 
on these species compared with species dominated by migrant life histories that have 
been tagged and analyzed, e.g., Fig. 5C.5.3-4.  

Hatchery versus “wild” origin salmonids. The presence of hatchery salmonids is typically 
noted in the introductory descriptions of each salmonid species in Chapter 5. The 
degree to which hatchery salmonids contribute to the two life history types was not 
described, though hatchery fish are released as migrants. For example, 80% of juvenile 
spring Chinook were assumed to be migrants. To what extent was this due to the 
release of migrants from hatcheries given that some of the natural population produces 
primarily foragers? The text does not otherwise distinguish between hatchery versus 
wild salmonids in the analysis. Although some hatchery stocks are protected by the 
ESA, it would seem that wild salmonids would have a higher priority than hatchery-
produced salmonids, even though hatchery runs provide important role in the Central 
Valley and ocean fisheries. Perhaps resolution of effects and uncertainty inhibit 
analyses specific to wild salmonids. Nevertheless, wild salmonids should be considered 
independently from hatchery salmonids when possible.  

Do habitat actions only affect salmonid capacity and not productivity? Fig. 5.5.3-2 
shows BDCP effects on productivity of each salmonid species by attribute. No effect is 
shown for habitat attributes such as channel margin, floodplain, riparian, etc. In contrast, 
these attributes are scored in other Figures for each species, e.g., Fig. 5.5.3-4. Does 
this reflect an opinion that these habitat actions only increase the capacity of the habitat 
to support salmonids rather than habitat quality? 

Obtain more information from life cycle models. Life cycle simulations were only 
performed for winter-run Chinook salmon using the OBAN and IOS models. 
Comparison of through-delta survival and adult returns by management scenario (Table 
5.G-2) was very useful. One way to compare and evaluate the two models is to assess 
consistency in the management scenario rank (best to worst) for the various response 
variables. For instance, if the same management scenario always ranks first, then that 
would indicate high level of consistency and support for that conclusion. On the other 
hand, if management scenario rankings varied greatly between assessments then 
conclusions would have high degrees of uncertainty (See Table 1, below). 

Some life cycle models inappropriately excluded. Appendix 5G excluded delta smelt life 
cycle models in the Effects Analysis without adequate justification. Based on the 
premise of using the “best available science,” it is unclear how none of the delta smelt 
models could have reached that level of acceptance. One justification was that none of 
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the models used zooplankton data; however, the BDCP Net Effects assessment 
indicated zooplankton was only of moderate importance to delta smelts (Figure 5.5.1-5). 
It would therefore seem that some assumptions about zooplankton could have been 
made, allowing life-cycle modeling to be performed. Robustness studies could have 
accompanied the modeling process. Furthermore, if the BDCP team felt none of the 
delta smelt models to be adequate, why was there no investment made in model 
development for such an important species of interest? 

Net Effects 
The Net Effects summary figures (e.g., Figures 5.5.1-5, 5.5.2-5, etc.) are very useful for 
synopses for each fish species, but they are incomplete. It would be visually helpful to 
explicitly include both positive (+) and negative (–) signs for each combination of life 
stage and category. There continue to be discrepancies between conclusions regarding 
certainty and level of effect between the text and summary tables. The quantitative 
scoring method described on page 5.5.1 seems to be largely ignored. Instead, a 
qualitative ocular assessment of the summary tables seems to be applied separately to 
the certainty and level of effect dimensions. For salmonid species, weighting is 
discussed for migrant vs. foraging forms, but this too is seemingly ignored (or at least 
not mentioned) in the Net Effect conclusions.  

The approach to Net Effects conclusions needs to be reconsidered and revamped. The 
Net Effects summary figures (e.g., Figure 5.5.2-5) do not include the relative importance 
of the categories (e.g., food, entrainment, etc.). Without incorporating their relative 
importance, Net Effects conclusions are potentially meaningless and uncertainty cannot 
be characterized. Levels of uncertainty have different weight depending on the 
importance of the various categories. An assessment might have high uncertainty for all 
low importance categories and still have high overall certainty if all the important 
categories carry with them high certainty. Conversely, the overall assessment would 
have low certainty, if one or more of the high importance categories carry high 
uncertainty. The Net Effects conclusions for a fish species needs to therefore take into 
account the relative importance of the various categories, make them explicit, and 
interpret Plan effects within that context on a species-by-species basis. Uncertainty plus 
uncertainty is more uncertainty. Uncertainty never averages or cancels out uncertainty; 
any more than noise plus noise is less noise. One graphical approach to conveying 
importance of the various categories and attributes is to order or group the rows of the 
figures according to their importance for a particular fish species. It would then be 
possible to see if any detrimental effects of the BDCP are associated with any important 
biological processes or not.  

Life-cycle simulations were only performed for winter-run Chinook salmon (i.e., models 
OBAN and IOS). Comparison of through-Delta survival and adult returns by 
management scenario (Table 5.G-2) was very useful. One way to characterize model 
consistency is to assess how consistent the management scenarios rank (best to worst) 
across the models and different response variables. For instance, if the same 
management scenario always ranks first, then that would indicate a high level of 
consistency and support for that conclusion. On the other hand, if management 
scenario rankings varied greatly between assessments, conclusions would have a high 
degree of uncertainty.  
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Restoration of tidal wetlands (and other communities) is highly uncertain or at least an 
extremely long process 

Restoration of tidal wetlands is considered in detail in the section on aquatic food webs 
(Question 12). In general, tidal wetland restoration of biological function is quite difficult 
with respect to ecosystem processes beyond tidal flux and especially with respect to 
ecological equivalency to comparable natural wetlands. This has been reviewed in a 
number of studies and conclusions have remained consistent over the past two or three 
decades (e.g., Kentula 1996, Simenstad and Thom 1996, Zedler and Callaway 1999, 
BenDoer et al. 2009, Moilanen et al. 2009). 

Lack of specificity in Restoration Opportunity Areas limits conclusions of many aspects 
of Effects Analysis 

For the hydrodynamic modeling, only one set of Restoration Opportunity Areas were 
modeled. (See discussion of implementation of models in Question 2.) Because the 
locations of these Restoration Opportunity Areas are not being presented to the public, 
there are details of the modeling that cannot be factored into the Panels evaluation of 
the Effects Analysis. As examples: 1) in Panel Question 7, the placement of the 
Restoration Opportunity Areas influences reverse flows in Georgiana Slough, 2) the 
calibration of the 1-D model based on the 2-D model results is sensitive to Delta Cross 
Channel operations, which could be the result of Restoration Opportunity Areas 
representation in the system. (See question 5 Restoration Opportunity Areas modeling 
discussion.)  When Conservation Measure 3 is implemented, the details of the 
connection between the Restoration Opportunity Areas and the adjacent channels and 
the order in which the Restoration Opportunity Areas are established need to be top 
design criteria.  

Clifton Court Forebay physical changes need more evaluation before implementation 
because of its reputation as a predation hotspot 

Conservation Measure 1 now includes significant modifications to Clifton Court Forebay. 
These modifications include building a wall in Clifton Court Forebay to create two 
separate regions, the north region would receive water from the North Delta pump 
facilities and the south region would receive water from the existing south Delta 
channels. In addition, the current size of the Clifton Court Forebay would also be 
enlarged by flooding an adjacent tract of land to the south. Based on the public panel 
discussion with ICF and the Fish agencies on January 29, 2014, the philosophy behind 
the modifications is that the water coming from the North Delta facilities will have 
already been pre-screened for critical fish species. Therefore, there would be significant 
savings in not filtering north Delta diversion (NDD) water through the south Delta fish 
screening facility.  

ICF acknowledged that this is a newer element of the design for Conservation Measure 
1. There was no documentation in Appendix 5.H (Aquatic Construction and 
Maintenance Effects) regarding this construction. The building of a dam in the center of 
Clifton Court Forebay and dredging another tract should be considered in Appendix 5.H.  

Clifton Court Forebay has been identified as a predation hot spot by multiple studies. 
The Fish Predation science panel (Grossman et al. 2013) stated in their final report that: 
“Clifton court Forebay (CCFB) has been identified by multiple sources as an 
inhospitable location for salmonids. Within CCFB several areas are particularly 
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hazardous including: 1) the deep scour hole just inside CCFB by the radial gates; 2) the 
trash gates in front of the Tracy Fish Collection Facility; and 3) section of Old River 
adjacent to the radial gates.” Since Conservation Measure 1 is proposing significant 
physical changes be made to Clifton Court Forebay, these predation hot spots should 
be considered in the re-design. 

Delta Food Web 
5.3.38 Cache Slough and Suisun Marsh Restoration Opportunity Areas are suggested 
as areas of substantial increase in Prod-Acres. Given that these Restoration 
Opportunity Areas are defined, some work could be done to estimate the potential food 
web subsidy attained based on the degree to which habitats are connected hydraulically 
to Suisun and Grizzly Bays. These areas could serve as “proof of concept” for other, 
unidentified Restoration Opportunity Areas. An interesting outcome of such an exercise 
would be a determination of the potential for  export and trophic transfer (a positive 
outcome) versus localized cultural eutrophication, increased biochemical oxygen 
demand and dissolved oxygen sags in tidal sloughs (negative outcome). 

The discussion of water residence time throughout the Delta (Section 5.3.36) suggests 
an increase of 3 to 4 days as compared to the current configuration. But this analysis is 
also site-specific. The approach used to calculate residence time is also of concern. The 
residence time in each Restoration Opportunity Areas is a function of bathymetry, the 
exchange between the Restoration Opportunity Area and the adjacent channels. The 1-
D DSM2 model does not have the capability to calculate this parameter. In addition, 
because the specific locations and configurations of the Restoration Opportunity Areas 
are not presented in the Effects Analysis, the panel has no basis to comment on the 
validity of the approach. 

The phytoplankton productivity model that results in Prod-Acres is limited in terms of 
prediction or certainty in outcomes. Again, it comes down to a question not only of 
quantity but also quality of the primary production that is supported. The result of longer 
residence time is likely to increase phytoplankton primary production (i.e., “slower is 
greener”) this may not hold when invasive clams are introduced to the system (Lucas 
and Thompson, 2012). Additionally, the type of phytoplankton primary production that is 
stimulated is highly uncertain and likely dependent upon water temperature, nutrient 
concentrations, vertical mixing and grazing. Lehman et al. (2013) suggested that 
increased residence and warmer water temperatures in excess of 19 - 20° C will 
promote toxigenic cyanobacteria including Microcystis aeruginosa. It should be 
recognized that Microcystis is only one potentially important toxigenic cyanobacteria in 
the Bay-Delta – Aphanizomenon was abundant in 2011 and 2012 in the Bay-Delta 
(Karobe et al. 2013).  

Tidal wetland restoration may mitigate some of the nutrient loading into the Delta by 
acting as a nutrient sink through emergent vegetation production, phytoplankton 
production as well as fluxes to the atmosphere via denitrifcation. These ideas are not 
considered within the Effects Analysis. The decay of large amounts of invasive aquatic 
vegetation (a result of control measures) also has the potential to increase biochemical 
oxygen demand and inorganic and organic nutrient supply; this may shift phytoplankton 
community composition and promote local eutrophication. This issue is raised in a 
single bullet point on page 5.F-130, line 26 
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Terrestrial Species 

Rather than using current estimates of habitat occupancy within the Plan Area to 
estimate occupancy of restored habitat, we recommend using spatially explicit 
occupancy models (see comments under question 4). In addition, the minimum width 
and maximum distance of riparian habitat corridors should be identified for terrestrial 
mammals that are restricted to riparian habitats (riparian woodrat and riparian brush 
rabbit). Persistence of these species in the Plan Area requires riparian habitat patches 
that are sufficiently large to support stable populations as well as riparian corridors that 
will allow movement between suitable habitat patches. Both the minimum patch size 
and minimum corridor parameters (width, distance, overstory cover) should be specified 
to ensure long-term occupancy of restored riparian habitat. 

4.  How well is uncertainty addressed? How could communication of uncertainty 
be improved? 

Summary 
A broad consensus exists among the Panel that Chapter 5 does not adequately address 
uncertainty. In its current form, at the level of detail conveyed, in the models used, and 
in the verbal assessments and conclusions, the level of uncertainty is downplayed. 
Within appendices sometimes more explicit discussion of uncertainties can be found, 
but a disconnect exists between the summary pages with the conclusions drawn in 
Chapter 5. In situations in which an array of outcomes may be possible, only the more 
beneficial outcomes are quantitatively assessed or used in conclusions about the 
BDCP. Communication of uncertainty would be improved by consideration of a range of 
potential outcome values in models.  

The Panel cannot determine whether the conclusions about covered fish species or 
other species in the BDCP are accurate. Detailed monitoring is needed to evaluate the 
BDCP conclusions, in addition to the outcomes for the biological objectives that could 
not be fully evaluated at this time in the BDCP. The BDCP effects analyses are 
qualitative and conclusions regarding net effects on each species typically reflect 
professional opinion. Therefore, the Effects Analysis does not lend itself to evaluation of 
chained statistical uncertainties. The tremendous length of the documents did not 
reduce the uncertainty in the overall net effects. 

Recommendations 

• Unknowns and research needs should be incorporated into the BDCP as explicit 
conservation measures, in other words, as a required part of the BDCP. 

• Monitoring needs, timing and intensity also need more explicit incorporation into 
the BDCP. While often well explicated in an appendix (e.g., within Appendix 5.F- 
Biological stressors on covered fish), they are frequently absent within the 
material discussed in Chapter 5 or treated as an uncertainty. 

• Research needs are often mentioned as sections within appendices. These 
should be consolidated within Chapter 5. This would help guide future research 
priorities for the Delta. 
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Comments 

Effects on Covered Fishes 
For covered fishes, when evaluating the importance of an attribute to a species and 
evaluating the effect of the BDCP on that attribute, the Effects Analysis was typically 
careful to describe the level of certainty associated with this evaluation. The evaluation 
of certainty was typically a judgment by the BDCP authors rather than a quantitative 
measure of certainty (e.g., standard deviation), therefore estimates of certainty have 
their own level of uncertainty. The Effects Analysis did not lend itself to evaluation of 
“chained statistical uncertainties” as identified in the charge questions addressed to the 
Panel because the effects analyses were not quantitative. Nevertheless, the judgments 
of certainty have value, though they could be improved upon (see below). 

Judgments of certainty were also compared with judgments provided by California 
agency scientists at the August 2013 workshops. However, identification of agency 
certainty seemed to be the interpretation by the BDCP authors of the agency response 
rather than a systematic evaluation of certainty scores. At the January 2014 Effects 
Analysis Panel meeting, ICF noted that they did not think it was possible to consistently 
document variability in Effects Analysis evaluations by agency personnel at the August 
2013 workshops. As a result, evaluation of certainty of BDCP effects on attributes of 
each species is limited to the interpretation of the BDCP authors.  
Please see discussion above on the overall net Effects Analysis for each species. 
Although conclusion statements typically stated high uncertainty in the overall net 
effects, they also tend to ignore uncertainty when highlighting the potential benefits to 
conservation without also stating the lower end of the effects range.  

Monitoring and Research 
As an example of the high uncertainty in the BDCP to achieve biological goals and 
objectives, many of the sections of appendices have sections on monitoring and 
research needs. These often highlight impacts of conservation measures in which the 
outcomes may have a range of positive to negative impacts. The unknowns and 
research needs should be better incorporated into the analyses of biological impacts of 
the BDCP. At a minimum they should be required as an explicit conservation measure. 
In a number of instances, especially in Appendices, for example Appendix 5.F, needs 
are highlighted for a robust monitoring and evaluation program, coupled with a detailed, 
prescriptive adaptive management plan. BDCP success will depend on monitoring and 
evaluations and responding to issues as they emerge. Furthermore, high uncertainty in 
the outcomes for the covered species means that budgets for monitoring and adaptive 
management must be developed with uncertainty in mind.  

Disconnect between uncertainty and BDCP conclusions 
Frequently, explicit modeling is reduced to small portions of conceptual models. When a 
range of potential outcomes may result from uncertainties in multiple conditions, only 
the most beneficial outcome is considered when coming up with a conclusion or 
summary. Some of these are discussed in other sections of this report. One example 
can be found in Appendix 5.F. When considering the impacts of some of the 
conservation measures, for example, Conservation Measure 13, removal of Egeria is 
discussed with multiple potential effects (Appendix 5.F, p. 5.F-48 and following), some 

BDCP1673



P a g e  | 37 

 
beneficial, such as removing habitat for predators of covered fish, while others may 
exacerbate populations problems for covered fish, such as cascading effects through 
the food chain of the loss of some invertebrates that feed on Egeria, shifts in aquatic 
web linkages, and the rapid replacement of Egeria by other invasive submerged aquatic 
vegetation. Nonetheless, these uncertainties are simply ignored when it comes to 
conclusions, where it is determined that only the beneficial results of control invasive 
aquatic vegetation will result from the BDCP (pp. 5.F-48-49). To be fair, occasionally the 
poorer results dominate conclusions; for example, Microcystis may increase due to 
management activities inside and outside the region but these conclusions fail to 
emerge in the discussion of the aquatic food webs within Chapter 5. 

The discussion of the aquatic food webs is based on a good conceptual model, but the 
dynamics of the food web are ignored and only a single component, phytoplankton 
productivity, is modeled as a result of restoration efforts in the relatively near- and far-
term. Detrital contributions could also enhance food webs, but are not considered in any 
detail. Phytoplankton productivity is unrealistically modeled, and assumed to essentially 
be consumed along linkages that connect directly to covered fish. Chapter 5 does 
mention invasive bivalves, but fails to incorporate their potential as direct competitors for 
plankton within the food web, even though that potential is discussed. In other words, 
the BDCP is inconsistent in how models and analyses handle uncertainty and model 
assumptions, making it difficult to complete assessment. 

Restoration 
Because this is discussed in other sections, we will only mention that there is great 
uncertainty associated with the restoration of the wide range of ecosystems slated for 
restoration. Many of these systems have a poor record of achieving restoration, 
especially in short-to-moderate time periods. This range of ecosystems also varies 
considerably in the degree of difficulty of restoring functions. Nonetheless, the outcomes 
for conservation measures and their interaction and effectiveness are glossed over and 
uncertainties are not apparent in conclusions and summary discussions. For example, 
wetland restoration will require considerable input of sediment in the short-term to meet 
the outcomes described in the BDCP. Yet Chapter 5 models tidal wetland restoration 
with a constant concentration of suspended sediment, even though the document 
discusses the fact that sediment has been declining over the past decades, and further 
that the operations of the north Delta pumps may remove 8-9% more. In other words, 
there is considerable inconsistency between a discussion of uncertainty and how 
uncertainty is incorporated into the conclusions.  

Similarly, restoration of many of the terrestrial habitats for other covered species also 
involves considerable uncertainty, especially as to the rate at which function will return 
that will be recognized by covered species. Consequently uncertainty of the occupancy 
targets for terrestrial species are not addressed. In all cases, a single value of number 
of acres that will be occupied is provided. No estimates of the uncertainty of achieving 
stated restoration goals nor uncertainty of the proportion of the restored habitat that will 
be occupied are included. 

North Delta Diversion 
In addition, the validity of the primary assumption that there will be no entrainment of 
fish at the north Delta diversion (NDD) should be evaluated. In reality, there will be 
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some fish lost at the transfer point; therefore, the empirical relationship would be altered 
including this additional transfer point. 

Water Clarity and Suspended Sediments 
Section 5.3-24 (lines 31-38) correctly identifies a low level of certainty around changes 
in water clarity but does not include the potential positive or negative implications for 
changes in water clarity.  

Suspended sediment is one of two key components driving the development of tidal 
wetlands in the Delta, especially under sea level projections, yet Delta inflow has been 
experiencing a decline in suspended sediment and operations of the NDD may remove 
8-9% more. BDCP indicates there may not be sufficient sediment for marsh restoration 
(Chap. 5, p. 109). 

The NDD operations should factor in suspended sediment into the operational criteria. 
Adaptive management should consider the possibility operating the NDD such that the 
first flush, which contains a large sediment load, is not exported. 

5.  How well does the Effects Analysis describe how conflicting model results and 
analyses in the technical appendices are interpreted? 

Summary 
The Effects Analysis covers a multitude of topics. Each panelist gave input into 
Question 5 based on their areas of expertise. 

Hydrodynamics 
Hydrodynamic models are sensitive to how the open water regions are represented and 
how they are connected to the adjacent channels. Because the panel was not provided 
the bathymetric configuration of the Restoration Opportunity Areas or the order in which 
the Restoration Opportunity Areas were established, it is not feasible to evaluate the 
sensitivity of the models to the placement of the Restoration Opportunity Areas. DSM2 
(1-D) and RMA/TRIM (mult-D) hydrodynamic models represent Restoration Opportunity 
Areas is differently. This could be a significant source of error, especially when Delta 
Cross Channel gates configuration is open.  

Life cycle models: winter Chinook salmon 
No formal comparison of output from the OBAN and IOS models was provided, either 
on an absolute scale or relative scale. It should be acknowledged that adult escapement 
differs between models by a factor of 5. Through-Delta survival projects were also 
fractionally different between models. In neither case was an explanation for the 
discrepancy provided. The relative ranking of the different BDCP scenarios (Table 5.G-
2) between models should be provided in the report, and certainly should be assessed, 
in part, based on the degree of consistency in predictions of the BDCP scenario ranks 
between models. 

Salmonids: Delta Passage Model 
For salmonids, the Delta Passage Model Salvage Estimates and the Salvage Density 
methods produced reasonably consistent estimates. Variance calculations need to be 
corrected. There appear to be analytical errors in expressing uncertainty. 

BDCP1673



P a g e  | 39 

 
Salmonids: Temperature Model 

The text is not clear how the models predict these changes associated with the BDCP 
during egg incubation, if the BDCP has no effect on upstream conditions, as reported in 
sections of Chapter 5. In spite of these conflicting results, Figure 5.5.4-1 shows that 
there would be zero effect on eggs in the Sacramento River with moderate to high 
certainty in this conclusion. This evaluation needs clarification and should be consistent 
with the Appendix. 

Terrestrial Species 
Suitable habitat for each species in the Plan Area was based on expert opinion and 
therefore there are no model results to interpret. The plan adequately addresses 
conflicting estimates of the number of sandhill cranes that may be killed by collisions 
with powerlines. 

Recommendations 

Covered fish 
• A direct comparison of the output from competing models should be presented.  
• Clarify confusing and conflicting text related to salmon models. 
• Explanation for the large discrepancies in predictions in adult returns (i.e., factor 

of 5) should be provided and possible consequences to Effects Analysis. Use of 
relative effects does not eliminate systematic biases of models.  

Hydrodynamics 
• Identify which Restoration Opportunity Areas are represented differently between 

the DSM2 and the RMA/TRIM models, especially in the Mokelumne system, 
which is sensitive to Delta Cross Channel operations. 

• Publications from that CASCaDE (http://cascade.wr.usgs.gov/index.shtm) would 
be resources to guide the evaluation of propagation errors in the BDCP Effects 
Analysis. 

Comments 

Life-cycle models 
When discussing IOS and OBAN life cycle modeling results, the Effects Analysis stated:  

“The results of both models suggest future climate change effects would 
dominate changes in adult winter-run Chinook salmon escapement in the future, 
which is of appreciable concern for the species. Factoring in climate change, 
relatively small differences in upstream conditions between the BDCP LLT 
scenarios and EBC2_LLT resulted in greater adult escapement under HOS_LLT 
or lower adult escapement under ESO_LLT and LOS_LLT. These results reflect 
what appears to be appreciable model sensitivity to relatively small changes in 
estimated upstream conditions because, as noted above, the BDCP does not 
change Shasta Reservoir and upper Sacramento River operating criteria, so that 
changes in upstream areas derived from modeling, be they positive or negative, 
may not be fully reflective of the nature of actual changes that could occur.” (pg. 
5.5.3-45, lines 38-46)  
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The above statement about climate change impacts on Chinook abundance is clear and 
noteworthy, but the text below it is confusing and should be clarified (did the model 
receive inaccurate information for upstream conditions?). 

 Chinook salmon 
For egg incubation of spring Chinook, Chapter 5 describes conflicting results (pg. 5.5.4-
14). The text states, “Several models show no change in upstream condition as a result 
of BDCP”. In the same paragraph, it states that SacEFT predicts a 12% reduction in egg 
incubation “condition” based on water temperature effects on egg survival. In contrast, 
the Reclamation Egg Mortality model predicts no effect due to the BDCP except in 
below normal water years (12% reduction in survival). SALMOD predicts negligible 
impacts of the BDCP on eggs, fry and smolt. The text concludes that the adverse 
impacts are related to high sensitivity of some models to small changes in upstream 
conditions. The text is not clear when describing how the models might predict these 
changes during egg incubation, if the BDCP has no effect on upstream conditions as 
reported in portions of Chapter 5. In spite of these conflicting results, Figure 5.5.4-1 
shows that there would be zero effect on eggs in the Sacramento River with moderate 
to high certainty in this conclusion. This evaluation needs clarification.  

• Habitat and flow modeling efforts in the Delta were not linked. As noted above, 
habitat suitability modeling indicates somewhat large habitat increases for 
foraging salmonids in response to restoration activities. However, these 
estimates of habitat did not account for reduced flows that would occur when 
juvenile salmonids are present in the Delta area, especially in wet years. In other 
words, will reduced BDCP flows affect access by juvenile salmonids to the 
habitat identified in Table 5.5.3-4, or do tidal fluctuations overwhelm river flows in 
all of these habitats? 

 Lack of consideration of propagation of errors or sensitivity analysis in linked models 

A direct comparison of the output from competing models is rarely presented. Results 
from different models are rarely formally compared on either an absolute or a relative 
scale. When different models projections exist, the BDCP rarely attempts to explain why 
the discrepancies are occurring or describe the direction of the expected errors. 

Uncertainty plus more uncertainty produces even more uncertainty. Uncertainty never 
averages or cancels uncertainty any more than noise plus additional noise produces 
less noise. The propagation of errors will not be a simple sum of uncertainties in most 
cases. One can use variance in stages formula 

𝑉𝑎𝑟�𝜃�� = 𝐸2�𝑉𝑎𝑟1�𝜃��2�� + 𝑉𝑎𝑟2�𝐸1�𝜃��2�� 
to propagate errors over multiple processes or sequentially linked models and where 1 
and 2 denote sources of error in estimating the parameter 𝜃 by 𝜃�. Levels of uncertainty 
have different credence depending on the importance of biological stressors or 
attributes. An assessment might have high uncertainty for all low-importance attributes 
and still have overall high certainty if all the important attributes carry with them high 
certainty. Conversely, the overall assessment would have low certainty if one or more 
high-importance attributes carry high uncertainty. Overall uncertainty will never be less 
than the highest level of uncertainty for the more important biological attribute being 
considered. 
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There are several different cases in the Effects Analysis where multiple models are 
linked together. Each model has inherent errors either due to assumptions made in the 
modeling or numerical method errors. One of the best examples of how to link models in 
the Delta system is the U.S. Geological Survey’s CASCaDE project 
(http://cascade.wr.usgs.gov/index.shtm). Publications from that project would be 
resources to guide the evaluation of propagation errors in the BDCP Effects Analysis. 

The assumptions made in hydrodynamic models TRIM/ RMA versus DSM2 or CALSIM2 
result in a range of outcomes; their analysis is limited to only one set of ROA 
configurations 

During the hydrodynamics presentation on 1/28, the calibration of the DSM2 (1-D) 
model compared to the TRIM/RMA (multi-d) models showed that the models agreed 
better when the Delta Cross Channel was closed than when the Delta Cross Channel 
was open. When the Delta Cross Channel is open, transport is influenced more by the 
circulation in the Mokelumne channels on the east side of the Delta.  

The fact that the two models do not match well when the Delta Cross Channel is open 
indicates that the representation of Restoration Opportunity Areas is different between 
the 1-D and 2-D models. Hydrodynamic models are sensitive to how the open water 
regions are represented and how they are connected to the adjacent channels.  

Because the panel was not provided the bathymetric configuration of the Restoration 
Opportunity Areas or the order in which the Restoration Opportunity Areas were 
established, it is not feasible to evaluate the sensitivity of the models to the placement 
of the Restoration Opportunity Areas. 

6.  How well does the Effects Analysis link to the adaptive management plan and 
associated monitoring programs? 

Summary 

While the adaptive management plan is considerably more developed in the BDCP 
Phase 3, it remains characterized as a silver bullet but without clear articulation about 
exactly how key assumptions will be vetted or uncertainties resolved to the point that 
the BDCP goals and objectives are more assured. The concept of adaptive 
management is appropriately described and allocated a prominent role in the 
implementation structure. However, as is increasingly documented, the commonly 
acknowledged process of adaptive management continues to be misunderstood and 
misapplied (Allen et al. 2011; Fontaine 2011; Westgate et al. 2013), often resulting in a 
loss of rigor and commitment in application. The consequence hasn’t improved much 
since Walter’s (1986) description of the adaptive management process as beginning: 

“…with the central tenet that management involves a continual learning process that 
cannot conveniently be separated into functions like research and ongoing 
regulatory activities, and probably never converges to a state of blissful equilibrium 
involving full knowledge and optimum productivity.” 

In the case of the uncertainties surrounding the assumptions and predictions of the 
BDCP, the Panel emphasizes that BDCP needs to recognize the risks of not 
institutionalizing an exceedingly rigorous adaptive management process in order to 
avoid ecological surprises that will be difficult or impossible to reverse once they have 
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established (Lindenmayer et al. 2010; Westgate et al. 2013). BDCP must make a 
commitment to the fundamental process, and specifically the required monitoring, not 
just the concept of adaptive management. As Murphy and Weiland (2014) counsel: 

“…adaptive management that targets listed species represents a complex process 
that can be resource intensive, including in its demand for guidance from research, 
monitoring, and modeling, therefore requiring substantial technical and institutional 
capacity. That considered, adaptive management has a great potential to improve 
the effectiveness and efficacy of resource management actions provided it is 
properly implemented.” 

In the final assessment of the Effects Analysis, the Panel found the cautionary 
conclusion of Olden et al. (2014) about large-scale flow experiments to be particularly 
germane: 

"…managers and policy makers must embrace both the scientific uncertainty and 
surprise learning opportunities that inevitably arise from these experiments, and not 
purposely ignore uncertainty to avoid complicating their message to stakeholders, 
only to later invoke this issue when flow experiments fail to deliver expected 
ecological or social outcomes." 

Recommendations 

• The Effects Analysis effectively communicates the important principles and 
implementation stages of adaptive management, but the specific process 
whereby adaptive management would be utilized to ensure BDCP meets its 
goals and objectives by rigorous adaptive management need to be described in 
much more detail. There needs to be a more obvious commitment to active 
adaptive management. 

• There is explicit linkage between key uncertainties underlying the assumptions of 
the Effects Analysis and the monitoring and research that need to address them 
through adaptive management. However, many of the critically uncertain 
ecosystem processes, population responses, etc. that are identified as adaptive 
management targets are delegated to research, rather than monitoring. Any 
metric upon which decisions about the expected or predicted performance of a 
management measure will be made should be a foundational monitoring metric, 
not a focus of research, which is often vulnerable to competing priorities. 

• To facilitate an active adaptive management plan that has some chance of 
ensuring the beneficial result of BDCP conservation measures, each and every 
key uncertainty should be “fleshed out” into implementable adaptive 
management “experiments” where the following are specifically described: (1) a 
conceptual model, or components of an existing model, that characterizes the 
uncertainty and what it influences; (2) assessment of the relationship between 
the uncertainty and the BDCP goals and objectives; (3) sensitivity of the 
proposed implementation to the uncertainty; (4) success criteria, monitoring 
metrics, baseline levels, thresholds and trigger points that will identify whether or 
when the performance of the conservation measure is deviating significantly from 
the anticipated target or prediction; (5) alternative hypotheses and how they 
affect the original conceptual model; and, adaptation of the (6) implementation 
action or (7) adaptation of the goals and objectives.  
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• Linkages between scientific development of the Effects Analysis and adaptive 
management should continue, if not expand, with implementation of the BDCP. 
At the minimum, consider the necessity to guarantee independent science review 
at the interface between the Adaptive Management Team and the 
Implementation Office, to ensure close to real time tracking of adaptive 
management experiments and decisions. 

Comments 

Perhaps the largest challenge to achieving the stated goals and objectives of the BDCP 
is how many of these critical uncertainties can be addressed by adaptive management 
given the baseline and the required monitoring? For example, some of the key 
uncertainties identified in the Effects Analysis (Appendix 3.D), often associated with 
conservation measures 4, 5, 7, and 11, include: 

• The ability of the restored habitat to meet the objectives and expected 
outcomes, including the time it takes to meet the biological objectives. (Can 
this be addressed by both magnitude and siting of restoration action?) 

• The risk that the restored habitat will be colonized by invasive species such 
as nonnative submerged vegetation, nonnative predatory fish, and/or clams. 
(Hardly uncertain, but controllable?) 

• The change in magnitude of predation mortality on covered fish. (Doesn’t this 
require an existing reliable estimated of predation mortality?) 

• Food web responses to habitat restoration actions on both a local and a 
regional scale.  

• The risk of adverse effects resulting from unsuitable changes in water quality 
and exposure to toxic contaminants. (How much can be modeled?) 

• The proportion of the covered species population that actively inhabit restored 
habitats and the change in growth rate, survival, abundance, life-history 
strategies, and population dynamics. (A very difficult baseline to quantify!)  

The Effects Analysis provided explicit associations of such key uncertainties with each 
conservation measure and linked these to “potential research actions” (BDCP, Table 
3.D-3). 

The context of a “phased approach to serve as a large-scale experimental program” in 
adaptive management context implies conceptual models, baselines and thresholds? 

Linkages between scientific development of the Effects Analysis and adaptive 
management should continue, if not expand, with implementation of the BDCP. In 
particular, it will be important to ensure that there is direct science input to the adaptive 
management process, and preferably an independent science body that has no conflict 
of interest in interpreting and adapting conservation measures. In the proposed 
implementation structure, the Science Manager chairs the Adaptive Management Team 
and coordinates with the Delta Science Program, and the Delta Independent Science 
Board may also be consulted about “…matters relating to these monitoring activities 
and research efforts.” (Chap. 7-25, pp. 7-25). However, the Delta Independent Science 
Board is not engaged to the extent that they could deal with extensive monitoring and 
research results and adaptive management decisions in real time. We would doubt that 
the adaptive management process would be efficient, timely and evaluated without an 
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independent scientific advisory body that reports to the Adaptive Management Team, 
Science Manager, Program Manager and the Delta Science Program.  

Review of Specific Analyses 

7.  Are the analyses related to the north Delta diversion facilities appropriate and 
does the Effects Analysis reasonably describe the results? In particular:  

Q.  Was existing empirical information such as Perry et al. 2010 and Newman 2003 
incorporated appropriately into the modeling? Where model runs required 
extrapolation beyond existing data ranges, were assumptions and interpretations 
appropriate? 

Summary 

The empirical information in Perry (2010) and Newman (2003) must be guardedly and 
cautiously applied in the modeling in future cases when north Delta diversion is 
operational. These empirical relationships are based on the best available information 
regarding current physical and operational configuration of the Delta. We assessed the 
validity of four model assumptions. The panel concluded: 1) the assumption of a 3-day 
moving average to characterize flow on the Sacramento below Georgiana Slough is not 
valid in the new configuration, 2) exporting water at the north Delta diversion facilities 
will change circulation patterns at the important north Delta channel junctions (i.e. 
Steamboat, Sutter, Delta Cross Channel, Georgiana), 3) an additional transfer point out 
of the Sacramento at the north Delta diversion will alter the empirical relationship, and 
4) there are issues with original assumptions in Newman (2003). The concerns raised 
above, at best, add additional uncertainty to the conclusion drawn by BDCP. At worst, 
these concerns may result in systematic biases in the model projections. The direction 
of the net effect of these biases is unknown. 

Recommendations 

• Consult with Russell Perry and Ken Newman on their perspectives regarding the 
applicability of their models to the Effects Assessment. 

• Perform more hydrographic modeling below the anticipated north Delta diversion 
to determine whether the nature of the outflow will violate assumptions or 
parameterizations of the Perry (2010) model and alter model output. 

• Additive simulations should be performed varying the parameterization and 
possible structure of the relationships with Perry (2010) and Newman (2003) to 
determine robustness of the model results to changes in Sacramento River 
outflow under the BDCP. 

Comments 
The empirical relationships, derived in Perry (2010) and Newman (2003), are based on 
the best available information regarding current physical and operational configuration 
of the Delta. For these relationships to be useful, they also need to describe the Delta 
under BDCP. To assess the validity of these relationships, we must examine how the 
system will change with the addition of the north Delta diversion. There are four primary 

BDCP1673



P a g e  | 45 

 
sets of questions to address: 1) Will the system continue to have a “quasi-steady state” 
condition or the will the timescale of flow variance change? Is a 3-day moving average 
to characterize flow on the Sacramento below Georgiana Slough a legitimate 
assumption?, 2) Will the circulation patterns change at the important channel junctions 
(i.e., Steamboat, Sutter, Delta Cross Channel, Georgiana) as a result of north Delta 
diversion operations?, 3) Will the north Delta diversion be another transfer point out of 
the Sacramento river migration corridor?, and 4) Are the assumptions used in the 
original analysis valid? 

Will the system continue to have a “quasi-steady state” condition or will the timescale 
of flow variance change as the result of north Delta diversion operations? 

In the current configuration of the system, the north Delta is in a quasi-steady state. In 
general, flows on the Sacramento at Freeport change slowly over time (i.e., on the order 
of days). The only operation that can dramatically alter circulation patterns is the 
opening or closing of the Delta Cross Channel gates. The position of this gate is not 
frequently changed. And, when changed, the system reaches a different quasi-steady 
state condition after about a day. A visual example of this step change is found in Perry 
(2010, Fig. 3). Therefore, the assumption of a three-day moving average to characterize 
flow on the Sacramento below Georgiana Slough seems reasonable for the current 
configuration (flow and operations) of the North Delta. 

When the north Delta diversion facilities become operational, the North Delta will no 
longer be in a quasi-steady state condition. The flows will behave more like what is 
currently observed in the South Delta as the pumping will not be continuous throughout 
the day. And, pump volume will also change at least daily. The timescale of flow 
variance will change more rapidly over time (i.e., on the order of hours). Therefore, the 
three-day moving average flow assumption is not valid in the new configuration with the 
north Delta diversion.  

Will the circulation patterns change at the important channel junctions (i.e., 
Steamboat, Sutter, Delta Cross Channel, and Georgiana) as a result of north Delta 
diversion operations? 

We know that opening and closing the Delta Cross Channel changes the circulation 
patterns in the north Delta. Exporting water at the north Delta diversion facilities will also 
change circulation patterns at the important channel junctions (i.e., Steamboat, Sutter, 
Delta Cross Channel, Georgiana). The DSM2-Hydro simulations that were used for the 
analysis of this issue in section 5C.5.3.5 are capable of outputting data even on a 15 
minute time step. This model resolution should be able to quantify these differences. If 
the circulation patterns change, the proportion of fish distributed to each downstream 
channel will be altered as well. Therefore, the empirical relationship created for the 
current configuration of the Delta is not valid for the future configuration. 

Will the north Delta diversion be another transfer point out of the Sacramento 
migration corridor? 

Throughout the analysis in 5C.5.3.5, there is an assumption of zero entrainment of as a 
result of 100% effective diversion screens. However, the north Delta diversion will be 
pumping water. Therefore, empirical relationship between the flow at Sacramento below 
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Georgiana and the number of fish present will be different from the current empirical 
relationship using the current (no north Delta diversion) configuration. 

In addition, the validity of the primary assumption that there will be no entrainment of 
fish at the north Delta diversion should be evaluated. In reality, there will be some fish 
lost at the transfer point, therefore, the empirical relationship would be altered including 
this additional transfer point. 

Are the assumptions used in the original analysis valid? 
Newman (2003), Table 2 presents a summary of the covariates used in his modeling. 
There are two columns, mean and sample standard deviation. In this table, he reports a 
mean value for Delta Cross Channel gates of 0.61 with a sample standard deviation of 
0.49. The Delta Cross Channel gate signal is a binary signal. It should be either open 
(1) or closed (0). Under no circumstances should that variable be reported as something 
other than 0 or 1. This analysis should have been broken into two time periods: gate 
open and gate closed conditions. This table raises a significant concern that the author 
did not have a basic understanding of how the Delta Cross Channel gate changes flow 
patterns (and migration patterns) in the Delta.  

The concerns raised above, at best, add additional uncertainty to the conclusion drawn 
by the Plan. At worst, these concerns may result in systematic biases in the model 
projections. The direction of the net effect of these biases is unknown.  

Q.  Does the analysis of the frequency of reverse flows at Georgiana Slough 
accurately characterize changes in hydrodynamics due to changes in river stage, 
sea level rise, and Delta habitat restoration? 

Modified question based on 1/29/2014 meeting discussion: Will the operation of the 
north Delta diversion change the circulation patterns around the Sacramento junctions 
with the Delta Cross Channel and Georgiana Slough such that fish (particularly 
migrating fish) have a higher likelihood of being diverted into the interior of the Delta via 
Georgiana Slough or the Delta Cross Channel due to tidal flood/ebb flows in this 
region? 

Summary 
We know, based on long-term field observations and hydrodynamic modeling, that the 
transition point from uni-directional flow and bi-directional flow at the tidal timescale 
occurs somewhere between Sacramento River above the Delta Cross Channel 
(RSAC128) and Sacramento River below Georgiana (RSAC123) for the current 
configuration and operations of the Delta. The operation of the north Delta diversion 
facility will reduce the amount of freshwater flow in the region of the Delta Cross 
Channel and Georgiana junctions. Hydrodynamic modeling will likely show that 
transition point between uni-directional and bi-directional flow will move upstream as a 
result of north Delta diversion operations. This transition location is also a function of 
whether the Delta Cross Channel is open or closed. If bi-directional flow occurs more 
frequently near the Sacramento junctions with the Delta Cross Channel and Georgiana 
Slough, fish will have a higher likelihood of being diverted into the interior of the Delta 
via Georgiana Slough or the Delta Cross Channel.  
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Recommendations 

The DSM2 simulations should be re-run for the ELT and LLT simulations with 
bathymetry that does not include the Restoration Opportunity Areas but driven with ELT 
or LLT river flow and tidal stage boundary conditions and operations. These simulations 
would clearly show how north Delta diversion operations change circulation patterns 
near Georgiana Slough and the Delta Cross Channel. 

Comments 

During the Effects Analysis Panel presentation on 1/29/2014, one of the Panel members 
(N. Monsen) asked for clarification of Question 7b. Based on that discussion, we 
concluded that the main questions that the Fish Agencies would like to see the panel 
address were: 

“Will the operation of the north Delta diversion change the circulation patterns 
around the Sacramento junctions with the Delta Cross Channel and Georgiana 
Slough such that fish (particularly migrating fish) have a higher likelihood of being 
diverted into the interior of the Delta via Georgiana Slough or the Delta Cross 
channel due to tidal flood/ebb flows in this region? 
Will this change in flow regime as a result of north Delta diversion operations 
result in fish encountering this junction multiple times rather than just once, thus 
increasing the probability of the fish being diverted into the interior Delta?” 

It should be noted that these rephrased questions are very different than what the 
analysis in Sections 5C.4.3.2.6 and Section 5C.5.3.8.1 of the Effects Analysis 
addressed. The following suggest an approach to answer the modified question and 
comment on the analysis in Sections 5C.4.3.2.6 and Section 5C.5.3.8.1. 

Part A: Suggested approach to address the modified 7b question 
For this discussion, please refer to the Draft Environmental Impact 
Report/Environmental Impact Statement Appendix 5A that has examples of observed 
tidal stage and flow time series data from three key locations along the Sacramento 
River (Appendix C of this document).  

The Sacramento River throughout the Delta has a tidal signal for both stage and flow. 
The Sacramento observation station at Freeport (RSAC155), above the proposed north 
Delta diversion intakes, has a tidal flow signal (Appendix 5A-D1, p. 128). At Freeport, 
both the tidal and tidally-averaged flow is always uni-directional downstream. Therefore, 
a neutrally-buoyant particle going with the flow at this location will always be traveling 
downstream, although the velocity at which it moves is dependent on the phase of the 
tides. 

In the current bathymetric configuration and operations of the Delta Cross Channel (no 
north Delta diversion facilities), the observation station on the Sacramento above the 
Delta Cross Channel (RSAC128, Appendix 5A-D1, p. 129) also has downstream uni-
directional flow both for the tidal and the tidally-averaged timescale. However, the flow 
signal on the Sacramento below Georgiana Slough (RSAC123, Appendix 5A-D1, p. 
130) has reversing tidal flows. Therefore, even though the tidally-averaged flow at 
RSAC123 is downstream. A particle moving with the velocity field in the region of 
RSAC123 will flow both upstream and downstream. Therefore, the tidal excursion or 
range that a neutrally-buoyant particle will move upstream and downstream, at 
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RSAC123 is important to determine how many times the particle will encounter 
junctions (such as Georgiana and Delta Cross Channel). 

The Sacramento River above the Delta Cross Channel (RSAC128) and the Sacramento 
River below Georgiana (RSAC123) are only 5 river km apart and yet the flow signals at 
these stations are very different. These flow signals are distinctly different because 
there are two junctions, the Delta Cross Channel and Georgiana Slough, between these 
measurement stations where a portion of the water is diverted towards the Central 
Delta. The flow signal at RSAC123 also changes depending on whether the Delta Cross 
Channel is open or closed. 

Therefore, we know, based on long-term field observations and hydrodynamic 
modeling, that the transition point between uni-directional flow and bi-directional flow at 
the tidal timescale occurs somewhere between RSAC123 and RSAC128 for the current 
configuration and operations of the Delta.  

To determine how the north Delta diversion operations will change circulation patterns 
around the Delta Cross Channel and Georgiana Slough, the DSM2 model can be used 
to determine the location along the Sacramento where the flow transitions from 
unidirectional and bi-directional tidal flows. This transition location will also be a function 
of whether the Delta Cross Channel is open or closed. It is also useful to determine the 
extent of tidal excursion to determine whether particles would encounter either the Delta 
Cross Channel junction or the Georgiana Slough junction multiple times. 

The operation of the north Delta diversion facility will reduce the amount of freshwater 
flow in the region of the Delta Cross Channel and Georgiana junctions. Modeling will 
likely show that transition point between unidirectional and bi-directional flow will be 
moved upstream. This transition point may be even as far upstream as RSAC128 
(Sacramento above DCC).  

Part B: Comments related to the analysis in Sections 5C.4.3.2.6 and 5C.5.3.8.1 
The approach taken for the analysis in Sections 5C.4.3.2.6 and 5C.5.3.8.1 focused only 
on the exchange between the Sacramento River with Georgiana Slough. The approach 
of analyzing flow direction every 15 minutes was a reasonable approach given the 
original 7b question. However, the analysis did not attempt to also look at the exchange 
through the Delta Cross Channel, which should be done for the modified 7b question. 

The bigger issue with this particular analysis is the assumed Delta bathymetry used for 
the ELT and the LLT simulations. For both the ELT and LLT simulations, Restoration 
Opportunity Areas are included in the bathymetry. The tidal field is significantly changed 
by the inclusion of these Restoration Opportunity Areas. Note that these Restoration 
Opportunity Areas are only one possible configuration. As of this BDCP draft, the final 
locations of the Restoration Opportunity Areas, the order of construction the Restoration 
Opportunity Areas, and the bathymetric connections between the Restoration 
Opportunity Areas and the adjacent channels have not been established. 

In the BDCP conclusion for this analysis states: 

“Ongoing research is investigating link is between the distribution of energy 
dissipation and the distribution of tidal prism within the context of Plan Area 
restoration and other factors (DeGeorge pers. comm.). … it is unknown whether 
the presently limiting conveyance capacity of a number of Delta channels for tidal 
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flows may become enlarged by scouring in response to Plan Area changes in 
geometry resulting from habitat restoration. These factors may have 
consequences for the hydrodynamics at the Sacramento River-Georgiana 
Slough divergence and other locations.” (5C.53-331, lines 22-29)   

This conclusion indicates that the present hydrodynamic modeling does not separate 
the effects of the north Delta diversion from the preliminary Restoration Opportunity 
Areas configuration in the ELT and LLT simulations. 

One of the best reasons to use hydrodynamic modeling as an analysis tool is that 
models have the capability of isolating individual effects. The DSM2 simulations should 
be re-run for the ELT and LLT simulations with bathymetry that does not include the 
Restoration Opportunity Areas but does have the ELT or LLT river flow and tidal stage 
boundary conditions and operations. These simulations would clearly show how north 
Delta diversion operations change circulation patterns near Georgiana Slough and the 
Delta Cross Channel. 

8.  How should the effects of changes in Feather River flows on fish spawning 
and rearing be characterized? In particular, how should the trade-off between 
higher spring flows and lower summer flows be interpreted? Does the analysis 
adequately capture the expected benefits of CM 2, Yolo Bypass Fishery 
Enhancement? 

Summary 

Chapter 5 correctly recognized that flow/habitat relationships are necessary for 
evaluating changes in Feather River flow and temperature on salmonids. However, 
relationships between flow and habitat were not presented in Chapter 5, therefore it was 
not possible for the Panel to evaluate changes in spawning and rearing habitat. Most 
salmonids reportedly inhabit the low flow channel which will reportedly experience little 
change. BDCP effects relate primarily to the fraction of salmonid populations inhabiting 
the high flow channel plus fish exposure to the high flow reach during upstream and 
downstream migrations.  

Chapter 5 provides a reasonable discussion of the approximate benefits of increasing 
flow into Yolo Bypass and allowing more juvenile salmon, especially foragers, to utilize 
this rearing habitat. Potential adverse effects on migrating adults should be monitored. 

Recommendations 

• Develop flow/habitat relationships for salmonids in the Feather River high flow 
channel, approximate the proportion of the population that uses this habitat, and 
correct inconsistencies in the text and summary figure. 

• The Yolo Bypass evaluation should recognize that natural origin Chinook salmon 
have a higher fraction of foraging type juveniles compared with migrant Chinook 
produced in hatcheries. Natural origin juveniles would likely benefit more than 
hatchery fish. 
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Comments 

Feather River 
Salmon and Steelhead. Chapter 5 provided a summary of beneficial and adverse 
effects of Feather River flows on juvenile and spawning spring Chinook salmon. The 
analysis was based on expected changes in monthly flows in the low and high flow 
channels and associated changes in water temperature. The text recognizes that 
salmon habitat area and quality are important (see introductory paragraph), but the 
evaluation did not attempt to convert predicted flow and temperature scenarios to 
habitat units for steelhead and Chinook salmon. Lack of habitat data for each species 
reduces the certainty of the anticipated effects, except when flows and temperature are 
expected to experience little change, as in the low flow channel. Key to this analysis is 
the reportedly high use by salmonids of the low flow channel relative to the high flow 
channel, given that the low flow channel is expected to experience relatively little 
change. 

The text states that juvenile spring Chinook salmon may be present in the Feather River 
from November through June. Chapter 5 also concludes that juvenile migration would 
not be affected by BDCP flows, which are higher in spring and lower in summer in the 
high flow channel during BDCP operations. Why is juvenile migration not affected by 
higher spring flows and lower summer flows?  To what extent is rearing habitat in the 
high flow channel affected by higher flows and to what extent are juveniles using this 
habitat?  There is no mention of the actual temperature experienced by the fish in the 
Feather River.  

It is not clear how the low positive effect with moderate certainty (Figure 5.5.4-1) was 
derived, given that there was no presentation on flow/habitat relationships, which were 
discussed as being key to the analysis. Chapter 5 states that real-time operations could 
be used to minimize adverse effects in the Feather River, but there is no mention of 
whether this will be done and what the criteria might be to protect salmon. The Chapter 
5 description of Feather River effects on salmonids did not incorporate information 
related to exceedance of minimum flows that was discussed in Appendix 5C.5.2.  

For steelhead, the analysis and text involving Feather River flows are somewhat more 
conclusive. A key statement is that the vast majority of steelhead reportedly spawn and 
rear in the low flow channel which would receive little effect from the BDCP (what 
percentage of steelhead rear in the high flow channel?). Adult and juvenile steelhead 
may experience somewhat higher flows during migration, but there is no judgment of 
whether this is beneficial or not. The text also states that summer flows in the high flow 
channel would be reduced by 50%, a period that includes year-round rearing of 
steelhead. The Panel notes that steelhead prefer higher velocities than other salmonids, 
but changes in the amount of habitat in relation to velocity was not presented. The text 
concludes with moderate certainty that there would be a low negative effect in the 
Feather River (the text should clearly identify that it is the rearing stage in the high flow 
channel that is affected). However, Figure 5.5.6-1 shows zero effect on rearing 
steelhead and low positive effect on migration. The results in this figure are not 
consistent with the text. 
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Yolo Bypass 

Chapter 5 provides a reasonable discussion of the approximate benefits of increasing 
flow into Yolo Bypass and allowing more juvenile salmon, especially foragers, to utilize 
this rearing habitat. Reported data indicate only ~12% of the juvenile population would 
utilize the habitat. For spring Chinook salmon, the analysis assumed 80% of the 
juveniles were migrant rather than foraging Chinook. These values apparently included 
hatchery spring Chinook salmon which are mostly migrants and less likely to utilize 
rearing habitat and benefit from Yolo Bypass compared with wild Chinook salmon that 
are more likely to be foragers that benefit from the Yolo Bypass. Yolo Bypass is more 
likely to benefit wild Chinook (to the extent that they are “foragers”) than hatchery 
Chinook salmon, and it would be worth discussing this in Chapter 5.  

Potential adverse effects of Yolo Bypass on juveniles, such as stranding, were 
described. Potentially adverse temperature effects or predation affects (if predators are 
attracted to the Bypass) were not described, but BDCP authors stated at the January 
meeting that temperature and predator attraction are not likely to pose a problem within 
Yolo Bypass. Adult salmonids could be adversely affected in Yolo Bypass, as discussed 
in Chapter 5; these fish should be monitored to ensure safe migration. 

 

9.  Does the analysis adequately describe the predation and other screen-related 
effects of the proposed north Delta diversion structures? Is the application of 
the observed mortality rate at the fish screen of the Glenn-Colusa Irrigation 
District (GCID) an appropriate assumption for expected mortality at the 
proposed BDCP north Delta intakes?  Are there other studies on salmonid 
survival at positive barrier fish screens that would be appropriate to apply? 

Summary 

Chapter 5 concluded that there is a low negative impact related to contact and 
impingement of salmonids with the north Delta diversion screens, but the technical 
appendix states that this effect could not be evaluated. Regarding predation, the Panel 
believes that there is uncertainty about the extent to which juvenile salmon and 
predators will aggregate near the intakes, and this is an issue that must be monitored. 
Positive barrier fish screens are widely used throughout the Pacific Northwest to protect 
juvenile salmonids from entrainment into water diversions, and this information should 
be readily available to the BDCP team. 

Recommendations 

• Correct inconsistency in conclusions in Chapter 5 and the Appendix regarding 
impingement. 

• Monitor predator aggregation and predation rates at north Delta intakes. 
• Conduct literature search on positive barrier fish screens, which are widely used.  
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Comments 

Screen contact and impingement 
The Effects Analysis stated in regard to fish contact and impingements at the north 
Delta intakes: 

“It is concluded with moderate certainty that there will be a low negative change to the 
north Delta intakes attribute to foraging and migrating juvenile salmonids as a result of 
contact and impingement at the north Delta diversions”. 

A reasonable summary of information leading to this conclusion was presented, 
although more information on relative abundances of foraging Chinook (smaller & more 
susceptible fish) versus migrant Chinook could have been presented. It was stated that 
monitoring would occur during operation as a means to ensure low adverse effects. This 
monitoring is important because debris build-up might alter contact and impingement 
rates. However, Appendix 5.B: Entrainment stated: 

“Because of the lack of an established relationship between passage time, screen 
contact rate and injury or mortality, it is not possible to conclude with certainty what the 
effects of the north Delta intakes may be on juvenile Chinook salmon or indeed on 
juvenile steelhead…”.  

Therefore, information presented in Chapter 5 on injuries related to the north delta 
intakes was inconsistent with information presented in the supporting Appendix. This 
inconsistency needs to be corrected. 

Predation at north delta intakes. The Effects Analysis presents some findings that 
indicate mortality of salmonids associated with predation is uncertain at the north delta 
intakes and that monitoring and adaptive management would address this issue. The 
use of monitoring and adaptive management to address the predation issue is 
important, and implementation of these activities is key to minimizing predation risk. The 
Panel believes that there is uncertainty about the extent to which juvenile salmon and 
predators will aggregate near the intakes.  

One of the predation analyses relied upon information collected in relation to salmon 
losses at the Glenn Colusa diversion and screen. Application of the Glenn Colusa 
analysis to the north delta intake suggested a cumulative loss of 12% of the juvenile 
winter-run Chinook salmon at the north Delta intake, a value that is high for a relatively 
short reach of river. Relatively few details about the Glenn Colusa predation study were 
presented in Chapter 5 or in the supporting appendix (5F: Biological stressors), 
therefore the Review Panel cannot directly address the question above on this issue. 
Nevertheless, the Glenn Colusa study seems to indicate that predators may aggregate 
near fish screens and consume many salmonids. The study at Glenn Colusa highlights 
the need to monitor fish predation at the north Delta intakes.  

Positive barrier fish screens are widely used throughout the Pacific Northwest to protect 
juvenile salmonids from entrainment into water diversions, and fish screening criteria 
are widely applied. The BDCP team could access relevant documents on the web. 
However, regarding predation at the north intake, salmon and predator behavior in 
response to flow and habitat conditions along the screen intakes will likely be the key 
determinants of salmon mortality at the intakes. This information must be gathered 
during project implementation. 
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10. Does the Effects Analysis provide a complete and reasonable interpretation 
of the results of physical models as they relate to upstream spawning and 
rearing habitat conditions, particularly upstream water temperatures and flows 
resulting from proposed BDCP operations? 

Summary 
A valid approach was used to calculate daily flow and daily temperatures in the 
upstream locations. However, the presentation of the temperature results and the 
synthesis of the results should be improved to aid understanding. The Fish Agencies 
should also refine the types of analysis they need to best show the temperature impact 
on fish as the result of BDCP actions. Currently, the temperature analysis includes:  1) a 
comparison of mean monthly temperatures categorized by water year type, 
2) exceedances of water temperature thresholds for the different fish species calculated 
for each month and categorized by water year type, and 3) the number of years where 
the exceedance occurred categorized by the level of concern (Table 5C.4-4, pgs. 5C4-
19, example Table 5C.5.2-42, pgs. 5C5.2-79). 

Recommendations 

• Question 10 is one of the topics in the Effects Analysis where the data is 
presented in individual species and life stage sections. It is very hard to 
synthesize the results in this format.  

• To help the reader understand what locations, which species, what life stages 
are most likely to be impacted by temperature as a result of upstream reservoir 
operations in response to north Delta diversion requirements, a synthesis section 
in the main Effect Analysis Chapter 5 should be included. This synthesis should 
address the summary of the problem presented in Section 5C.4 (5C.4-16 lines 
26-32). 

• Most charts in this section are hard to visually synthesize the temperature data. 
Color coding the charts would help guide the reader. Table 5C.5.2-197 (pg. 
5C.5.2-364) is a good example of how to improve chart readability. 

• Table 5C.5.2-32 (p. 5.C.5.2-79) show compares the level of exceedance for the 
different scenarios. This table is not effective at communicating that the level of 
exceedance is shifting between different categories. For example, less “orange” 
classifications may mean that there are more “red” classifications. It would be 
helpful to re-visit how this information is presented. 

• Another potential key statistic that could be extracted from the model data is the 
number of consecutive days in which water temperature is greater than the 
threshold level.  

Comments 

 Approach to calculating upstream flows and water temperatures: 
The CALSIM II watershed model was used to specify the monthly flows in each of the 
upstream rivers. These monthly results were then “downscaled” to daily values based 
on the historical records at three historical locations in the watershed. These flows are 
used as inputs into the Sacramento River Water Quality Model (SRWQM) or the 
Reclamation Temperature model, depending on the location. This downscaling 
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approach seems to be reasonable approach to estimate flows. The temperature models 
used are specific to this region and have been used in other applications.  

The temperature analysis included: 1) a comparison of mean monthly temperatures 
categorized by water year type; 2) exceedances of water temperature thresholds for the 
different fish species calculated for each month and categorized by water year type; 
and, 3) the number of years where the exceedance occurred categorized by the level of 
concern (Table 5C.4-4, pgs. 5C4-19, example Table 5C.5.2-42, pgs. 5C5.2-79). 

Analysis and synthesis of the Temperature modeling: 
Question 10 is one of the topics in the Effects Analysis where the way the data is 
presented makes it very hard to synthesize the results. The topic of temperature was 
evaluated in the Upstream Habitat Results Section 5C.5.2 (548 pages long) for each 
species and life stage. In many cases the description of the results were very repetitive 
and did not explain how the results differed from other species. 

To help the reader understand what locations, which species, what life stages are most 
likely to be impacted by temperature as a result of upstream reservoir operations in 
response to north Delta diversion requirements, a synthesis section in the main Effect 
Analysis Chapter 5 should be included. The current summary of upstream temperature 
(Table 5.3-5, p. 5.3-21) is too general to be useful. It is not a sufficient synthesis of the 
information contained in Section 5C.5.2. This synthesis should address the summary of 
the problem presented in Section 5C.4 (5C.4-16 lines 26-32). 

11. Does the Effects Analysis use a reasonable method for “normalizing” results 
from the salvage-density method to the population level for salmonid species? 

Summary 

The normalization approach seems to simply adjust entrainment values based on 
relative population size over the years of observation so that entrainment values relative 
to water export may be more comparable from year to year. The normalization should 
be used for qualitative purposes but not for modeling purposes, because it will mask 
some of the variation and uncertainty. This standardization has utility for the purpose of 
calculating entrainment per volume of exported water, but it provides only a partial view 
of the pumping effect on fish populations. The percent of the populations entrained is 
more important. This value has more relevance to Effects Analysis on the population. It 
also appears the variance calculations for salvage abundance and entrainment index 
are being calculated incorrectly. 

Recommendations 

• Calculation of salvage density and entrainment need to be revisited and the 
variance calculations corrected. Current variance calculations for salvage density 
are underestimating actual variance and uncertainty. 

Comments 

The salvage-density method was developed to provide an index to entrainment that 
reflects the volume of export, taking into account fish species abundance. The method 
assumes a linear relationship between entrainment and export flows. There is some 
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evidence this assumption of linearity may not be correct over the total range of 
conditions (Kimmerer 2008). 

An estimate of total salvage abundance (𝑆𝑖) for year 𝑖 is estimated by the product 

�̂�𝑖 = 𝐷�𝑖 ∙ 𝑉𝑖 
where  

 𝐷�𝑖 = estimate of fish salvages per volume of water export, 

 𝑉𝑖 = volume of water export. 

The estimate of salvage loss is then “normalized” for an average population size of the 
fish according to the formula 

�̃�𝑖 = �
𝑆𝑖
𝑁𝑖
�𝑁� 

where 

 𝑁𝑖 = fish abundance for the ith year, 

𝑁� = average fish abundance over the years of inference. 

Ideally, the fish abundance values should be based on the same population as the fish 
being salvaged. For example, winter-run Chinook where normalization is based on 
juvenile production estimates. In the case of fall and late fall-run and spring-run Chinook 
salmon, the normalization is based on adult run size and in the case of longfin smelt, a 
trawl index. For each of these latter cases, there is the additional assumption that 
juvenile abundance is proportional to either adult abundance or the trawl index, i.e., 

𝑁𝑖 = 𝑐𝐴𝑖  𝑉𝑖 
or 

𝑁𝑖 = 𝑐𝑇𝑖  𝑉𝑖 
where 

 𝐴𝑖 = adult abundance in year 𝑖, 
 𝑇𝑖 = trawl index in year 𝑖, and 

 𝑉𝑖 = water volume in year 𝑖. 
The normalized values, �̃�𝑖, can be used in indices of annual salvage numbers but 
should not be used in subsequent simulations or the calculations of interval estimates. 
The normalization process has dampened the variability among annual values such that 
any subsequent variance calculations will underestimate the actual magnitude of the 
uncertainty (i.e., confidence interval [CI] width). 

The entrainment index (𝐸𝑖) is calculated  

𝐸𝑖 =
�̂�𝑖
𝑉𝑖

 

per Section 5.B.5.4.3. It is unclear whether the actual salvage abundance ��̂�𝑖� estimate 
or the normalized value ��̃�𝑖� is used in these calculations. 

The variance calculations for the entrainment index (Section 5.B.5.4.3, lines 8–17) 
appear to be wrong. Based on the description, the average index value is calculated by 
taking the entrainment density for all relevant water years (𝐷𝑖 , 𝑖 = 1,⋯ ,𝑛) multiplying 
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these values by alternative water volumes from CALSIM �𝑉𝑗 , 𝑗 = 1,⋯ ,𝑚�, then 
averaging over all 𝑛𝑚. The variance is based on the empirical variance using the 𝑛𝑚 
values, i.e., 

Var� �𝑆̅̂� =  
𝑠𝑆𝑖𝑗
2

𝑛𝑚
, 

per the plan, and where the  𝑆𝑖𝑗  are all possible values over 𝑛 and 𝑚, then 

𝐸 �
𝑠𝑆𝑖𝑗
2

𝑛𝑚�
=
𝑉�2𝜎𝐷2

𝑛𝑚
+
𝐷�2𝜎𝑉2

𝑛𝑚
+
𝜎𝑉2𝜎𝐷2

𝑛𝑚
. 

However, based on the stratified nature of the calculations, the correct variance has the 
form 

Var �𝑆̅̂� =
𝑉�2𝜎𝐷2

𝑛
+
𝐷�2𝜎𝑉2

𝑛𝑚
+
𝜎𝑉2𝜎𝐷2

𝑛𝑚
 

where 

 𝑉�  = average water volume, 

 𝜎𝑉2 = variance in water volume values, 

 𝐷� = average density, 

 𝜎𝐷2 = variance in density values.  
The report variance is too small.  

The variance of the total salvage estimate also appears to be wrong (pages 5.B-65 and 
66). The calculation of total salvage (𝑆) was based on the description to be: 

𝑆 = density � ∙ Volume 
where the estimator of density was based on a linear regression of log salvage density 
vs. day of inundations. The report then states that the confidence intervals were then 
computed using the 95% confidence levels of the estimates of the regression.”  This 
calculation, as described, is wrong. The calculations should be based on the variance 
estimate for the back-transformed estimate of density from the regression, i.e., 

Var��̂�� = Var�density � ∙ Volume� 
     =  Volume2 Var�𝑒𝑦�� 

           =̇  Volume2 Var (𝑦�)�𝑒𝑦��2  
where 𝑦 = ln (density) = 𝛼 + 𝛽𝑥. 
See Appendix D for appropriate variance calculations for the salvage model. 

12. Are the assumptions of the analysis of aquatic habitat restoration food web 
effects appropriate for covered fish species? Are the conclusions and net 
effects appropriate? 

Summary 

The BDCP develops a robust conceptual model of aquatic food webs and the diverse 
linkages that may impact the net production of food for Covered Fish. Yet the BDCP 
contains a number of assumptions, some of which are inappropriate, others of which 
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contain considerable uncertainty. Uncertainties are mentioned, but no effort was made 
to include whether conservation efforts reach only a portion of the goals of biological 
objectives. Thus the analysis of effects further assumes only the most beneficial 
potential results in any calculations, but doesn’t incorporate other possibilities. Other 
processes of food webs in aquatic habitats are described but remain unanalyzed, some 
of which may enhance, while others of which would inhibit their biological objectives. 
While the overall conceptual model is adequate, integration and synthesis is lacking. 
Consequently the conclusions and net effects are not appropriate given the gaps in 
analyses and the uncertainties. 

Recommendations 

• Model the potential flow of energy through the pelagic food web – baseline 
information 

• Assume a variety of primary production flows to covered species due to 
competitors or environmental issues – to what extent might their optimistic 
scenarios vary from equally potential realities 

• Assume shifts in composition of plankton from favorable to unfavorable species 
(with respect to covered species) – even with potentially higher productivity by 
plankton, what happens if energy flows into other pathways other than nearly 
immediately into the covered species 

• Incorporate a detrital energy flow – this might shift energy flow back toward 
covered species 

• The direction of restoration in these systems that would support phytoplankton is 
not simple and linear, adaptive management would need to be an aggressive 
component of the BDCP with authority to take immediate actions, regardless of 
what those might be 

Comments 
The conceptual model of the food web appears to contain all the significant 
compartments required for an adequate assessment of the impact of the BDCP. The 
BDCP contains a number of conservation efforts that have the potential to provide 
considerable enhancement of the populations of covered fish. These include increasing 
habitat, providing a diversity of habitat conditions that may enhance different life history 
stages, as well as allowing for potential increases in food web services for covered 
species. However, other than estimates made for phytoplankton production, no other 
assessments are made. First we review some of the assumptions inherent in the BDCP 
consideration of food webs. 

An overarching assumption is that Conservation Measures have rapid and positive 
impacts. With respect to food webs, wetland and aquatic systems restoration are 
assumed to be effectively restored and functional immediately or in a short time frame 
and meet the biological objectives of the BDCP. This result is based on a number of 
additional assumptions, all of which contain considerable uncertainty. Similarly, while 
potentially negative impacts on the success of restoration are considered in passing, 
e.g., invasive bivalves, none of their potential effects are incorporated into their 
analyses or conclusions. The simplest effects perspective of the BDCP is that it edits 
out all potential outcomes except for the most favorable one. 
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Restoration of natural ecosystems, however, is difficult and fraught with great 
uncertainties and some systems that are assumed to have a positive influence on 
covered species are particularly difficult. The contingency of ecological communities 
means they will not automatically assemble in some predictable manner (Parker 1997). 
Chapter 5 contains even less information this time concerning details about timing and 
sequencing required to evaluate potential impacts. Understanding the sequences is also 
critical because they have major influences (Drake 1990, 1991; Hobbs and Cramer 
2008). For example, the BDCP implies a consistent increase in restoration acreage 
through time, but without strong management intervention prior to opening of new 
wetland or shallow aquatic habitat, submerged aquatic invasive species such as 
bivalves, Egeria, or other newly detected species may expand rapidly into the new tidal 
habitat. The result would be a much larger management problem without the food web 
benefits proposed by the BDCP.  

The assumption of rapid positive food web benefits from restoration of aquatic habitat is 
a potential benefit, but the degree of benefit, its timing, and even whether benefits will 
accrue is uncertain. Restoration even may be on a pathway to achieving desired 
biological objectives, but the time frame may be considerable and beyond the 50-year 
period of the BDCP. Similarly, changing the order of different conservation measures 
may push ecological systems onto different trajectories. Usually these cannot be 
predicted, and requires an integrated monitoring and adaptive management with 
considerable authority and manpower. Restoration rarely achieves immediate 
conservation or biodiversity goals (Hobbs and Cramer 2008, Hobbs et al. 2011). While 
tidal water as a process can be achieved by opening dikes, restoration of biological 
function is actually quite difficult with respect to ecosystem processes beyond tidal flux 
and especially with respect to ecological equivalency to comparable natural wetlands 
(Kentula 1996; Simenstad and Thom 1996; Zedler and Callaway 1999; Lockwood and 
Pimm 1999). More recent studies substantiate these evaluations (Burgin 2008; BenDoer 
et al. 2009; Moilanen et al. 2009). 

The BDCP further ignores critical data that should have been incorporated into 
trajectories concerning the restoration of wetland and associated aquatic habitat. This is 
a crucial piece because the restoration that is planned is critical key to increasing 
suitable habitat and food web productivity. The issue is sediment supply for these 
restorations. The BDCP assumes a constant sediment concentration for the time period 
of the plan (Appendix 5.E, pp. 43-44: turbidity held constant in models and 
interpretations), yet they indicate that sediment concentration has been declining over 
the past 50 years (p. 109) and that the BDCP conservation measures will further reduce 
the sediment supply by an additional 8-9%. While in their discussion of sediment supply, 
they also conclude that declining sediment concentration and the impact of CM1 will 
mean much lower sediment supply, these issues have no impact on the BDCP analysis 
and inference. Yet the loss of sediment supply creates great uncertainties in the rate 
and potential for restoration of these habitats, while only the most optimal 
circumstances are modeled or estimated. 

Similarly, the BDCP uses a simple depth-productivity model to quantify how habitat 
restoration may impact primary production (Figure 5.E.4-85, Relationship between 
Phytoplankton Growth Rate and Depth, in Appendix 5.E, Habitat Restoration). This 
assumes the relationship between phytoplankton growth rate and depth developed by 
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Lopez et al. (2006) is accurate. The analysis focused solely on the relationship between 
phytoplankton and depth, while recognizing that other factors may influence 
phytoplankton production in particular locations (p. 121). 

Ironically, the literature they rely on, Lopez et al. (2006) and Lucas and Johnson (2012), 
indicate that biomass and production of phytoplankton in the Delta do not fit this simple 
model expectations. A major limitation of the depth-productivity model is the impact 
bivalve grazing on available net production. Net phytoplankton production (in excess of 
potential grazing) peaked at different depths and at much lower rates depending on 
overall habitat depth and water residence time. Assumptions of phytoplankton 
production and their conversion to zooplankton and invertebrates as food sources for 
covered species in aquatic systems consequently lack realism. 

A third assumption involves the production of food for covered fish. Food produced in 
the restoration areas is assumed to directly benefit covered fish and indirectly by export. 
The restoration of these areas are predicted to create better habitat and food for 
juvenile Chinook salmon, splittail, sturgeon, delta smelt, and longfin smelt. Two issues 
arise from this assumption, one is their analysis of phytoplankton production and the 
second is that the analysis never includes potential competitors. 

In contrast to their assumption, they cite literature that models the impact of introduced 
clams and their rate of filtering of phytoplankton and other aquatic organisms. These 
models suggest 1) that the depth-productivity model they used is completely inaccurate 
in the context of invasive clams and 2) remind us that while the potential impact of 
clams are mentioned as an uncertainty, only the most optimal scenario without clams is 
used for conclusions about the short and long-term benefits of the BDCP.  

Beyond the analysis of assumptions, the other compartments of the food web are not 
incorporated into their analyses. For example, the potential for detritus as a major 
source of food web production was reviewed at some point and mentioned during the 
discussion of food webs. However, no incorporation or estimation of potential detritus 
production was made, nor was the detrital web discussed any further. Ironically, this 
could be a significant and positive impact on covered species. 

Similarly, the role of SAV and emergent vegetation were not assessed although they 
were mentioned. The issue of competitors was not assessed. No incorporation was 
made of anthropogenic nitrogen influences on phytoplankton community composition 
(for example increasing the proportion of Microcystis). While the BDCP generally has a 
review of most of these compartments that they illustrate in the conceptual model, no 
quantitative models, nor estimates derived from the literature review were developed to 
allow a variety of scenarios that might indicate the potential robustness of the impacts of 
the conservation measures. Thus, some quantitative detail on one or a few 
compartments, complete with large tables showing all the numbers produced, lacks 
significant meaning when other compartments are merely discussed. The overall 
impression is that these compartments live in conceptual isolation, lacking the 
integration of multiple and linked processes/interactions together into a synthesis. 
Consequently the BDCP analyses are ambiguous and conclusions and estimates of net 
effects overestimate the net positive impacts of conservation measures. 
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13. Is the analysis of food web benefits to longfin smelt from habitat restoration 
appropriate?  How well do the analyses link intended food web improvements 
to improvement in the longfin smelt spring Delta outflow/recruitment 
relationship? 

Summary 
While the Effects Analysis develops an appropriate logic train suggesting that 
restoration actions (e.g., CM4) would result in the production and export of increased 
longfin smelt “food”, this objective is constrained by considerable uncertainty 
(acknowledged as only “Partial” assessment) because the data is lacking to 
quantitatively estimate the relationship between longfin smelt production and what might 
be exported from tidal wetland restoration and converted to food web linkages to the 
smelt. Although there are good, synthetic conceptual models developed for the Bay-
Delta longfin smelt population encapsulated in the Effects Analysis (e.g., Baxter et al. 
2010; Rosenfield 2010), this uncertainty is further constrained by the lack of a life-
history model that would elucidate the role of prey composition and abundance in 
population dynamics. Delta smelt are principally planktivorous, feeding on copepods, 
cladocerans and mysids in the Bay-Delta (Moyle 2002; Feyrer et al. 2003; Hobbs et al. 
2006). A potentially significant change in the viability of food web support of longfin 
smelt by the shift from the native Eurytemora affinis to non-indigenous species such as 
Pseudodiaptomus forbesi and Sinocalanus doerri is implicated in declining availability of 
natural prey for longfin smelt. However, these changes were also confounded by flow 
diversions and restriction of the mixing zone and potential increased entrainment into 
water diversions and the increased predation of the overbite clam Potomocorbula 
amurensis on mysids and other zooplankton prey after its introduction in 1986 (Alpine 
and Cloern 1992; Kimmerer 2002). 

Recommendations 

• Strengthen the documented data and other evidence supporting the presumption 
that export of detrital matter would specifically contribute to food web linkages 
supporting longfin smelt. 

Comments 

While there is viable evidence that poor survival and growth are a major cause of longfin 
smelt decline (Bennett and Moyle 1996; Sommer et al. 2007), the mechanism and 
magnitude of increased production of desired longfin smelt prey contributed by restoring 
tidal natural communities and other proposed BDCP restoration actions is still highly 
uncertain (see response, above, to Question 12). As discussed elsewhere, the 
contribution of restoring shallow water tidal wetlands to net phytoplankton production 
and increased plankton abundance available to longfin smelt is basically hypothetical 
because of the uncertainties of primary consumption within the restoring ecosystems, 
especially by non-indigenous clams, and whether these systems would be sources or 
sinks for any increased production. The Effects Analysis does acknowledge that tidal 
wetland restoration is also likely to export detrital organic matter, as well as 
macroinvertebrates, but the potential contribution of these food web sources to longfin 

BDCP1673



P a g e  | 61 

 
smelt production is equally uncertain without more explicit and quantitative linkages to 
the longfin smelt prey potentially involved, such as mysids. 

From that standpoint of linking food web benefits to the longfin smelt spring Delta 
outflow/recruitment relationship, the Effect Analysis does provide a reasonable rationale 
for smelt post-larvae and juveniles to benefit from exported production from the Suisun 
Marsh ROA, albeit with the same uncertainty associated with the utility of that exported 
production. Current understanding of juvenile longfin smelt occupancy of the Suisun 
Bay and West Delta subregions during March through June, before moving further into 
San Francisco Bay proper, suggests that linking the outflow/recruitment relationship to 
the management of spring (March-May) Delta outflow (Chap. 2, Section 2.4.1.4.4 
Decision Trees) could be a management strategy. 

14. How well does the analysis address population-level effects of the BDCP on 
white sturgeon? 

Summary 

The analysis does an excellent job of summarizing what is currently known about the 
life history and ecology of white sturgeon (southern distinct population segment) using 
the most recent analyses and peer-reviewed publications. In addition, the conclusions 
regarding the level of certainty about the effects of the different conservation measures 
on white sturgeon, based the expert panel convened in August 2013, are thoroughly 
discussed in the text and well summarized in Figure 5.5.8-2. 

Estimating the effects of the BDCP on white sturgeon population levels is very difficult 
because of: 1) the lack of a thorough understanding of the effects of flow regimes on 
downstream migration and year class recruitment; 2) considerable uncertainty about 
white sturgeon sensitivity to water quality and whether current water quality conditions 
constitute negative impacts; (3) a poor understanding of the role of intertidal and 
subtidal habitat on food availability for migrating juveniles; and 4) little information about 
factors influencing growth and survival of adults in San Francisco Bay and the ocean. 
Given these limitations, the Effects Analysis does an adequate job of using existing 
information to predict the effect of the various conservation measures on white 
sturgeon.  

Recommendations 

• Implement measures to improve estimates (reduce uncertainty) of adult survival 
and population size of white sturgeon in the Delta. 

• Undertake research studies to identify the reason(s) for the observed association 
between high flows and high recruitment. 

• Initiate studies to understand the links (or lack thereof) between water quality and 
intertidal and subtidal habitat on growth and survival of 1) migrating juveniles and 
2) adults. 

Comments 

The life history of white sturgeon, high adult survival and fecundity in combination with 
episodic recruitment in high water years, suggests that the multiple approach to 
conservation measures should promote increased adult survival and ensuring high 
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recruitment when conditions are favorable. We agree with the conclusions of the Effects 
Analysis that reduction of illegal harvest (CM 17) and reduction of entrainment at the 
Fremont weir (CM 2) are both highly likely to have a positive effect on adult survival. 
Similarly, we agree that the restoration of tidal wetlands under CM4 are very likely to 
provide significantly increased rearing habitat and epibenthic and benthic food 
resources. Perhaps more than the pelagic covered species, white sturgeon could also 
derive significant benefits from enhanced and exported detrital organic matter from tidal 
wetland restoration because much, if not most, of their natural (and unnatural given the 
non-indigenous clams contributions to their diets) prey on mudflats and in adjacent 
channels are detritivores.  

Quantitatively estimating the effects of these conservation measures on adult survival 
will require more rigorous, focused sampling efforts. The large confidence intervals 
associated with recent estimates of adult survival will make it nearly impossible to 
document effects of the conservation measures. The effects of water diversion and 
changes in flow regimes on white sturgeon recruitment are much more difficult to predict 
and will require a more thorough understanding of the mechanisms behind the 
correlation between recruitment and flow volume. 

Adequacy of Technical Appendices 

Appendix 5.B—Entrainment 

Summary 
Section 5.B.4.1 (p. 5.B-11 lines 18-23) has the most important statement of the entire 
appendix. This conclusion that should be the first conclusion in the executive summary: 

“Under the ESO (Evaluated Starting Operations), in the wetter water years (wet and 
above-normal water years…), most of the combined total exports would come from the 
new north Delta facility and exports from the south Delta facility would be lower than 
existing biological conditions … The use of the north Delta pumps would be lower in the 
dryer years with most pumping going from the south Delta pumps in dry and critical 
water year… Less use of the north Delta pumps in drier water years reflects 
requirements to maintain adequate bypass flows at the north Delta diversions.” (5.B-11, 
lines 18-23) 

This conclusion is the basis of most of the entrainment analysis in Appendix 5.B for the 
South Delta facilities. There may be different approaches to come up with the 
regression between export rate and salvage, but the simplistic conclusion is that when 
the pump operations are lower, so is the entrainment of fish. However, in the dry and 
critical years, entrainment at the South Delta facilities will be higher because the north 
Delta facilities’ operations will be limited. 

The next question to ask, therefore, is how often we will be under dry or critical year 
conditions. Will California have more frequent dry water years, resulting in fewer times 
when the north Delta diversion facilities can be operated? 

Recommendations 
• The conclusion stated above in the summary Section 5.B.4.1 (p. 5.B-11 lines 18-

23) should be the first conclusion in the Appendix 5.B executive summary and 
should be included in Chapter 5. 
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• The Climate Change (Appendix 5.A) portion of the Effects Analysis needs to 
address the question for frequency of dry/critical water years and relate it back 
Appendix 5B. 

• The documentation of the DSM2 and particle tracking model (PTM) model in this 
appendix should be greatly expanded to provide clarity in their approach. 

Comments 
Section 5.B.4.1 (p. 5.B-11 lines 18-23) has the most important statement of the entire 
appendix. This conclusion that should be the first conclusion in the executive summary: 

“Under the ESO (Evaluated Starting Operations), in the wetter water years (wet and 
above-normal water years…), most of the combined total exports would come from the 
new north Delta facility and exports from the south Delta facility would be lower than 
existing biological conditions … The use of the north Delta pumps would be lower in the 
dryer years with most pumping going from the south Delta pumps in dry and critical 
water year… Less use of the north Delta pumps in drier water years reflects 
requirements to maintain adequate bypass flows at the north Delta diversions.” (p. 5.B-
11, lines 18-23) 

This conclusion is the basis of most of the entrainment analysis in Appendix 5.B for the 
South Delta facilities. There may be different approaches to come up with the 
regression between export rate and salvage, but the simplistic conclusion is that when 
the pump operations are lower, so is the entrainment of fish. However, in the dry and 
critical years, entrainment at the South Delta facilities will be higher because the north 
Delta facilities operation will be limited. 

The next question to ask, therefore, is how often we will be under dry or critical year 
conditions. Are we going to have more frequent drier water years, resulting in fewer 
times when the north Delta diversion facilities can be operated? The Climate Change 
(Appendix 5.A) portion of the Effects Analysis needs to address this question and relate 
it back to this Appendix.  

In this appendix, the first conclusion stated is: “The BDCP would substantially change 
the amount and pattern of water exports from the south Delta SWP/CVP facilities, which 
generally would be expected to lower the number of fish of all species entrained relative 
to existing biological conditions.” (Appendix 5.B, p. 5.B-iii, lines 38-40) 

We agree that the south Delta export patterns will change substantially, especially in 
wet and above normal years. However, it is also important to look at how the flow 
patterns will also change in the north Delta. This is an equally important piece of 
evaluation that should be included in the entrainment analysis. The use of the DSM2 
PTM is a first attempt at this type of analysis. However, the documentation of the DSM2 
PTM model in this appendix should be greatly expanded to provide clarity in their 
approach. Some of this documentation may already be in Appendix 5.C, however, the 
present documentation is not sufficient to allow Appendix 5.B to act as a stand-alone 
document. 
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Appendix 5.C—Flow, Passage, Salinity, and Turbidity 

Summary 

Appendix 5.C has been a catch-all appendix ever since Phase 1 of this Effects Analysis 
review. Unlike the Entrainment or Contaminants appendices, this appendix does not 
have an individual issue that it is trying to address. This appendix is 2,636 pages long 
and spans a laundry list of topics including flows in river, salmon migration through the 
Delta, Delta Cross Channel and Georgiana Slough circulation, non-physical barriers, 
temperature modeling, water clarity, turbidity, invasive species, nutrients, dissolved 
oxygen, and algae. This appendix should have been divided into multiple appendices in 
previous iterations of the BDCP document. At this point, the division of the appendix will 
likely never happen. As a result, this is a very difficult appendix to review. In general, the 
Panel read through portions of this appendix to answer specific questions for the main 
charge questions for Chapter 5.  

Recommendations 

• Most Appendix 5.C recommendations are included in the Chapter 5 questions. 
• Guiding operational rules in place for the current configuration of the Delta, such 

as E/I ratios, need to be reviewed to see if they still make sense for the combined 
system. 

• The calculation of transport time scales should be done with relation to a 
particular question being addressed rather than calculated as a bulk parameter. 

• Improve the synthesis of results in Section 5C.5.3.1:  Passage, Movement, and 
Migration Results, Flow Summary. 

• Water clarity and suspended sediment should have been in an appendix all its 
own rather than being buried in Part 6 of Appendix 5.C. 

Comments 

Baseline operations (Section 5C.2.2) 
The Effects Analysis used two different baseline conditions, one that was consistent 
with the USGFWS BiOp RPA actions (EBC2) and one in which the USFWS RPA (Fall 
X2 action) was not included (EBC1). The panel will not comment the details of the 
baseline operations that were used to represent current conditions because this level of 
detail is beyond the area of expertise of the panel. We defer this issue to public 
comments by interested stakeholders, state and federal agency personnel that have 
more understanding of these details. 

Proposed operations, Maximum Allowable Export Rules (Section5C.2.2.2.1) 
Before the north Delta diversion facility is operational, the operating criteria for both the 
North and South facilities need to be established. Guiding operational rules in place for 
the current configuration of the Delta, such as E/I ratios, need to be reviewed to see if 
they still make sense for the combined system. For instance:   

“For the BDCP cases, the [Export/Import] E/I ratio was assumed to apply only to south 
Delta exports; the north Delta intake diversions were assumed to exempt form E/I rule 
because the north Delta diversions are controlled by the bypass flow rules. The south 
Delta pumping was limited by the E/I calculated with the inflow minus the north Delta 
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diversions; this would allow slightly higher total exports during periods when 
Sacramento River flows are high and north Delta diversion are high.” (p. 5C.2-3, lines 
41-42; p. 5C.2-4 lines 1-3) 

Residence Time (Section 5C.4.4.7) 
The residence times calculated using 38 particle release sites using the DSM2 PTM 
model is of limited use. The calculation of transport time scales should be done with 
relation to a particular question being addressed. For example, how long will water 
reside in a specific Restoration Opportunity Area and how does that transport timescale 
compare to other important timescales, such as phytoplankton growth rates, 
contaminant reaction time, etc.  

The Delta is a very diverse mosaic of regions. Each sub-section of the Delta has unique 
characteristics. Transport timescales in each sub-region is a function of operations 
(such as the operation of the Delta Cross Channel and the placement of temporary 
barriers, flooding in the Yolo Bypass), bathymetry, and connectivity to adjacent regions. 
Transport timescales calculated in sub-regions rather than full Delta “average” 
residence time will give much more detailed information about changes in circulation 
patterns as a result of alterations to the system as a result changes in operations and 
additions of restoration opportunity areas. 

Passage, Movement, and Migration Results, Flow Summary (Section 5C.5.3.1, Pages 
5C.5.3-1 through 5C.5.3-64) 

Please improve the synthesis of results in this section. These pages contain only charts 
with no dialogue or graphs to aid the reader. This section likely contains very important 
information about how the circulation changes in the Delta will change as a result of the 
Conservation Measures at key locations throughout the Delta.  

Attachment 5C.D (Water Clarity-Suspended Sediment Concentration and Turbidity) 
(5C.D-1 through 5C.D-64) 

Water clarity and suspended sediment should have been in an appendix all its own 
rather than being buried in Part 6 of Appendix 5.C. This is a topic is as important as 
Entrainment and Contaminants. This section is a good resource to read for background 
on issues related to sediment transport in the Delta. 

 

Appendix 5.D—Contaminants 

Summary 
Currently, the contaminants section of Chapter 5 comprises 1 ½ pages of a 745 page 
document with most of the information related to contaminant effects contained in a 
single table. There are many caveats to consider with contaminants and this topic 
should get more attention within Chapter 5. Appendix 5D has a very well written 
introduction that lays out the key issues related to both mercury and selenium in the 
Delta. This introduction should be included in Chapter 5 where it will be read and 
considered. This list of potential contaminants seems reasonable and the conceptual 
model for contaminants (Fig 5D.3-1) is well developed. The growing list of contaminants 
of emerging concern is a clear sign that additional contaminants may need 
consideration in the future. 
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The Executive Summary of Appendix 5.D (p. 5.D-i, lines 24 -29) states that quantitative 
analyses were applied where available but were not sufficient to fully examine the 
potential for contaminant effects. This statement is important for characterizing the level 
for which potential contaminant effects can be assessed, however this is not part of the 
bulleted summary within the Executive Summary (p. 5.D.ii, lines 35-42).  

The Contaminants Appendix is limited to direct contaminant effects on covered species 
even though it is recognized that both direct and indirect contaminant effects must be 
considered (p. 5.2.3, lines 5-7). The Effects Analysis authors indicate that indirect 
contaminant effects are handled within Appendix 5.F: Biological Stressors on Covered 
Fish. Given the degree to which indirect contaminant effects are presently covered in 
Appendix 5.F this is not satisfactory. A Phase II Panel recommendation was to 
incorporate grey literature where needed in the contaminants section, especially for 
indirect contaminant effects. These recommendations were not taken and stand from 
the original review. 

The separation of direct and indirect contaminant effects lead to strange splits in 
organization, including for Microcystis which is included as a “contaminant” in the 
contaminant conceptual model but is not part of the discussion in Appendix 5.D: 
Contaminants. Rather, Microcystis is considered in Appendix 5.F. 

Both Conservation Measure 15: Methylmercury Management (pp. 4-257) and AMM27 
Selenium Management (p. 5.D-37, line 18) should be evaluated by contaminants 
experts to determine if these approaches will be acceptable for mitigation. The modeling 
of Methylmercury effects are highly uncertain due in large part to site-specific 
characteristics that cannot be modeled at present. 

Recommendations 
• Provide more information with Chapter 5: Effects Analysis rather than relying 

heavily on Appendix 5.D: Contaminants. 
• Include both indirect and direct contaminant effects within Contaminants 

Appendix (Phase II recommendation).  
• Methylmercury Management and Selenium Management should be evaluated by 

contaminants experts. 
• Incorporate grey literature where needed (especially herbicide application for 

control of Invasive Aquatic Species).  
• Provide clear statements within Chapter 5 and the Executive Summary of 

Appendix 5.D about the high level of uncertainty associated with contaminant 
effects as a result of site-specific details that cannot be modeled without explicit 
information about the location and connectivity of ROAs. 

Comments 
The Contaminants Appendix is limited to direct effects of contaminants on covered 
species despite the recognition (Chap. 5, pg. 5.2-3, lines 5-7) that that both direct and 
indirect contaminant effects must be considered. Appendix 5.D states that with the 
exception of herbicides used to control Aquatic Vegetation, the BDCP does not add any 
contaminants to the Plan Area. Nonetheless, as stated (Chapter 5, page 5.3-26, lines 
29-30) BDCP activities will alter freshwater flow and alter water residence times at 
various locations in the Delta. These changes can result in major changes in how 
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contaminants interact with the Delta ecosystem by changing the local concentration of a 
given contaminant or duration of exposure. For these reasons, restricting the analysis to 
direct effects on covered species is inadequate.  

The inherent challenges in navigating a document of this size could be overcome by 
placing all of the contaminant effects under the Appendix entitled “Contaminants”. This 
was a recommendation made during the Phase 2 review. Indirect effects are handled 
elsewhere in the Effects Analysis (Appendix 5.F: Biological Stressors on Covered Fish) 
however at present discussion of potential indirect contaminant effects are not sufficient 
in scope, detail, or characterization of uncertainty. Ammonia (NH3) / ammonium (NH4) 
effects, as written in Appendix 5.D, appear to consider indirect effects of ammonia/ium 
which is inconsistent with the authors’ intent for Appendix 5.D. 

Appendix 5.D has a very well written introduction that lays out the key issues related to 
both mercury and selenium in the Delta. The analysis was very careful to separate out 
the effects of Conservation Measure 1 (north Delta diversion facilities) from the effects 
of Conservation Measure 2 (Establishment of ROAs). In general, the environmental 
effects related to constructing ROAs are a bigger concern for contaminants than the 
north Delta diversion. However, in the case of selenium, changing the pumping 
operation location in conjunction with the establishment of ROAs in the South Delta has 
a potential significant effect. Changing to the north Delta diversions shifts the primary 
source of water in the South Delta to San Joaquin derived water rather than 
Sacramento source water under certain conditions. 

It is recognized that Methylmercury concentrations would continue to exceed criteria 
under the BDCP and restoration actions are likely to increase production, mobilization 
and bioavailability of Methylmercury (5.D-24, lines 41-44). There is considerable 
uncertainty related to Methylmercury production resulting from BDCP activities. This is 
due in large part to site-specific information needed to construct reasonable models and 
trophic interactions from various sources are not easily modeled (5.D-22, lines 11-17) 

DSM2 is a one-dimensional model that represents open water areas as well-mixed, 
continuously stirred tank reactors. In addition, the location of the ROAs and how these 
areas are connected to the adjacent channels is unknown.  

Currently, dissolved Se in the San Joaquin is an order of magnitude higher than in the 
Sacramento River. (Monsen et al. 2007) Therefore, even if the proportion of San 
Joaquin discharge relative to the Sacramento River is low, the increase in Se 
concentration could still be significant. This conclusion should be reviewed. There is 
much uncertainty in the DSM2 results, especially for residence times in the newly 
established open water regions. 

Section 5.D.43 (lines 8-10) on the impact of restoration on ammonium suggest that 
restoration will not have an impact on NH4 concentrations – This is overly simplistic as 
tidal wetlands are known to be important in nitrogen biogeochemistry, acting as a 
source via sediment re-mineralization (Cornwell et al. 2014) or clam excretion (Kleckner 
2009) or as a sink via organic matter production or coupled nitrification – denitrifcation 
(Cornwell et al. 2014).  

Conservation Measure 13: Invasive Aquatic Vegetation Control is discussed in Section 
5.F-6. There is little consideration of the potential effects on lower trophic levels (algal 
primary producer) due to herbicide applications. This issue is raised in a single bullet on 
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page 5.F-130 Line 24-25. While the literature is not well developed for the SFE there is 
at least some indication that herbicide applications are detrimental to photosynthetic 
organisms (phytoplankton). This should be addressed as a possible effect with 
implications for adaptive management. 

  

Appendix 5.F—Biological Stressors on Covered Fish 

Summary 
Appendix 5.F examines the effects of 10 conservation measures on four key biological 
stressors:  invasive aquatic vegetation (IAV), predation, invasive mollusks, and 
Microcystis. Effects of these actions on fishes was largely based on professional opinion 
while utilizing available information. While intentions of these actions is good, the 
outcome for fishes is uncertain, indicating the need to monitor and adapt. Key issues 
include expansion of invasive clams that consume phytoplankton, more favorable 
conditions for Mycrocystis and harmful algal blooms, and continuous effort needed to 
control invasive aquatic vegetation and predator abundances.  

Recommendations 
• Page 5.F-107, last paragraph, first sentence, and Executive Summary:  The 1% 

to 12.8% range in predation effects due to the north Delta diversion is a mixture 
of population-level and localized effects and should not be treated as measuring 
the same quantity. That range estimate is deceptive and technically incorrect. 

• Monitor progress and maintain efforts to control invasive species than impact 
covered fishes. 

Comments 
Biological stressors can result from “competition, herbivory, predation, parasitism, toxins 
and disease.”  The objective of the conservation measures is to reduce the negative 
effects of key biological stressors on covered fish species. Appendix F examines the 
effects of 10 conservation measures on four key biological stressors:  invasive aquatic 
vegetation (IAV), predation, invasive mollusks, and Microcystis. This review is designed 
around the four biological stressors and the prospects for change under the BDCP plan. 

Invasive Aquatic Vegetation (IAV). The plan states controlling IAV is expected to reduce 
densities of largemouth bass but could enhance open water conditions favorable to 
striped bass. The control of IAV should increase turbidity which should be beneficial to 
foraging by juvenile fish and reduce predation. Brazilian waterweed (Egeria densa) and 
water hyacinth (Eichhornia crassipes) are the two most abundant IAV in the Delta. The 
CM13 proposes to treat approximately 1,700–3,400 acres of Egeria per year in and 
near restored habitat. Currently, Egeria is increasing at a rate of approximately 15% per 
year. Efforts will need to be sustained and focused to be effective. 

Assessments of the benefits of IAV control were based on “scientific literature,” 
consultations with local experts, and conceptual models of key processes, habitat, and 
covered fish species. There is also practical experience to draw from. At Franks Tract, 
Egeria control was 47% effective (5.F-40), while Delta-wide Egeria continues to expand 
at about 15%/year. Annual treatment of 1500 acres/year would be expected to maintain 
the status quo. 
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Figure 5.F.5-3 projects it would take approximately 10 years to eradicate Egeria under a 
high treatment scenario and a 20% annual expansion rate. Some of this benefit may be 
offset by the fact that habitat restoration under the Plan would also create susceptible 
Egeria habitat. Water hyacinth control, on the other hand, appears to be already 
successful.  

Predation. Predation control is to be locally focused on predator hotspots. Ten spots 
have been specified, along with the new north Delta water diversion facilities and 
nonphysical barriers. It is unclear how effective these localized remodels will be 
because the predators being controlled (i.e., largemouth bass and striped bass) are 
moderately to highly mobile. 

For the north Delta diversion facilities, two approaches were used to estimate predation-
related effects:  bioenergetics modeling and fixed estimate of 5% predation loss at each 
of three intakes screens. The Executive Summary states predation losses at north Delta 
intakes should be from less than 1% to 12.8%. However, this range is contradicted by 
the simple fixed estimate model:  Assuming three intakes each with a 5% independent 
rate of loss, then the overall rate is 1 – (1 – 0.05)3 = 0.1426 or 14.26%. The 
bioenergetics model was considered the Plan’s best approach to assessing predation 
near the intakes. However, the fourth assumption of this model (p. 5.F-15) states 
predation was assumed to be proportional to the prey’s relative abundance. This is in 
contrast with most energetics models that assume consumption has a lower threshold 
dependent on the predator’s physiology and size. Predation is then proportional to 
predator abundance. The analysis also apparently ignores smaller size prey 
(assumption 6, p. 5.F-16). This analysis was also based on guesstimates of expected 
predator abundance at the future north Delta intake facilities. The model also assumes 
all prey are at equal risk, regardless of their location in the channel. 

Using the bioenergetics models to express the effects of predation at the north Delta 
intakes as a percentage of total juvenile predation can be misleading (p. 5.F-75). 
Localized predation rates are more useful and can be compared to the 5% design 
specifications. Alternatively, the effect of predation at the intakes could be expressed in 
terms of proportional change in through-delta survival. Under the fixed predation loss 
method, it is unclear how proportions of 11.7%, 12.1%, and 12.8% for various fish 
stocks are estimated (p. 5.F-77) when a simple model based on independent intake 
events estimates (1 – (1 – 0.05)3 × 100% = 14.26%. 

The predator removal program at the north Delta intakes and elsewhere is projected to 
remove 8,840 striped bass annually. The net effect is a project reduction in 13,320 
juvenile salmonids being consumed. The Plan does not estimate the fraction of striped 
bass removal in the delta (i.e., another measure of relative reduction in predation). The 
Plan states it is uncertain how long such a removal effort could be sustained, and that 
predator removal treatments are likely short lived. 

The effects of habitat restoration on predator control are uncertain. Effects on turbidity, 
flow, etc., may be much localized. In addition, it is unclear whether restoration actions 
will benefit prey, predators, or both.  

Invasive Mollusks. The overbite clam (Potamocorbula amurensis) currently dominates 
the brackish transition zone of the delta estuary. Its presence has dramatically altered 
the zooplankton community. It can filter the entire water column once a day in delta 
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channels. The decline in phytoplankton has been subsequently correlated with declines 
in copepods and mysid shrimp, a food source of the delta smelt and longfin smelt. The 
overbite clam has a salinity range of tolerance that could be affected by the Plan’s water 
operations. There is expected to be “generally little difference (25%) in average suitable 
habitat for the clam between EBC2 scenarios and ESO scenarios . . . .”  However, there 
is risk of Potamocorbula expansion: 

“For ESO without Fall X2 (modeled as ALT1_ELT and ALT1_LLT), the area of 
suitable abiotic habitat for Potamocorbula would increase 7 to 9% in wet water-
year types compared with the EBC1 baseline, but would be little different for all 
other water-year types. Suitable abiotic habitat for clams would increase in wet 
and above normal water-year types by about 18 to 28% in early long-term 
compared with EBC2 baselines (EBC2, EBC2_ELT) and increase 11 to 30% in 
late long-term.” (Appendix 5.f, page 5.F-117, lines 7-11) 

Restoration actions to produce more shallow water habitat may not have a net positive 
effect. While shallow water habitat produce phytoplankton, the presence of Corbicula 
may result in a phytoplankton sink (p. 5.F-121). One of the few management options is 
to manipulate salinity which is a function, in part, of river flow. The water withdrawals 
from the north Delta Diversion should not help the situation. Decision whether to 
implement the Fall X2 will affect the area of notable colonization by Potamocorbula.  

Mycrocystis. Microcystis blooms can have an adverse effect on phytoplankton, 
zooplankton, and fish. Factors associated with blooms include high water temperature, 
high water transparency, low flows, high nutrient concentration, and high 
nitrogen/phosphorus (N/P) ratios. Runoff from land use contributes to these favorable 
conditions. Microcystis affects fish populations through declines in food sources, 
mortality, and reduced fecundity. Water operations that reduce flow and increase water 
residence time may promote Microcystis. Shallow water habitat reduction may also 
promote Microcystis. Actions that increase water velocity and turbidity are helpful in 
controlling Microcystis blooms. ESO_ELT and LOS_ELT scenarios are projected to 
increase average water residence time (Table 5.F.8-2), which would have a detrimental 
effect in trying to control Myrcocystis. Submerged aquatic vegetation (SAV) control may 
produce water conditions unfavorable to Microcystis. Climate warming may be a 
significant driver in Microcystis trends in the future. 

 

Appendix 5.G—Fish Life Cycle Models 

Summary 
It is not clear to the Panel why life cycle models were not developed specifically for the 
evaluation of the BDCP. The Panel previously identified a number of expectations for 
the life cycle model appendix, which had yet to be released. The Panel also recognized 
that these expectations might not be achieved, and noted that the inability to achieve 
these expectations would indicate higher uncertainty in the ability of the BDCP to 
achieve the biological goals and objectives.  
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Recommendations 

• Provide more detailed description of the 14 different scenarios modeled (Table 5.G-
2) than shown on p. 5.G-17. For instance, specify what are the low- and high-flow 
operations specified in scenarios HOS and LOS. 

• Check survival estimates. The 94-98% or 96-98% survival values (inconsistent text, 
p. 5.6-42 and Table 5.G-3) between ocean entry and age 2 seem very high. 
Rechisky et al. (2009), for instance, found early ocean survival of yearling Chinook 
salmon smolts from the Columbia River to be as low as 0.28 within the first month. 
Rechisky et al. (2012) reported early ocean survival of yearling Chinook salmon 
smolts to range from 0.04–0.29. 

• Clarify what information and how the information from Michel (2010) and Perry et al. 
(2013) were incorporated in the IOS models (page 5.G-44). 

• Perform a sensitivity analysis at to generate confidence intervals at the north delta 
intakes using mortality values at existing structures (Perry 2010) (p. 5.G-46). The 
95% survival value used in simulations of the north Delta intake is an engineering 
specification.  

• Consider describing extinction rates. OBAN – Adult Escapement (pp. 5.G-51 to 5.G-
61). Examination of plots (Figure 5.G-15, p. 5.G-19) suggests extinction rates for 
winter-run Chinook salmon would be very high for all long-term (LLT) scenarios and 
not insignificant for short-term (ELT) scenarios. 

• Compare model output as described below. Escapement values for OBAN (Tables 
5.G-8 and 5.G-12) and IOS (Table 5.G-24) models differ by roughly a factor of 5. No 
formal comparison of the model projections from the IOS and OBAN models was 
presented. A ranking of model output for median adult escapement of the two 
models shows reasonable agreement (see Table 1 below). The two models flip the 
number 1 and 2 ranks of scenarios EBC1 and EBC2. The largest discrepancy was in 
scenario HOS-LLT with alternative rankings of 5 and 8. Such a table should be 
included in the report, along with an analogous comparison of through-Delta 
survival. A comparison of scenarios ranks is in keeping with the sentiment that only 
the relative output of the models be considered.  

 
Table 1  Relative ranking of alternative model scenarios for medial adult escapement based on the IOS and OBAN 
models (1 = highest, 10 = lowest). 

 
EBC
1 

EBC
2 

EBC2
-ELT 

EBC2
-LLT 

ESO-
ELT 

ESO-
LLT 

HOS-
ELT 

HOS
-LLT 

LOS-
ELT 

LOST
-LLT 

IOS 1 2 3 7 6 10 4 5 8 9 

OBAN 2 1 3 7 4 9 5 8 6 10 

 

• Define ES0 95 ELT. Sensitivity analysis (p. 5.G-79) refers to a model (i.e., ES0 95 
ELT) not defined in Table 5.G-2 at the beginning of the Appendix. 

• Evaluate and compare sensitivity of populations to a broader range in mortality at 
the north delta intakes and passage through the Delta. A 5% mortality at the north 
Delta intake is projected to cause a 58 to 61% reduction in adult escapement (i.e., 
EBC2- ELT or EBC2-LLT vs. ESO-95-ELT or ESO-95-LLT). This is a huge effect 
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that would have to be mitigated by other BCDP conservation actions. Presently, 5% 
entrainment is based on engineering specifications and is lower than at other intake 
facilities (Perry 2010). These results are also in sharp contrast when through-Delta 
mortality was increased by 5% and escapement changed by only 0 to 4.6% in the 
OBAN model. Additional analyses must be done over a wider range of mortality 
values, 1% to 10%, to assess how bad the intake problem could be and how well 
must the intake function. In addition, the discrepancy between the effects of the 5% 
north Delta intake mortality and the 5% through-Delta mortality needs to be 
reconciled. It is unclear why these sensitivity results noted in the Conclusion (5.G.4) 
were not reconciled. They appear to be an important finding of the life cycle analysis.  

Comments 
A total of 17 candidate life cycle models were considered for use in the Effects Analysis 
(seven Chinook, eight smelt, one splittail, and one steelhead model). Appendix 5.G 
reviewed a number of life history models in the Central Valley, but concluded that only 
two of the Chinook models (i.e., Interactive object-oriented simulation [IOS] model and 
Oncorhynchus Bayesian analysis [OBAN]) were applicable to the BDCP. The OBAN 
model for winter Chinook involved factors such as water temperature in the Sacramento 
River (Bend Bridge), exports at the south Delta pumps, days of flow in Yolo Bypass, 
Delta Cross Channel operation, striped bass (predator) abundance, ocean harvest and 
ocean upwelling. None of the smelt models were selected, despite the fact that four 
models (state-space, multivariate autoregression, Bayesian change point, and smolt 
survival regression) met their five selection criteria. Given the relative importance of the 
delta smelt, it is unclear how none of the models met the criteria of best available 
science. It is also unclear, given the important of BDCP, why the plan did not invest in 
independent model developed tailored to its objectives or invest in modifying one or 
more of the existing models to better meet the objectives of the plan. The IOS and 
OBAN models were used to assess effects only on winter-run Chinook salmon.  

Under the BDCP, the ISO and OBAN models were used to simulate the projected 
effects of:  

a. Benefits of CM 2 Yolo Bypass Fisheries Enhancement 
b. Benefits of SM 15 Nonphysical Barriers (assumed 67% diversion away from 

Georgiana Slough) 
c. Detrimental effects of juvenile entrainment at north Delta intakes (assumed 5% 

mortality) 

No other BDCP conservation measures were considered. How the benefits of Yolo 
Bypass Fisheries Enhancement were modeled is unclear.  

The OBAN model “cannot account for north Delta exports” and “does not include any 
Delta flow-based covariates other than export (EXPT) and Yolo Bypass inundation 
(YOLO) and, therefore, cannot account for any potential changes in survival below the 
north Delta diversions, e.g., because of changes in water velocity” (p. 5.G-32). 
Consequently, the effect of lower flows due to water withdrawal or slower water 
velocities and subsequent increased smolt predation were not incorporated in the 
OBAN modeling. Appendix 5.G goes on to state that because of these modeling 
limitations, all performance measures should be compared on a relative basis. 
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However, ratios of model output (i.e., relative differences) will not eliminate biases due 
to structural defects in the model under alternative scenarios. 

The IOS model also assumed “survival and travel times during River Migration are 
independent of flow” (p. 5.G-44). However, the IOS model does model the effects of 
flow and route selection and water exports on smolt survival in the Delta (p. 5.G-33). 
Such assumptions are very important because water withdrawals will affect flows which, 
in turn, are known to affect the travel time and survival of salmon smolts. 

Calibration of the models was limited by available data which, in turn, can limit the range 
in valid model response. Nevertheless, model descriptions are generally adequate as a 
whole. Primary model outputs considered median through-Delta survival and annual 
escapement. In population assessments of endangered or listed species, it is common 
to include 50-year or 100-year extinction rates. Increasing median escapement has 
limited value if a salmon population continues to have an unexceptionally high 
probability of extinction in the future. The simulations should also be summarized in 
terms of extinction rates under the 14 different operational/environmental scenarios 
(Table 5.G-2). 

The appendix does not include a formal comparison of model output for OBAN and IOS, 
either on an absolute scale or relative scale. It should be acknowledged that adult 
escapement differs between models by a weighting factor of 5. More importantly, the 
relative ranking of the different BDCP scenarios (Table 5.G.-2) between models should 
be included in Appendix 5.G. Certainty should be assessed, in part, based on the 
degree of consistency in model predictions. 

 

Appendix 5.J—Effects on Natural Communities, Wildlife, and Plants 

Summary 

In general, the Panel felt that the information in Appendix 5.J was clearly presented in 
the tables and figures. Because so much of the information in the appendix depends on 
the accuracy of the GIS database, the authors should provide a reference or preferably 
a link to a description of the database and an analysis of its accuracy. As discussed in 
other sections of our review, providing a single value for the number of acres of habitat 
that will be occupied by each species is scientifically questionable. 

   Recommendations 

• The description of the methods used to arrive at the number of acres of restored 
habitat that will be occupied needs to be revised. 

• Consider including a range of values (minimum and maximum) of potential 
occupied habitat rather than a single value. 

Comments 

Appendix 5.J is divided into five sections each of which addresses a different 
conservation issue related to natural communities. Our comments on some sections are 
rather brief and some questions are not relevant to a section so we have included our 
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comments on each section under each question. If there are no comments on a section 
under a particular question, we felt there was no need to address it. 

a. How well are the proposed analytical tools defined, discussed and integrated? 
Construction-Related Nitrogen Deposition on BDCP Natural Communities 

The analysis of construction-related nitrogen deposition is thorough and sufficient. It is 
clear that the amount of nitrogen produced by construction-related activities of the 
BDCP will be negligible relative to the amount that is currently being contributed by the 
surrounding urban and agricultural areas. 

Natural Community Restoration and Protection Contributing to Covered Species 
Conservation 

The estimates of the current distribution of natural vegetation types in the Plan Area 
depend on the accuracy of the GIS database that used for the analysis. Provide a 
citation for the database and a brief discussion of the error associated with the different 
community types. In addition, the description of the approach that was used to estimate 
the amount of habitat for each species (pp. 5J.B-1 and 5J.B-2) is poorly worded and 
needs revising. The description should state that the details of the approaches used to 
develop the species-specific habitat models are provided in the species accounts in 
Appendix 2A. 

Analysis of Potential Bird Collisions at Proposed BDCP Powerlines 

The authors did an excellent job of integrating spatially explicit information about roost 
and foraging sites in the Plan Area to estimate the number of potential encounters with 
power lines and combining this with information in the scientific literature on mortality 
estimates from each encounter. 

Indirect Effects of the Construction of the BDCP Conveyance Facility on Sandhill Crane 

The authors considered all of the important indirect effects of the construction on 
sandhill cranes in the Plan Area. The analytical tools they used were appropriate for the 
analyses. Most of the estimates of indirect effects came from studies in other regions 
but that is unavoidable because no detailed studies have been conducted in the Plan 
Area. 

Estimation of BDCP Impact on Giant Garter Snake Summer Foraging Habitat (Acreage 
of Rice) in the Yolo Bypass 

This section is a simple accounting of the number of acres that are planted to rice within 
the Yolo bypass that may be removed when the bypass is inundated. Rice fields are 
used as foraging habitat by giant garter snakes and therefore could result in a loss of 
this habitat for the snake in the Plan Area. By intersecting the maximum amount of rice 
that was planted in area with the inundation level that results in the maximum amount of 
rice removed, the analysis provides an estimate of the maximum amount of potential 
foraging habitat that will be removed. We feel this approach is adequate to address this 
very specific question. 
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b. How clear and reasonable is the scale of analysis? 

Natural Community Restoration and Protection Contributing to Covered Species 
Conservation 

The scale of vegetation distribution information (1 acre, from Appendix 2A) is 
reasonable for most species. Although some wildlife species may use habitat patches 
that are < 1 acre, it is unlikely that those patches contribute significantly to the amount 
of suitable habitat in the Plan Area. 

c. How well were the Panel’s earlier comments addressed and applied in the technical 
appendices/analyses?  

Natural Community Restoration and Protection Contributing to Covered Species 
Conservation 

Earlier comments were addressed to some degree. The previous version of this 
appendix did not have any text at the beginning describing the methods that were used 
to arrive at the numbers presented in the tables. The description, however, needs to be 
edited and should specify that the assumptions behind the approaches used when 
developing habitat models can be found in Appendix 2A. 

The other sections of this appendix were not previously reviewed. 

d. How well did the technical appendix evaluate the effects of potential BDCP 
conservation measures on the specified variable(s)? 

Natural Community Restoration and Protection Contributing to Covered Species 
Conservation 

As discussed in our review of Chapter 5, the estimate of the amount of habitat that will 
be occupied by a species following restoration is questionable. The number of acres of 
suitable habitat that are temporarily or permanently removed and restored are clearly 
conveyed in the tables in Appendix 5.J. But, the approach used in Appendix 5.J 
assumes that the proportion of the appropriate habitat that is within the current range of 
the species in the Plan Area is an appropriate estimate of the proportion of suitable 
habitat that will be occupied when habitat restoration measures are completed. 
However, if habitat restoration does not occur within the potential range of the species 
in the Plan Area, none of it will be occupied. The best way to address this is to set 
specific goals for habitat restoration within the potential range of the species in the Plan 
Area and to identify occupancy thresholds.  

e. Were the conclusions drawn from the results accurate and did these conclusions 
appropriately consider uncertainty, including chained statistical uncertainties? 

Natural Community Restoration and Protection Contributing to Covered Species 
Conservation 

As discussed in our review of Chapter 5, uncertainty was not considered when 
estimating the number of acres of restored habitat that a species would occupy 
following restoration. 
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f. Were appropriate models used in the technical appendices? If model results 

conflicted, was this clearly stated and was the conflict appropriately addressed? 
Analysis of Potential Bird Collisions at Proposed BDCP Powerlines 

The authors considered all 12 bird species that are covered by the BDCP when 
addressing collision risk. They concluded, and we concur, that the only species that 
may suffer significant mortality from BDCP-related power lines in the areas is the 
sandhill crane. The authors used the highest estimate of the probability of mortality due 
to power line collisions from the published literature when making their computations. In 
addition, their estimates of the number of potential encounters between cranes and 
power lines were based on spatially explicit data from the BDCP region. We feel their 
estimate of potential crane mortality from new power lines that will be constructed is 
appropriate based on the information available from the site and the literature. We also 
feel that the estimates of the reduction in crane mortality due to placing bird diverters on 
existing lines are appropriate. We emphasize, however, that crane mortality from power 
line collisions should be closely monitored in the Plan Area and additional bird diverters 
should be put in place if targets for overall reduction in crane collisions are not 
achieved. 

g. How well are the models and analyses described, interpreted and summarized? 
Analysis of Potential Bird Collisions at Proposed BDCP Powerlines. The results of their 
analyses are well described and are well summarized in Tables 2-7 of Appendix 5.J.C. 
Their estimates of the mitigation from marking power lines are also well described and 
summarized in section 5.0 of Appendix 5.J.C. 
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Appendices 

Appendix A—BDCP Effects Analysis Scientific Review Panel members 
biographies 

Nancy Monsen – Delta Hydrodynamics, Stanford University 

Dr. Monsen's research has focused on multi-dimensional hydrodynamic modeling of the 
Sacramento-San Joaquin Delta for twenty years. Her PhD research was based on the 
TRIM3D hydrodynamic model. She also has consulting experience with the DELFT3d 
hydrodynamic model. She is currently Visiting Scholar in the Environmental Fluid 
Mechanics Laboratory, part of the Civil and Environmental Engineering Department, at 
Stanford University. Over the prior two years, Dr. Monsen worked as a Stanford 
Research Associate on a Delta Science program funded research project to develop a 
multi-dimensional hydrodynamic model of the Sacramento-San Joaquin Delta using 
Stanford’s SUNTANS model. Prior to working at Stanford, she worked for ESA PWA 
(formerly Philip Williams and Associates) for a year and a half and at the U.S. 
Geological Survey (Menlo Park, National Research Program) for ten years. Dr. Monsen 
earned her doctorate in Civil and Environmental Engineering at Stanford University in 
2001. 

Greg Ruggerone – Anadromous Fish 

Dr. Ruggerone has investigated population dynamics, ecology, and management of 
Pacific salmon in Alaska and the Pacific Northwest since 1979. He was the Project 
Leader of the Alaska Salmon Program, University of Washington, from the mid-1980s to 
early 1990s where he was responsible for conducting and guiding research at the 
Chignik and Bristol Bay field stations. Most of his research involves factors that affect 
survival of salmon in freshwater and marine habitats, including climate shifts, habitat 
degradation, predator-prey interactions, and hatchery/wild salmon interactions. He is 
currently a member of the Columbia River Independent Scientific Advisory Board and 
the Independent Scientific Review Panel. He recently served as the fish ecologist on the 
Secretary of Interior review of dam removal on the Klamath River. 

 (http://www.nrccorp.com/staff/staff_ruggerone.htm). 

Charles (Si) Simenstad – Pelagic/Native Fish 
Charles (“Si”) Simenstad, Research Professor at the University of Washington’s School 
of Aquatic and Fishery Science (SAFS), is an estuarine and coastal marine ecologist 
and coordinator of the Wetland Ecosystem Team (WET). Si has studied the 
organization and function of estuarine and coastal marine ecosystems throughout Puget 
Sound, Washington, Oregon and California, and Alaska for over forty years. Much of 
this research has focused on the functional role of estuarine and coastal habitats to 
support juvenile Pacific salmon and other biotic communities, and the associated 
ecological processes and community dynamics that are responsible for enhancing their 
production and life history diversity. Recent research has integrated such ecosystem 
interactions with applied issues such as restoration of estuarine and coastal wetland 
ecosystems, and ecological approaches to evaluating the success of coastal wetland 
restoration from ecosystem to landscape scales. He is presently Co-Editor in Chief of 
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Estuaries and Coasts, on the Editorial Board of San Francisco Estuary and Watershed 
Science, volume co-editor for the “Treatise on Estuarine and Coastal Science”, a 
standing member of the Scientific Advisory Group (SAG) of the Interagency Ecological 
Program (IEP) in the San Francisco Bay-Delta, and was recently appointed to 
Environmental Advisory Board to the Chie of Engineers, US Army Corps of Engineers; 
(http://fish.washington.edu/people/simenstd/). 

 

John Skalski – Fishery population dynamics and modeling 

Dr. Skalski is a Professor of Biological Statistics in the School of Aquatic & Fishery 
Sciences, College of the Environment, at the University of Washington. He is also an 
adjunct professor in Quantitative Ecology and Resource Management and Wildlife 
Sciences, and an instructor in the Center for Quantitative Sciences. His expertise is in 
sampling theory, parameter estimation, mark-recapture theory, and population 
dynamics. His research focuses on the development of sampling methodology, field 
designs, and statistical tests for human-induced and natural effects on organismic and 
ecological systems. He is the statistician in charge of survival compliance testing at all 
13 major hydroprojects in the Snake-Columbia River system. He has authored or 
coauthored over 100 technical reports on salmonid survival studies and over 40 peer-
reviewed articles on tagging studies. Dr. Skalski is a member of the American Statistical 
Association, The Wildlife Society, and the American Fisheries Society. He is also a 
Certified Wildlife Biologist through The Wildlife Society. 

Alex Parker – Aquatic Ecology/Food Webs 
Alex Parker is an Assistant Professor of Oceanography at the California Maritime 
Academy, CSU and a Research Associate at the Romberg Tiburon Center, San 
Francisco State University. His Ph.D. work (College of Marine Studies, University of 
Delaware) focused on microbial biogeochemistry in the Delaware Estuary, a highly 
modified estuary on the US East Coast. Dr. Parker was a CALFED Post-Doctoral 
Science Fellow. His work in the San Francisco Estuary includes the study of pelagic 
phytoplankton rate processes, wetland primary producers, the dynamics of heterotopic 
bacteria and the carbon and nitrogen physiology of cyanobacteria in the SFE Delta. 
Additionally, Dr. Parker has carried out research in coastal and equatorial upwelling 
areas as well as polar environments.  

Tom Parker, Plant Communities  

Thomas Parker is Professor of Ecology and Evolution at San Francisco State University 
who studies the ecology and evolution of plant communities, focusing on their 
dynamics. Current research includes the effects of climate change on tidal wetlands of 
the San Francisco Bay-Delta, and the ecology and evolution of Arctostaphylos species 
in chaparral and other communities (http://bio.sfsu.edu/people/v-thomas). 

T. Luke George, Terrestrial Ecology  
Dr. George has been a faculty member in the Department of Wildlife at Humboldt State 
University since 1991. He specializes in the design, implementation, and analysis of 
demographic, population monitoring, and habitat selection studies of terrestrial 
vertebrates. His recent work has focused on estimating demographic parameters and 
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modeling habit selection of threatened and at risk species including the San Clemente 
sage sparrow, northern spotted owl, greater sage grouse, and tricolored blackbird. Dr. 
George assisted with the development of a population viability analysis (PVA) of the 
San Clemente sage sparrow and has served as an advisor on PVAs of Western snowy 
plovers and San Clemente loggerhead shrikes. He has conducted research on habitat 
selection and space use of Steller’s jays and common ravens in Redwood National and 
State Parks and has advised state and federal agencies on strategies to reduce nest 
predation by corvids on marbled murrelets, Western snowy plovers, and other 
threatened and endangered species in California. 
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Appendix B—Charge to the Delta Science Program Independent Review Panel 
for the BDCP Effects Analysis Review, Phase 3 (dated 2/12/2014) 

The Panel will be charged with assessing the scientific soundness of Chapter 5: Effects 
Analysis and the associated technical appendices. The Panel will make 
recommendations for how these might be improved with respect to achieving their 
stated goals. Specific attention will be given to the following questions: 

 

Chapter 5: Effects Analysis 

General Questions 

1. How well does the Effects Analysis meet its expected goals? 
2. How complete is the Effects Analysis; how clearly are the methods 

described? 
3. Is the Effects Analysis reasonable and scientifically defensible? How 

clearly are the net effects results conveyed in the text, figures and 
tables? 

4. How well is uncertainty addressed? How could communication of 
uncertainty be improved? 

5. How well does the Effects Analysis describe how conflicting model 
results and analyses in the technical appendices are interpreted? 

6. How well does the Effects Analysis link to the adaptive management 
plan and associated monitoring programs? 

 

Review of Specific Analyses 

7. Are the analyses related to the north Delta diversion facilities 
appropriate and does the effects analysis reasonably describe the 
results? In particular:  

• Was existing empirical information such as Perry et al. 2010 and Newman 2003 
incorporated appropriately into the modeling? Where model runs required 
extrapolation beyond existing data ranges, were assumptions and interpretations 
appropriate?  

• Does the analysis of the frequency of reverse flows at 
Georgiana Slough accurately characterize changes in 
hydrodynamics due to changes in river stage, sea level rise, 
and Delta habitat restoration? 

  

8. How should the effects of changes in Feather River flows on fish 
spawning and rearing be characterized? In particular, how should the 
trade-off between higher spring flows and lower summer flows be 
interpreted? Does the analysis adequately capture the expected 
benefits of CM 2, Yolo Bypass Fishery Enhancement?  

9. Does the analysis adequately describe the predation and other 
screen-related effects of the proposed north Delta diversion 
structures? Is the application of the observed mortality rate at the fish 
screen of the Glenn-Colusa Irrigation District (GCID) an appropriate 
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assumption for expected mortality at the proposed BDCP north Delta 
intakes?  Are there other studies on salmonid survival at positive 
barrier fish screens that would be appropriate to apply? 

10. Does the effects analysis provide a complete and reasonable 
interpretation of the results of physical models as they relate to 
upstream spawning and rearing habitat conditions, particularly 
upstream water temperatures and flows resulting from proposed 
BDCP operations? 

11. Does the effects analysis use a reasonable method for “normalizing” 
results from the salvage-density method to the population level for 
salmonid species? 

12. Are the assumptions of the analysis of aquatic habitat restoration food 
web effects appropriate for covered fish species?  Are the conclusions 
and net effects appropriate? 

13. Is the analysis of food web benefits to longfin smelt from habitat 
restoration appropriate?  How well do the analyses link intended food 
web improvements to improvement in the longfin smelt spring Delta 
outflow/recruitment relationship? 

14. How well does the analysis address population-level effects of the 
BDCP on white sturgeon? 

 

Technical Appendices 

For each Chapter 5 technical appendix: 

 

Approach and Analysis 

a. How well are the proposed analytical tools defined, discussed and 
integrated? 

b. How clear and reasonable is the scale of analysis? 
c. How well were the panel’s earlier comments addressed and applied in the 

technical appendices/analyses?  
d. How well did the technical appendix evaluate the effects of potential BDCP 

conservation measures on the specified variable(s)? 
e. Were the conclusions drawn from the results accurate and did these 

conclusions appropriately consider uncertainty, including chained statistical 
uncertainties? 

 

Models 

f. Were appropriate models used in the technical appendices? If model 
results conflicted, was this clearly stated and was the conflict appropriately 
addressed? 

g. How well are the models and analyses described, interpreted and 
summarized? 
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Appendix C—Observed tidal stage and flow time series data from three key 
locations along the Sacramento River (from BDCP Appendix 5A-D1, pp. 128-
129)  
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Appendix D—Variance Calculations Associated with Salvage Model 
Estimator of average salvage: 
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However, if the variance of 𝑆̅̂ is calculated based on the empirical variance of the 𝑛𝑚 
values, the variance has the expected value as follows: 
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Note variance as calculated (3) is smaller than the correct variance (2). The first term of 
Equation (3) is inappropriately divided by 𝑚. Hence, CI width and uncertainty will be 
underestimated. 
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1 

This document is a compilation of the fish agency “red flag” comments and ICF’s responses 
thereto regarding the BDCP draft Effects Analysis.  These informal comments were developed by 
agency staff to flag quickly issues that need to be resolved prior to final submittal of the plan.  As 
such, they do not reflect an official agency position or decision.  ICF’s responses are 
preliminary and intended to facilitate further discussion and resolution of issues.  ICF and the 
agencies will be working to address the red flag issues in the coming weeks. 

 

DFG April 2012 BDCP EA (Ch. 5)  
Staff “Red Flag” Review 

Comprehensive List 

STURGEON 

Methodological 

• The logic of section 5.5.5.4 (Net Effects) is difficult to follow and does not attempt to 
prioritize Plan outcomes relative the magnitude of their likely impacts on sturgeon 
production. The largely Best Professional Judgment discussion seems to miss rough 
quantification opportunities that might be derived from flow abundance-relationships, 
adult migration straying rates into the Yolo Bypass, and known survival and harvest rates 
(as they might, for example, relate to illegal harvest reduction). The conclusions in the 
paragraph beginning on line 29 seem essentially unsupported. 

ICF Response: We will make this discussion clearer. 

• The assessment effects seems to turn the notion of uncertainty upside down. In general, 
the Plan reduces winter-spring outflow, and in some regards Sacramento River Flow. 
There is a strong historical association between flow conditions and sturgeon production, 
which the EA seems to dismiss, citing a lack of understanding of the mechanisms 
underlying the association. This would seem to be a very risky approach from a species 
conservation point of view, given that the anticipated offsets to the potential flow impact 
are Plan attributes that address “stressors” that have not been clearly associated with 
variation in production (e.g. food supply). 

ICF Response: We will make this discussion clearer. 

• The EA seems to suggest that a reduction in entrainment of juvenile sturgeon at the south 
Delta offsets (justifies) the effects of reduction in winter-spring outflows. While the 
statement that "Entrainment of juvenile sturgeon at the south Delta pumping facilities, 
however, is considered an important stressor for this life stage." may be true, it is not 
considered to be a more important stressor on sturgeon than reduced winter-spring 
outflow. Entrainment of juvenile white sturgeon at the south Delta pumping facilities is 
not a significant stressor, when compared to the loss of winter-spring outflow. Although 
entrainment of green sturgeon is a somewhat different matter, reducing it in exchange for 
reducing winter-spring outflow is still not preferred.  

ICF Response: We will make this discussion clearer. 
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• There is a general tendency section 5.5.5.1 (Beneficial Effects) to overstate Plan benefits. 
An example, can be found in the sentence beginning at line 8 on page 5.5-114, which 
concludes that Plan-related changes in DCC operations will reduce entrainment and 
improve the ability of adult sturgeon to cue in on Sacramento River flows. These 
conclusions seem to ignore that adult sturgeon are rarely entrained, and that overall the 
Plan substantially reduces lower Sacramento River flows. 

ICF Response: We will make this discussion clearer. 

Flows 

• River flows are important to sturgeon production in the Sacramento River system and 
Delta, and PP operations are predicted to result in significant occurrences of river flow 
reduction during the sturgeon spawning and early rearing periods. Reductions are most 
pronounced in the mainstem Sacramento River downstream of the Fremont Weir and the 
proposed northern delta intakes, but occurrences of substantial flow reductions are also 
predicted in more upstream river reaches. 

As identified in the December, 2011 version of Appendix C, the PP is predicted to expose 
green sturgeon larvae to substantial reductions in July-September Feather River flows in 
most years. In addition, predicted juvenile white sturgeon migration period flows at 
Verona are sometimes lower under PP operations, and white sturgeon larval transport 
flows at Wilkins Slough fall more frequently below thresholds in dry years. 

The collective predicted negative river flow effects of the PP create the risk of a 
depressive effect on sturgeon production that may not be overcome by more favorable PP 
aspects (e.g. reduced entrainment, increased food production supply). This suggests the 
need to modify the PP to reduce the magnitude and frequency of river flow reduction 
occurrences, in both upstream and downstream areas. 

ICF Response: Changes to operations are currently under discussion with the 
agencies. 

SALMONIDS 

Effects Analysis 

• Combining all salmonids into one net effects analysis is not appropriate and “averages” 
out the adverse effects of individual runs. The net effects analysis needs to differentiate 
between Sacramento and San Joaquin river salmonids; salmon and steelhead; and 
individual runs of salmon (i.e. winter-run, spring-run, fall and late fall-run). 

ICF Response: We agree as was noted in the Chapter 5 Admin Draft. We plan to 
work closely with the fish and wildlife agencies to develop separate analyses for 
each salmonid run and, where appropriate, each population.  
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• Analysis of the reduction in Sutter Bypass floodplain acreage has not been addressed in 
the effects analysis. This issue has been raised previously and still not been responded to. 
Data shows that there could be a significant reduction in floodplain habitat in the lower 
Sutter Bypass based on the preliminary proposal due to lowering the river stage at 
Verona, which will lead to a direct reduction in Butte Creek spring-run Chinook salmon 
rearing habitat (and splittail). 

ICF Response: We will work with the agencies to develop this analysis.  

• The rationale for the degree of certainty seems unfounded for some of the stressors (e.g. 
transport flows, flow regulation, and flow-associated habitat (5.5-55-59)). The tables 
show a high degree of uncertainty regarding the effects of flow on salmon on the basis 
that there is no quantitative analysis or little applicable literature, which is unjustified. 

ICF Response: We can work with agencies to gather information to better justify 
the certainty of stressor rankings.  

• Table 5.5-16 is contradictory to the statements made at spring-run egg mortality and 
winter-run redd dewatering. 

ICF Response: We will work with the agencies to correct this.  

Implementation 

• The decision on phasing of proposed North Delta Diversions (NDD) intakes needs to be 
determined. From a fishery management perspective it would be best to build some (e.g., 
two) of the intakes and operate them prior to building the rest. This phasing approach 
would allow us to learn and potentially correct any unforeseen issues.  

ICF Response: This is a policy-level decision.  

• The timeline to complete the required environmental documentation and permitting for 
Conservation Measure 2 is much longer than necessary to complete this critical measure. 
It should not require more than three to five years to complete environmental compliance 
and an additional two years to acquire the necessary permits. 

ICF Response: We agree that an aggressive timeline for CM2 is needed to ensure 
that the substantial benefits of those actions are realized as soon as possible. The 
current timeline is based on the likely need to design and permit many CM2 
actions separately. We will consider ways to accelerate the schedule. Changing 
the assumed timeline is a policy-level decision.  

Upstream 

• The preliminary proposal shows a reduction in the end of September storage (cold water 
pool storage) which is unacceptable and needs to be addressed. 

• Winter-run redd dewatering and lower weighted usable spawning habitat in the 
Sacramento River under the preliminary proposal is not acceptable. This would lead to a 
significant decline in the population (as estimated by the JPE). 

BDCP1673



April 2012 

4 

• Spring-run egg mortality in the mainstem of the Sacramento River is near 100 percent 
during dry and critical dry years. This type of egg mortality could lead to the extirpation 
of spring-run Chinook salmon from the mainstem of the Sacramento River during one 
drought cycle. 

ICF Response: We propose exploring the inclusion of upstream temperature 
controls in the modeling done for the effects analysis to reduce uncertainty of 
these effects and to offset CALSIM’s modeling approach to better reflect the 
actual operations of the project. 

North Delta Flow 

• Reduction in flows below proposed NDD could have significant impacts on the transport 
flows for juvenile fish species and the upstream migration cues of adults. 

• The net effects analysis shows that there would be increased reverse flows in the 
Sacramento River below the proposed NDD due to the preliminary proposal (5.3-4, line 
10-13), this is not protective and doesn’t appear to account for real time operations to 
minimize these effects. 

ICF Response: We will work to better explain this issue and work with the fish 
and wildlife agencies to find a diversion scheme that can included in the public 
draft BDCP. 

SJR Flows at Antioch (5.3.1.2.9) 

• The continuation of zero and (-) SJR flows at Antioch is not protective of San Joaquin 
Basin fish. While the PP_ELT and PP_LLT show an increase in OMR and SJR flows due 
to a reduction in south Delta exports, the continuation of low flows in August and 
September followed by 0 cfs in October and November and (-) 2000 cfs in December is 
not protective. Positive SJR flows during this time are important and necessary to cue 
upstream adult migration, reduce straying, and to help address water quality concerns 
(e.g., DO and temperature).  

ICF Response: Our analysis did not explicitly identify this as an area of concern, 
but we will work with the agencies to further examine this issue goals. 

Entrainment Issues 

• Increasing entrainment in the south delta compared to EBC in dry and critical years is a 
concern and should be avoided. Due to the lack of discussion on this issue, it leads the 
reader to believe that there will be more water export than existing conditions under the 
preliminary proposal. 

ICF Response: The PP does not include an E/I ratio that currently governs 
reverse flows (in combination with OMR) and therefore in drier years, exports 
from south Delta, and associated entrainment, are increased. Our analysis does 
not take into account the real-time operations management groups that have 
been effective at reducing the risk of entrainment, and therefore may 
overestimate the entrainment under the PP. Nonetheless, we are evaluating how 
to minimize entrainment in drier years. 
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SMELT(S) 

(Delta Smelt, Section 5.5.1) 

Methodological 

• The paragraph beginning at the bottom of page 5.5-24 (and at other locations in Section 
5.5.1) notes that there is no change anticipated in Fall abiotic habitat when comparing the 
PP with EBC1 (existing condition, sans the Fall X2 RPA action). This may be a 
problematic PP outcome in the context of a NCCP. Reasonable arguments have been 
made that recent changes in Delta water management have substantially degraded Fall 
abiotic habitat conditions, particularly in Falls following Above Normal and Wet water 
years (roughly half of all years, historically), contributing to the POD condition for delta 
smelt. This suggests that the “no change” outcome produced by the PP would make it 
difficult to demonstrate a PP contribution to species recovery. 

ICF Response: This method accounts for only a portion of the population and 
recovery of the species doesn’t necessarily need to be driven by this one 
component. We believe that the Effects Analysis shows at least a minor 
beneficial effect on the species relative to existing conditions, and that it has 
great potential for larger benefits depending on actual food production and 
location of delta smelt population in relation to those areas. While there is 
uncertainty about these conclusions, we attempted to address this uncertainty in 
Chapter 5 by including focused studies prior to the new intake operation as well 
as describing how adaptive limits could be used if needed, to increase fall 
outflows. We hope to continue discussions with the agencies regarding how to 
address the Fall X2 issues.  

• The paragraph beginning at line 16 on page 5.5-17 introduces the approach of examining 
Plan Fall abiotic habitat effects based on Feyrer et al. (2011). The text then goes on to 
identify several “concerns” DWR and applicants have regarding the approach. This 
expression of concern is reasonably presented, other than the fact that the similar 
concerns of other parties regarding the investigations critical of Feyrer et al. are not 
presented. The overarching “red flag” here is that the key technical concerns surrounding 
this aspect of the effects analysis are not be addressed in a systematic way, other than 
through non-collaborative production of “combat science.” This approach is not 
effectively reducing uncertainty about Plan outcomes, and places a particular burden on 
permitting agencies who will have no choice but to assess the uncertainties and 
conservatively mold the permits around their perception of uncertainty. 

ICF Response: In the revised Appendix C, we have more clearly defined the 
issues with the method and as stated above, we hope to continue discussions with 
the agencies regarding how to address the Fall X2 issues. 
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Plan Concerns 

• As Figure 5.5-1 clearly shows, the role up for delta smelt is about balancing the uncertain 
benefits of food , predation, and tidal habitat benefits against the uncertain negative 
effects of Fall abiotic habitat degradation. This is not a very comfortable assessment for 
such a key species. Some improvement of the Fall habitat situation would go a long way 
towards improving the ability of the project to achieve the conserve standard for an 
NCCP. 

ICF Response: We hope to continue discussions with the agencies regarding how 
to address the Fall X2 issues. 

• Table 5.5-4 (and other similar tables) shows essentially no existing habitat in the southern 
Delta. This is counter-intuitive, given that the same southern Delta had lots of smelt in it 
in the early 1970s. This is part of a general problem that the southern Delta may be 
getting short shrift in considering potential restoration potential.  

ICF Response: The analysis conducted for tidal habitat restoration in the ROAs 
is at a broad landscape level and may not capture the full range of potential 
habitat benefits or suitability because of the coarse level of the analysis. As such, 
individual restoration areas and some existing areas may provide suitable 
habitat for smelt and other species. However, the relatively poor tidal wetland 
habitat quality assessed for the south Delta is consistent with its habitat 
characteristics for smelts, in particular water clarity. It is uncertain whether or 
not the south Delta could regain some of the more desirable habitat 
characteristics.  

(Longfin smelt) 

• Population effect of reduced winter-spring outflow identified in the effects analysis.  

• On line 11 of page 5.5-48 the text raises the notion of “bottlenecks” between lifestages. 
The examination of existing data does not suggest the existence of such a population 
dynamics effect. Age 2 fish appear to be suffering the greatest effects of food limitation, 
but it is still the case that there is roughly a linear stock-recruitment relationship between 
the two age classes. It should not be assumed that benefits to one lifestage will not be 
realized in subsequent stages. 

ICF Response: Analyses of species population dynamics available in the 
scientific literature have identified life-stage bottlenecks that have an effect on 
setting year-class strength and dynamics. Kimmerer hypothesized a population 
bottleneck for delta smelt during the summer months based on high levels of 
population abundance variation earlier in the life history with substantially less 
variation in abundance of older life stages such that early life stage abundance 
was not a good predictor of abundance at later life stages. Rosenfield and Baxter 
also hypothesized that there may be a population bottleneck for longfin smelt. 
The discussion can be revised to add literature and other support to the notion 
of a bottleneck between lifestages for a species and acknowledge that benefits of 
conservation actions for one lifestages may not translate into population level 
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benefits to later lifestages in the event that a population bottleneck exists (e.g., a 
density-dependent mechanism). 

• The conclusion of “no net effect” with “low certainty” found at line 4 on page 5.5-50 
does not quite capture the essence of the accompanying analysis. Although the statement 
is not entirely unreasonable, it does not capture the notion of species RISK when an 
easily foreseeable negative outcome is matched against a pretty speculative benefit. 
Whereas it may suffice in the EA to have a best guess as to the net effect of the project, I 
think the NCCP will have to grapple with the downside risk of a likely flow impact, 
which is to be offset by reasonable, but highly uncertain speculation about food supply 
improvements. 

ICF Response: Adaptive management, coordination with agencies during 
permitting and design, and maintenance, the risks associated with the project 
can be reduced and the benefits can be enhanced. 

• Section 5.5.2 devotes considerable space to discussing the expansion of subtidal 
(“suitable”) habitat and its potential benefits. Given the severe decline in species 
abundance it seems highly unlikely that expanding the amount of this very general habitat 
type will benefit the species. To be fair, the Plan characterizes this attribute as only a 
slightly positive benefit. 

ICF Response: Aquatic habitat restoration under BDCP would result in the 
expansion of access to substantial areas of intertidal, subtidal, and seasonally 
inundated floodplain habitat. These inundated habitats would also be expected 
to produce organic material that support the food supplies for longfin smelt and 
other covered fish species. Although at current levels of population abundance of 
delta smelt, longfin smelt, and salmonids expansion of access to subtidal habitat 
may provide little physical habitat benefit food production in these areas but 
may be important in rebuilding population growth, survival, and abundance of 
covered fish. The additional access to suitable shallow water subtidal habitat in 
the future is expected to be greater as population abundance of covered species 
recovers to higher levels. 
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FWS BDCP Effects Analysis red flags for March, 2012 

Elements marked by an asterisk are provisional, and may change after review of the outstanding 
Chapter 5 appendices. 

Issue Area 1: Incomplete conceptual foundation for the Effects Analysis 

*The effects analysis deals with the critical concept of uncertainty inconsistently and does 
not effectively integrate, use, and report uncertainty in the Net Effects. The BDCP 
Independent Science Advisors, the National Research Council review panel, the Delta Science 
Program panel, and we have all commented on the inherent uncertainty in the scientific 
understanding of certain aspects of the Bay-Delta ecosystem. This extends to difficulty 
predicting how the ecosystem might respond to BDCP implementation. Uncertainty needs to be 
used objectively and consistently, and the appendices and Net Effects need to develop and 
propagate uncertainty through the threads of the effects analysis. Highly important variation in 
the value and uncertainty of individual conservation measure features will occur over space and 
time as a function of implementation strategy and other factors. Many of the current conservation 
measures and issues are, or appear to be, overly simplified or otherwise superficially analyzed. 
The list includes OMR management, fish-habitat relationships, the habitat-for-flow trade-off, 
predator suppression, nuisance vegetation suppression, and others. Each of the foregoing issues 
raises uncertainties that propagate through the threads of analysis and must be reckoned with in 
the “net” conclusions. To the extent we can form our own conclusions about the Net Effects 
without having access to all the revised documents, it appears that inconsistency in dealing with 
uncertainty has resulted in conclusions that overly optimistically predict Preliminary Project 
benefits for almost all of the target fish species almost everywhere. As such, we are reluctant to 
rely on the conclusions of the present effects analysis. We await receipt of the outstanding 
appendices, and look forward to working closely with our partners to provide technical 
assistance as these matters are resolved. 

ICF Response: ICF has attempted to document certainty in multiple ways 
throughout the EA. For example, the description of each method in each 
appendix highlights its limitations and assumptions made. We have also tried to 
explain in the results and conclusion sections the uncertainties associated with 
the analysis. Also, in Chapter 5, we’ve attempted to document the basis for each 
conclusion and its level of certainty. However, ICF acknowledges that additional 
work can be done to improve this component of the analysis, including a more 
robust linkage to adaptive management, research and monitoring to address 
specific areas of uncertainty. 

*A key missing piece from the Analytical Framework document is how the Effects Analysis 
will be framed in the context of fish population dynamics. We expected this to occur in the 
draft Technical Appendix on the subject of fish populations, but that document did not fully 
analyze long-term and recent population trends in the target fishes. There is clear evidence that 
most of the covered fish species have been trending downward. The document should clearly and 
accurately lay out what is known of the foundations of each species’ population dynamics (e.g., 
density-dependent under some circumstances?, trends in carrying capacity?, etc.) as 
mechanistically as possible and discuss how BDCP actions will influence these processes. 
Because the conceptual foundations presented to date do not frame the effects in the context of 
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historical and present-day fish population dynamics and the most parsimonious explanations of 
their causes, it is unclear how the net effects should be interpreted. We await receipt of the life 
cycle modeling appendix to complete our review of this issue, and look forward to continuing to 
work with our partners to help ensure that the best available science is used in the effects 
analysis. 

ICF Response: Each appendix provides a background on the specific issues 
associated with that topic. For example, the entrainment appendix describes the 
historical entrainment trends and how that’s affected fish. However, a more 
comprehensive description of each covered fish species population trends and 
ecological status could be developed to the extent it is necessary to understand 
the effects of the BDCP on each covered species. This could be included in 
Appendix 2.A, Species Accounts. We look forward to discussing with the 
Agencies ways in which this comment can be addressed with the best available 
data. 

Issue Area 2: Inadequate conceptual models and analysis of estuarine fish habitat, and 
project issues resulting from same 

*The objectives for restoring habitat addressed in the Chapter 5’s Restoration Appendix 
are simply described, but it is not clear whether the plan will or can achieve them. The draft 
Appendix E states that BDCP’s habitat restoration has two objectives1. The first is to “increase 
the amount of available habitat for covered fish species.” This first objective is reasonable, but 
does not clearly articulate that new habitat needs to be good habitat. We know quite a bit about 
what determines habitat value to covered fish species. This knowledge is partly reflected in the 
habitat suitability indices that are currently under development, but is often discounted elsewhere 
in the Chapter 5 documents. The habitat for BDCP target fishes, and all estuarine fishes for that 
matter, is fundamentally created by the interaction of tidal and river channel flows with the 
broader estuary landscape. The Preliminary Project proposes to extract larger volumes of fresh 
water from the Delta than are currently exported against a backdrop of rising sea level and a re-
design of the estuary landscape that will change tidal flows. Whether this can be accomplished 
while other parts of the plan simultaneously contribute to recovery of covered species is an 
unanswered question of central importance. Fully incorporating existing science on the interplay 
of freshwater flow and the Plan Area landscape and its constituent species would provide more 
accurate and defensible conceptual models for the Effects Analysis. We also suggest consulting 
the Department of Interior Adaptive Management Technical Guide and other adaptive 
management resources on the role of (potentially conflicting or alternative) conceptual models in 
the adaptive management process. We look forward to working with our partners and providing 
technical assistance toward the resolution of this issue. 

The second objective is “to enhance the ecological function of the Delta.” This formulation is not 
clear. The Delta provides multiple ecological services, and alterations to different parts of the 
Delta may potentially contribute to them in different ways. There have been several large-scale, 

                                                 
1 We note that these objectives are more akin to goals. They are not at present specific enough to function as 
objectives in the context of performance evaluation or adaptive management. 
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unintentional or quasiintentional “wetland restoration projects” in the Bay-Delta since 1920. 
These include Franks Tract in the 1930s, Mildred Island in the early 1980s, Liberty Island in the 
latter 1990s, and Napa River marsh in the past decade to name a few. There is also the seasonal 
fish habitat generated by large-scale floodplain restoration along the lower Cosumnes River that 
started in the mid-1990s. The draft appendix never mentions these events or synthesizes what is 
known about them. This is a critical aspect of the analysis, and needs to be done credibly. We 
believe these “unintended experiments” provide useful lessons in what we may expect from 
actions on similar spatial scales in similar circumstances in various restoration scenarios. 

A close look at the estimated elevations of restored habitats shows that much of the acreage is 
not at intertidal elevation and thus will not readily produce the dendritic channel mosaics on a 
tidal marsh plain that are frequently espoused in the appendix for their fish production benefits. 
Particularly by the late long-term, there is a lot of the subtidal habitat types in the model 
outputs2. We do not know if unintentional habitat restorations that have occurred have increased 
the productivity of the Delta beyond what it would have been without them. In a pure carbon-
productivity sense they might have – because productivity is just creation of biological carbon 
per unit of time. However, these and other “wetland restorations” have not noticeably increased 
the capacity of the Delta to produce BDCP-covered native fishes. As achieving this is a key 
premise of the BDCP, understanding these examples and learning from what has happened in 
each case is a matter of great importance. We look forward to providing assistance to our 
partners as these comments are addressed. 

ICF Response: a. Regarding the first objective, the HSI approach used measures 
both the quality and quantity of habitat using habitat units as the unit of 
measurement. This analysis is based on CALSIM, DSM2, and RMA Bay Delta 
models that incorporate climate change effects and restoration in the Delta over 
time so that the effects of changes in flows are captured by the analysis in terms 
of habitat units. The larger question regarding how flow and habitat restoration 
interact in terms of effects on covered fish, the information and tools we would 
need to address this issue in the EA do not exist. Therefore, this needs to be 
handled with adaptive management, which requires additional coordination to 
develop sufficient clarity and rigor. We would like to coordinate with the 
agencies regarding the development and application of conceptual models, as 
well as a more robust adaptive management plan, to address these issues. 

Regarding the second objective, ICF has reviewed and will continue to review 
information available from these unintentionally restored wetlands and 
incorporate relevant information as appropriate. However, the habitat 
restoration proposed under the BDCP is substantially more than any other 
restoration effort implemented before. In addition, BDCP tidal restoration will 
be purposefully designed to maximize benefits to covered species and minimize 
adverse effects (e.g., submerged aquatic vegetation), and will rely on adaptive 

                                                 
2 It may be possible to manage subsided lands to raise them back to sea-level so that they can support self-sustaining 
intertidal marshes. However, that process can be very slow and the full realization of potential physical morphology 
could take many decades. 
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management and information collected from successful restoration sites, such as 
Liberty Island, to achieve this goal. 

*The modeling shows a gain of shallow, intertidal habitats in the Plan Area by the early 
long-term, which is a goal of the BDCP. However, it also shows that there is a net loss of 
intertidal habitat and a large increase in deep water habitat by the late long-term. The Bay-
Delta is not currently limited in terms of deep water habitats, and some relevant historical 
experience suggests deeper off-channel habitats are likely to be more favorable habitat to exotic 
species than to natives, so an increase in the depth of restored habitats does not appear to be a 
desirable outcome. Thus the benefits attributed to creating the proposed habitat acreages may be 
quite optimistic. We look forward to providing technical assistance on this issue; a good start 
would be a more in-depth investigation of the expected depth distribution in potentially restored 
areas in the early and late long-term time periods. 

ICF Response: The current HSI analysis actually indicates substantially more 
intertidal habitat than under existing conditions, although there is a decreases in 
the quality of this habitat as a result of the combined effects of climate change 
and the BDCP. It describes the depths of habitats that would be created in each 
ROA and the benefits attributed to the BDCP take these depths into account. 
However, ICF is currently in the process of analyzing the habitat units Delta-
wide using more accurate modeling that incorporates depth based on RMA 
modeling so that a better comparison of the change in habitat type units can be 
made. This analysis will be reviewed with the agencies. 

*The effects analysis underemphasizes Bay-Delta water flows as a system-wide driver of 
ecosystem services to the San Francisco Estuary. While climate and associated hydrology 
affect the magnitude of watershed runoff, system hydrodynamics downstream of the big dams 
(e.g., exports, OMR flows, X2, gate operations, etc.) are largely driven by coordinated water 
operations. All of these influence the habitats and population dynamics of listed species. It is 
critical that the BDCP effects analysis identify changes in operations that will importantly alter 
hydrodynamics, and address in depth the dependency of the ecosystem and its constituent species 
on flows. Reduction of flows (in full consideration of timing, magnitude, variability) is the most 
fundamental cause of stress and driver of change to the fishes and food web that have adapted to 
the tidal and freshwater mixing environment that is the Bay-Delta ecosystem. In addition, some 
of the other stressors listed and assumed to be addressed through the conservation measures are 
either directly or indirectly influenced by Delta inflows, exports, and outflows. Until the roles of 
flows and flow alteration, for which there is substantial literature, are adequately represented in 
conceptual models and developed in the effects analysis, we are reluctant to rely on its 
conclusions. We look forward to providing technical assistance on this issue as it is resolved. 

ICF Response: As described above, ICF looks forward to working with the 
agencies to develop and apply conceptual models as appropriate. The current 
effects analysis does include analyses using over 30 different models and 
methods that link biological effects to changes in flows. Appendix C, Flow, 
Temperature, Turbidity, and Salinity, describes the methods, results, and 
conclusions of these models and Chapter 5 attempts to integrate these results 
into a net effects analysis on each species. ICF looks forward to working with the 
agencies to revise the net effects analysis to more clearly describe how these 
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results interact with the results from other stressors and how together, they form 
the net effect on each species. 

*The Low Salinity Zone (LSZ) is a dynamic habitat defined by the tides and freshwater 
flow that requires a globally tailored conservation strategy. It is widely recognized that 
estuarine habitat suitability is driven by the interaction of a flow regime with a brackish, tidally 
influenced landscape. Changing this interaction by reducing outflow can set a series of 
ecosystem changes in motion that degrade expected ecological services. In the Bay-Delta, both 
the flow regime and the landscape are highly altered, and the Preliminary Project proposes new 
changes. It is well established that variation in Delta outflow or X2 is correlated with many 
important ecosystem processes and the abundance or survival of estuarine biota. It is also well 
established that the most important mechanisms and seasons for species that use the LSZ vary. 
Chapter 5 does not directly grapple with the conservation implications of these and other relevant 
facts, arguing that the mechanisms causing flow effects on certain fish species are not “well-
understood”. But the phenomena of species-flow responses are well-developed in the scientific 
literature. Unless there are concerns about the adequacy of the underlying data, which there may 
be, flow relationships developed in the scientific literature should be used as the initial basis to 
predict the effects of changes in flow regime. The effects of flow regime on species and 
ecosystem processes in the LSZ have been an important subject of study for a long while, and, in 
addition to their role in the water operations consultations form part of the basis for regulatory 
processes underway or contemplated by the State Board and EPA. We look forward to working 
with our partners on resolving the framing of the LSZ habitat analysis. 

ICF Response: While outflow is reduced in some months of some years, the 
biological meaning of these reductions is not always clear, even with the 
application of existing scientific literature. In the case of delta smelt, we 
attempted to address this uncertainty in Chapter 5 by including focused studies 
prior to the new intake operation as well as describing how adaptive limits could 
be used if needed, to increase fall outflows. We hope to continue discussions with 
the agencies regarding how to address the Fall X2 issues. However, it is 
important to understand that changes in water temperatures in the overall Delta 
are solely driven by atmospheric temperatures and therefore delta smelt will 
experience increased exposure to lethal and sublethal temperatures even without 
the BDCP. Regarding longfin smelt, we are looking much more closely as how 
outflow interacts with this species to more clearly examine the actual changes 
from the project and how those translate into a biological change. Similarly, we 
are taking into account the changes in migration flows for other species. We look 
forward to working with the agencies once we have information to share on this 
topic to discuss how the project might be modified to provide adequate flows. 
Additionally, we are currently working on a revised analysis of changes in 
turbidity. 

*The Low Salinity Zone (LSZ) is the primary habitat for delta smelt and the primary 
rearing habitat for larval longfin smelt and juvenile to adult splittail. The Preliminary 
Proposal modeling indicates that Delta outflows during February-June will more frequently be 
near the minima required by the SWRCB under D-1641. This will represent a substantial 
negative project effect on longfin smelt. The effects analysis and Net Effects only partly address 
this issue, reporting that Preliminary Project is expected to provide a large, positive impact to 
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food resources that will offset the negative impact to “transport flows”. But there are multiple 
mechanisms by which Delta outflow can affect longfin smelt recruitment; transport flow is only 
one of them. Transport flows might be managed via gates or other engineering solutions. The 
other mechanisms for which there is stronger scientific support are kinetic energy mechanisms 
(low-salinity zone habitat area and retention from gravitational circulation in the estuary). The 
problems that reduced outflow creates by changing these processes do not have reasonable 
engineering solutions, and at present appear to be manageable only via outflow. Thus, although 
some of the potential impact of outflow reductions is reported, the analysis is too narrowly 
focused. 

Both projected sea level rise and the Preliminary Proposal are also anticipated to cause the 
average location of X2 to move upstream during the summer and fall. The modeling indicates 
that intra-annual variability would be lost for several months in the late summer and fall in all 
water year types; even wet years would functionally become dry years for a third of delta smelt’s 
life cycle. The effects analysis acknowledges this result, but the Net Effects concludes that 
habitat restoration and food web enhancement will greatly offset this loss of habitat value. The 
conclusion is in part speculation and in part does not reflect current scientific understanding. 

This has several implications for delta smelt. First, under the preliminary project delta smelt 
habitat would less frequently lie in Suisun Bay and Marsh during summer and fall. The habitat 
suitability modeling shows that this would limit the capacity of tidal marsh restoration in the 
Suisun region to contribute to delta smelt production. Second, lower summer outflows would 
increase the length of time that seasonal delta smelt habitat constriction occurs and overlaps with 
physiologically stressful water temperatures. This means that more food production would be 
required to maintain current delta smelt growth and survival rates, even in areas where 
temperatures remain suitable. In areas where temperatures exceed physiologically suitable levels 
during the summer (~ 24°C), no amount of food production will increase growth or survival 
rates. Third, the restricted distribution of delta smelt during most summers and essentially all 
falls would increase the chance that a localized catastrophic event could pose a serious threat to 
the survival of the delta smelt population. 

Turbidity is another important component of delta smelt habitat suitability. Section C.4.1.4 
(“Turbidity”) states: “[f]irm conclusions regarding changes in turbidity in the BDCP Plan Area 
are difficult to make.” But some large-scale changes in sediment fluxes might affect turbidity on 
scales important to smelt, and should be straightforward to analyze. The Sacramento River is the 
most important contributor of sediment to the Bay-Delta. According to the Effects Analysis it 
contributes an estimated 80% of its load during high flow events. The North Delta diversions in 
the Preliminary Project have the ability to take up to 15,000 cfs during high flow events. For a 
70,000 cfs event, this could be 20% of the Sacramento River water including its suspended 
sediment load. The effects analysis makes no attempt to analyze how much sediment loss per 
year that would represent and whether it would change the ratio of supply to loss of sediment 
from the estuary. The same calculations should be done for the south Delta to give the results full 
context. 

In summary, the current Effects Analysis does not appropriately deal with critical issues 
involving the role of the Low Salinity Zone as habitat for longfin smelt, delta smelt, and splittail. 
Until it addresses the right questions regarding flow, LSZ location, and turbidity, we are 
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reluctant to rely on its conclusions. We look forward to working with our partners as these issues 
are resolved. 

ICF Response: Same response as above. 

*There is no reason to expect that invasive vegetation will not proliferate in the East and 
South Delta ROAs, and no reason to expect a meaningful increase in south Delta turbidity 
if vegetation could be successfully controlled. There should not be an a priori assumption that 
SAV can be controlled via ecologically sound methods in the east, central and south Delta. These 
are comparatively low turbidity, high vegetation areas already, under the existing hydrodynamic 
regime. There is nothing in the Preliminary Proposal that would dramatically change channel 
geometry, increase SJR flows, or increase sediment inputs that could be expected to change the 
turbidity of the entire southern half of the Delta. 

ICF Response: A quantitative analysis is being undertaken to examine the issue 
of reduced sediment input from the Sacramento River in relation to the 
proposed north Delta intakes. ICF agrees that a full analysis of this issue would 
include consideration of inputs from other tributaries such as the San Joaquin 
River and will investigate the potential to do so following completion of the 
Sacramento River analysis. 

*Chapter 5 is deficient in its descriptions of channel margin, riparian, and floodplain 
habitat restoration outside of Yolo Bypass. The Yolo Bypass tends to benefit native fishes 
because (1) it floods frequently with major inundation events; (2) it floods during times of year 
that BDCP target fishes can, and have evolved to, use it; and (3) upon drying it leaves very little 
permanent habitat for non-native fishes to colonize and reproduce in, because most non-native 
fishes are late spring/summer spawners. The original habitat analysis attributed seasonal 
floodplain benefits along the San Joaquin River that we do not believe are plausible; however, 
we understand there is now general agreement on this point and we will not comment on it 
further. However, the Sacramento River from Sacramento to about Rio Vista is also highly 
constrained, in this case by levees rather than regulated hydrology, and there are strict flood 
control capacity requirements that are enforced by USACOE. The effects analysis does not 
describe how this constrained reach of the river can support the proposed changes, where they 
will be, or assess their feasibility. 

ICF Response: The January 2012 version of the habitat appendix (Appendix E) 
did not include an analysis of floodplain or riparian habitat restoration benefits. 
The revised appendix will include this analysis. If the comment is in reference to 
the conservation measures themselves, we can work with the agencies to identify 
more specific areas where this restoration can occur to both benefit covered fish 
and avoid interruption to the flood control system. 

*Increased residence times and reduced flushing of the Delta by Sacramento River water 
appear likely to result in interior-Delta channels that are further dominated by agricultural 
runoff, invasive aquatic vegetation, warmer temperatures, and increased algal productivity 
with its associated dissolved oxygen swings. These environmental conditions favor non-
native/invasive species (e.g. Egeria densa, largemouth bass, water hyacinth, Microcystis) and 
disfavor native fishes. The Delta is already more biologically similar to a lake than it once was, 
due to the historical accumulation of human modifications. We expect that by reducing Delta 
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flows, the Preliminary Project would likely facilitate the spread of habitat conditions that are 
unfavorable to delta smelt, and and less favorable to other target fish species survival and 
recovery. 

ICF Response: There may be potential adverse effects related to increased 
residence times, but there may also be beneficial effects such as increased 
production of phytoplankton that result from increased residence times. ICF will 
consult with DWR and the fish agencies in order to determine the elements 
needed to produce a more robust characterization of potential changes in 
estuarine habitat that may be caused by residence time changes. 

Issue Area 3: The Effects Analysis relies on selective use and interpretation of statistical 
and mathematical models 

*The effects analysis did not use the available splittail life cycle model at all to support its 
Net Effects conclusion. There is a published stage-based life cycle model for splittail where the 
effects of various environmental variables were examined for their effects on long-term 
trajectory of population abundance. This model helped frame the preferred time-interval for 
floodplain activation necessary to ensure splittail persistence in the Central Valley. This 
available approach to an Effects Analysis for a listed species of native fish was not discussed in 
the present Effects Analysis. 

ICF Response: This comment was provided to ICF on the life cycle models 
appendix in December 2011. This appendix is currently under revision and we 
are currently working on how to incorporate more and better models for all of 
the covered fish species, including the splittail model. However, many of the life 
cycle models currently available are limited in their application to the effects 
analysis because they cannot easily (or at all) incorporate a changed 
configuration of the Delta, as is proposed by the BDCP. ICF agrees that the 
splittail model developed by Moyle et al. (2004) was a useful effort to 
characterize population dynamics of the species. However, aspects of that model 
pose significant challenges for its use in the BDCP effects analysis. As noted by 
Moyle et al. (2004: 36), “While the model can be made to simulate population 
dynamics that mimic the natural situation, actual numbers for mortality and 
survival rates are lacking for the most part, so it is hard to distinguish among 
various sources of mortality.” To our knowledge, such data shortcomings remain 
for splittail. 

Further, Moyle et al. (2004: 37) noted that the ability of the model to estimate 
consequences of entrainment loss of splittail at the south Delta pumps would 
require the model to be sectored into spatial segments. South Delta entrainment 
is an important example of a stressor that would be changed because of BDCP. 
The required model restructuring would be a substantial effort that may be 
challenging to apply, given the lack of proportional entrainment loss estimates 
for the species. We also note that the model uses year type as a proxy for changes in 
spawning habitat availability and therefore does not estimate the effect of increasing 
inundated floodplain acreage at a given flow, which is a potential important effect of BDCP 
with respect to splittail. 
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In conclusion, ICF will acknowledge the model’s main findings in the life cycle 
models appendix and the net effects analysis; however, without significant 
additional efforts to further refine the model, its application in the effects 
analysis would be challenging and is unlikely to alter the main conclusion for 
this species, i.e., that BDCP has the potential to produce substantial benefits 
based primarily on increased floodplain availability. However, ICF will continue 
to investigate the applicability of the splittail model, and other life cycle models, 
for use in the effects analysis. 

*The effects analysis did not use the best available longfin smelt statistical models to 
support its net effects conclusion. The newest published statistical analyses of longfin smelt are 
quasi-life cycle models that account for prior abundance and spring flow influences (among 
other factors) on this species. These models were discussed and discounted as not being ‘life 
cycle models’. Dismissing them because they are not ‘life cycle models’ is unhelpful: they are 
the best available scientific tools to evaluate project effects on longfin smelt. The older 
regression models that were used in the effects analysis are published, but can easily be shown 
not to perform as well as the newer models. The older models also average the flow influence on 
longfin smelt across half a calendar year, which likely affects conclusions about the reduction in 
springtime outflow seen in modeling outputs for the Preliminary Proposal. We look forward to 
working with our partners and providing technical assistance as this issue is resolved. 

ICF Response: In developing the effects analysis for longfin smelt consideration 
was given to three types of statistical approaches that included (1) simple linear 
regression analyses that had previously been published in the literature 
depicting relationships between average Delta outflow and/or X2 location during 
the late winter and spring months and subsequent indices of fall abundance; (2) 
more sophisticated statistical analyses of various potential covariates on indices 
of longfin smelt abundance at various life stages; and (3) statistical lifecycle 
models depicting the effects of various covariates on the abundance and survival 
of longfin smelt over their lifecycle. In reviewing the various approaches and 
supporting data and information consideration was given to using multivariate 
statistical analyses such as those developed by Thompson et al. (2010) and Mac 
Nally et al. (2010). These analyses, however, focus on individual life stages of 
longfin smelt and do not reflect the species lifecycle. In addition, these statistical 
models include a number of covariates (e.g., indices of zooplankton food 
supplies) that have been based on prior monitoring but are uncertain in the 
future. The effects of BDCP actions such as changes in hydrodynamics can be 
predicted using existing tools such as CALSIM which are compatible with the 
simple outflow vs. abundance relationships and were used in the analysis. 
Analytical tools are not available to predict the response of many other 
covariates such as the ability of BDCP tidal habitat restoration to produce 
quantitative estimates of zooplankton densities available as a food resource for 
various lifestages of longfin smelt in the future. Similarly, although there are 
currently several efforts underway to develop statistically based lifecycle models 
for longfin smelt no lifecycle model exists that could be applied to the Effects 
Analysis. In addition, many of the lifecycle model statistical analyses also include 
various covariates that will be difficult to predict as a response to BDCP 

BDCP1673



April 2012 

17 

conservation actions. As a result of the difficulties in predicting many of the 
needed covariates that may respond to BDCP actions in the future and the lack 
of a lifecycle model that could be applied to the longfin smelt analysis these 
approaches (2 and 3 above) were not used in the longfin smelt effects analysis. 

We agree that additional consideration can be given to refining the simple 
regression approach by using more biologically meaningful seasonal time 
periods, alternative sample data to develop indices of population abundance 
(e.g., CDFG bay otter trawl collections), and other refinements to the statistical 
tools. Further consideration can also be given to the use of focused sensitivity 
analysis of the multivariate covariate statistical tools to inform the range of 
uncertainty in the effects of various levels of response of zooplankton 
populations and other covariates to future BDCP actions. Further consideration 
can also be given to various focused experimental and monitoring efforts that 
could be implemented in the near-term to provide better information on the 
response of longfin smelt and other covariates to changes in environmental 
conditions such as Delta outflow. Consideration can also be given to results of 
longfin smelt lifecycle model analyses in the near-term when they become 
available and can be used as a basis for further qualitative and quantitative 
analysis of the potential response of longfin smelt to BDCP actions. We look 
forward to participating in discussions with BDCP partners to discuss these and 
other potential analyses and additional data collection efforts that can be 
conducted over the near-term to improve the Effects Analysis for longfin smelt. 

*The effects analysis continues to insist on an analytical approach to entrainment that does 
not reflect the best available science. The current Draft Effects Analysis (as of September 13, 
2011) downplays the potential effects of entrainment to the delta smelt population: (e.g., Section 
B.1.1.1), “[H]owever, analyses to date have not found correlation between entrainment and 
population level responses of delta smelt ...” The delta smelt population is now at historically-
low abundance and population losses due to entrainment may have significant population effects 
depending on their magnitude and frequency. While it is true that some regression-based 
analyses have failed to reveal an export affect to the delta smelt population, other approaches that 
more effectively investigate the role of fish distribution to entrainment have revealed an 
important relationship between water operations and the risk of population-level entrainment 
effects to delta smelt. Kimmerer (2011) demonstrated that entrainment losses averaging 10% per 
year can be “…simultaneously nearly undetectable in regression analysis, and devastating to the 
population.” We look forward to working with our partners to ensure that the best model-based 
analyses of proportional entrainment for both South- and North-Delta diversion facilities are 
brought to bear to resolve this issue. 

ICF Response: The revised appendix (March 2012) incorporates a regression 
that reflects the FWS’s 2008 approach while also adjusting per Kimmerer 2011. 
Additionally, the appendix more clearly describes the various studies that have 
been performed relative to the relationship between entrainment and delta 
smelt. While there are no statistically established links between delta smelt 
abundance and entrainment, there is an appendix dedicated to entrainment in 
which delta smelt are thoroughly analyzed. 
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*We think that the delta smelt state-space model is a useful framework to explore 
hypotheses about what drives delta smelt abundance. However, the Maunder-Deriso model is 
a new application that needs additional collaborative work before it reaches maturity. We are 
concerned that the present model may have identifiability problems, as we discussed in our 
technical comments last fall. Until that concern is resolved, we are unsure whether the parameter 
estimates developed in that model represent what they are described to represent. We are also 
unsure why the model uses the official DFG Fall Midwater Trawl Abundance indices for delta 
smelt, but does not use the official DFG Summer Townet Survey or 20 mm Survey abundance 
indices. The rationale for this (which may be simple) is not explained. The model also assumes a 
specific form of density dependence between generations. We have questioned the 
appropriateness of this choice, because on very thin ground it limits the universe of plausible 
explanations for delta smelt reproductive success that can be derived from the model. 

The intent of this new model was to explain a specific historical dataset, and other than some 
broad assumptions it does not contain much of the mechanism presented in current delta smelt 
conceptual models (like DRERIP, or POD conceptual model, or the Fall Outflow Adaptive 
Management Plan conceptual model). The published version of the model used data through 
2006. The model was updated for the Effects Analysis to include data through 2010. When this 
was done, the model fit deteriorated dramatically relative to what was reported in the paper. 
While this does not (at all) cause us to think it should be discarded, it does underscore questions 
about the maturity of the tool. The current model’s success in fitting a specific set of historical 
data may not translate to good predictions of the the effects of flow and habitat change. The 
current model may perform still more poorly when CALSIM II water operations outside the 
envelope of historical experience are used as input. 

It is important for the Effects Analysis to acknowledge that some data that may prove to be 
essential to modeling delta smelt or longfin smelt dynamics have been collected only recently. 
There are a number of studies now underway that address questions about fall outflow processes 
and delta smelt ecology as a whole. The novelty of the Maunder-Deriso model, and existence of 
other tools and analyses taking a process-oriented approach to to predicting the effects of flow 
and habitat changes, make the framing of the effects analysis very important. It is equally – 
possibly more – important that uncertainty at all levels be properly developed and acknowledged. 
Achieving these things, which are important to having an effects analysis we can rely on, will 
require work and a willingness to adapt on the part of ICF. We look forward to continuing to 
work with ICF and our other partners to ensure that the best science is identified and used 
defensibly in the effects analysis. 

ICF Response: ICF is currently coordinating with the model developers, to 
establish a mechanism for further review of this model as well as running 
sensitivity analyses to better inform the effects analysis. ICF also agrees that new 
information is constantly emerging that must be incorporated into the effects 
analysis, but just as important-or more so-must have a framework for 
incorporation into implementation of the BDCP. ICF looks forward to 
developing that framework in collaboration with the agencies to ensure a process 
is in place to utilize new information to benefit covered species throughout the 
life of the plan. 
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Issue Area 4: The BDCP’s net effects conclusions rest on an equivocal food web conceptual 
model 

*The FWS agrees that the pelagic food web that historically supported greater abundance 
of estuarine fishes including longfin smelt and delta smelt has been impaired and that 
contributing to its restoration is a key component of a conservation strategy for the Bay-
Delta. However, food limitation is a ubiquitous feature of ecology in the Bay-Delta. It affects 
non-native species as well as the BDCP target species. Thus, the issue is not really “food 
limitation” per se. Rather, the issue is food web pathways and the number of steps in a food 
chain between primary producers (phytoplankton and plants) and the BDCP covered fishes. For 
the smelts, the desired food pathway would be dominated by this short food chain: diatoms � 
calanoid copepods and mysids � low-salinity zone fishes. The short food chain outlined above 
dominated the historical low-salinity zone food web. Longfin and delta smelt are highly 
dependent on it (and minor variations of it). The other BDCP target fishes also use it, but have 
more generalized diets that often include benthic organisms and riparian and floodplain insects. 
The draft appendix has a very long section on food web changes when a simpler summary of the 
major points would be more effective. 

The focus of food web restoration in the effects analysis is on floodplain and tidal marsh 
restoration. The production of diatoms may have been limited by disconnecting floodplains from 
their rivers and by reclaiming tidal marshes. These are the primary hypotheses behind the BDCP 
habitat restoration conservation measures. However, the two best-substantiated drivers of diatom 
suppression are overbite clam grazing and ammonium concentrations in the estuary. The 
suppression of diatoms is hypothesized to have provided a competitive advantage to lower 
quality primary producers and primary producers like Egeria densa and Microcystis that have 
virtually no food web value to the BDCP target fishes. This change in the base of the food web 
has reduced the amount of fish production that can be supported by the historical diatom-based 
food chain, and forced the fish to rely on other longer and more energy-limited food pathways. 
Longer food chains are less productive, and do not support as many fish. Because splittail and 
young Chinook salmon are the covered species that most extensively utilize floodplains and tidal 
marsh networks, they should be expected to gain the greatest food web benefits that restoration 
of these habitats can provide. However, this is not what the Net Effects concluded. Rather, it 
concluded that habitat restoration would provide greater benefit for the smelts despite their 
limited overlap and more restricted diets. 

Shortcomings in the Net Effects resulting from mischaracterization of processes limiting transfer 
of production in new habitat areas to native fish biomass renders the present analysis inconsistent 
with best available science, and we are reluctant to rely on it to judge the design of the 
preliminary project. As with other modeling issues, we look forward to working collaboratively 
with our partners as these issues are resolved. 

ICF Response: The key role of clams on the delta food web is discussed 
extensively in the effects analysis. The role of ammonia is acknowledged though 
its source is presently beyond the scope of the BDCP. The discussion of food web 
effects is currently under revision and will include discussion of these issues to be 
as clear as possible how these factors interact with the food productivity 
potential for BDCP. In regard to the differences in food selection between smelt 
and salmon and the relative differences in response in the HSI, it is important to 
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regard each of the HSI models as independent---comparisons of response 
between species is not appropriate as rating curves have been established for 
each species independently and there is no attempt to calibrate response between 
species. The limitations of the existing analysis are acknowledged in the effects 
analysis. 

While multiple observers have noted the desirability of a more complete food 
web analysis, no method has been advanced. Most observers acknowledge that 
the limited quantitative analysis in the effects analysis must be combined with a 
firm qualitative analysis and discussion that addresses these limitations and 
reaches qualitative conclusions regarding the benefits of restoration on the food 
web. 

Issue Area 5: The analysis and interpretation of BDCP are hindered by indeterminate 
model baselines and related issues 

*A key point of continuing analytical confusion is the use of multiple baselines. The current 
set-up for the BDCP employs two ‘base case’ model runs (EBC1 and EBC2). The EBC1 does 
not include the full suite of elements in the current FWS and NMFS OCAP RPAs. The EBC2 
attempts to include the RPAs in their present-day form, but it does not accurately capture them 
all. There are numerous cases in Chapter 5 where it is not clear what Project model result is 
being compared to which baseline condition. This generates confusion. We look forward to 
continuing to work with our partners to be sure that baselines used in the effects analysis are 
appropriately constructed and are used clearly and correctly. 

ICF Response: Please clarify what is meant that not all components of the RPA 
are ‘adequately captured’ in EBC2. Also, ICF will strive to be as clear as 
possible regarding which baseline is used for comparison in Chapter 5 and its 
appendices. 

*CALSIM II demand representation in 2060 studies should have some justification. Some 
explanation for, or error estimate of, assuming a 2020 level water demand for a 2060 climate 
change simulation should be made. Presumably portions of the State (Southern California, the 
American River Basin, etc.) are going to continue to grow through 2060. Some estimate in the 
change of cropping patterns over the 40 years (2020 – 2060) should also be made (or at least a 
write-up of why it cannot be made) should be included. Without clear resolution of this issue, it 
appears to us that the modeling may underestimate water demand in the late long-term. We are 
unable to provide technical assistance on this issue, but look forward to its resolution. 

ICF Response: a. The water demands in the CALSIM II model are based on 
2030 projected level of development. The Sacramento Valley hydrology used in 
the CALSIM II model reflects 2020 land-use assumptions associated with 
Bulletin 160-98. The San Joaquin Valley hydrology reflects draft 2030 land-use 
assumptions developed by Reclamation.  

The water demands for Late Long-Term (Year 2060) conditions are assumed to 
remain the same as those at 2030 level in CALSIM II, because the demands 
assumed for 2030 level of development in CALSIM II for both CVP and SWP 
are already at the full build-out for the contracts. CVP and SWP agricultural 
demands south of the Delta are fixed at maximum contract amount and do not 
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vary year to year. Full Table A water demands are assumed for the SWP 
contractors. Also, full water rights are assumed for the water rights holders to 
account for future growth. In CALSIM II, only the demands assumed in the 
north-of-the-Delta are dependent on land-use as reported in the Bulletin 160-98. 
The implications of the resulting changes in the water deliveries on the current 
land use are evaluated in the Socioeconomics chapter of the EIR/EIS. 

*The proposed restoration in each “Restoration Opportunity Area” (ROA) is only 
compared against the lands bounded within the ROAs, which themselves lie in larger 
regions. These comparisons of present-day ROA habitat to future ROA habitat are inappropriate 
– especially in cases like the east and south Delta ROAs, which are currently dry land. 
Mathematically, if a terrestrial habitat is subsequently flooded, the improvement for target fishes 
increases by an infinite percentage even if the habitat performs poorly because a habitat 
suitability index that is even a tiny fraction of 1 is still infinitely higher than zero, which is the 
suitability of dry land to fishes. Habitat analyses need to be based on comparisons against 
currently available aquatic habitat acreages in the entire regions containing the ROAs. They also 
need to be synthesized and integrated into Plan Area-wide totals, with river flow and climate 
changes incorporated, in order for the analyses to be meaningful. 

ICF Response: ICF is currently revising the HSI modeling to include the entire 
Plan Area to address this concern. We have been working with the agencies to 
also adjust the curves used for each species and together, these refinements 
should substantially improve the analysis of habitat restoration. 
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NMFS List of Issues Unresolved in BDCP Administrative Draft  

(4/2/2012) 

• Hood Diversion Bypass Flows 

The Effects Analysis of the Preliminary Proposal (PP) raises concerns over reduced flows 
downstream of the North Delta diversions, especially in winter and spring months. These 
flows relate to: 

A. Increased frequency of reversed Sacramento River flows at the Georgiana Slough 
junction. The January 2010 PP rules included a provision that north Delta pumping would 
not increase these reverse flows. Calsim II results provided by CH2M-Hill indicate that 
the PP will increase the percent of time Sacramento River flows are reversed, causing 
increased entrainment of juvenile salmonids into the Central Delta. If the frequency of 
reverse flows increases due to the PP, then the diversion amounts allotted under the PP 
could not be implemented. The DSM2 analysis of reverse flows in the DPM suggests that 
tidal marsh restoration in the Delta will nearly offset both the effects of sea-level rise and 
large water diversions from the Sacramento River, a conclusion which needs much more 
explanation in the EA (see comment on tidal marsh effects). 

B. Long-term viability of sturgeon populations. There are concerns that Sacramento 
River flow reductions will impact the reproductive success of white and green sturgeon, 
which have been documented to produce strong year classes mostly in years with high 
flows in April and May (AFRP study). We do not know if this has been addressed in 
revised Appendix C.  

1. Further explanation and analysis of the reverse flow issue. 

2. Work with the Services to find a diversion scheme that is still likely to be permittable 
after adequate modeling and analysis has been conducted. 

ICF Response: We agree and will work to better explain this issue and work 
with the fish and wildlife agencies to find a diversion scheme that can move the 
project forward. 

• Salmonid Net Effects  

All salmonid species are grouped together, with no separate evaluations for the separate 
ESUs of Chinook salmon or for steelhead. It is important for the net effects analysis to 
describe individual ESUs/species, and provide full consideration of the life-history 
diversity and timing exhibited by each ESU/species. We also need the Sacramento River 
populations and San Joaquin populations for Spring-run Chinook, Fall-run Chinook, and 
Central Valley steelhead summarized by river basin, prior to the roll-up by ESU/DPS. 
Steelhead life-history and ecology especially warrant a separate evaluation. “Net effects” 
is useful for comparing alternative operations, but will not provide the robust effects 
analysis needed for ESA purposes (see comment on ESA baseline). 

Separate all Chinook by ESU, by San Joaquin and Sacramento populations, and separate 
steelhead in all analyses and discussion. 
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ICF Response: We agree as was noted in the Chapter 5 Admin Draft. We plan to 
work closely with the fish and wildlife agencies to develop separate analyses for 
each salmonid run and, where appropriate, each population.  

• ESA Baseline, Future Conditions, and Climate Change 

In order to conduct the ESA jeopardy analysis on the PP, the baseline condition and 
projections of future baseline conditions, including effects of climate change, need to be 
re-written to be consistent with the 2009 Biological Opinion and current case law. ESA 
regulations define the environmental baseline as “the past and present impacts of all 
Federal, State, or private actions and other human activities in the action area, the 
anticipated impacts of all proposed Federal projects in the action area that have already 
undergone formal or early section 7 consultation, and the impact of State or private 
actions which are contemporaneous with the consultation in process.” Implicit in this 
definition is a need to anticipate the future baseline, which includes future changes due to 
natural processes and climate change. For the ESA jeopardy analysis we add the effects 
of the proposed action to the environmental baseline to determine if there will be an 
appreciable reduction in the likelihood of survival and recovery of the species (by 
reducing its reproduction, numbers or distribution).  

Upstream effects associated with climate change need to be in the baseline and future 
conditions, with any effects of the project (in the Delta or associated with upstream 
operations) added to that future condition to determine jeopardy. A project proposed in 
this type of baseline conditions needs to more than offset its effects in order to alleviate a 
jeopardy finding. 

ICF Response: This is an issue that legal staff from the fish and wildlife agencies 
should address with DWR legal counsel. It is critical that this issue be resolved 
quickly because of its implications for the effects analysis. 

• Analysis of Water Temperature Impacts 

Lethal and sub-lethal water temperature thresholds need to be examined at a finer scale. 
Currently the effects analysis relies heavily on a Reclamation water temperature model 
which can only estimate monthly values, which have limited value for predicting project 
effects on fish. In addition, the effects analysis has only presented frequencies of 
temperature threshold exceedances, while the magnitude and duration of exceedance is 
also very important. We do not know if this has been addressed in revised Appendix C. 

1. Provide tables and probability plots of magnitude and duration of temperature 
exceedances at certain upstream locations, by water year type and month. 

2. Technical discussion with Reclamation and CH2MHill about how to post-process data. 

3. Investigate the use of SWFSC’s Sacramento River temperature model to predict 
project effects and make hindcasts of empirical temperatures. 

4. Investigate the use of the new American River temperature (and storage and flow?) 
model 
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ICF Response: Regarding the additional temperature exceedences analysis, this 
comment was also made on Appendix C and we would like to further discuss 
how this analysis would contribute to the overall net effects analysis and how it 
could be done in a way that is clear and useful. ICF will work with the agencies 
to determine the potential application of the SWFSC and American River 
models. 

• Assumption of Habitat Restoration CM Success  

In several places, the EA assumes that adverse impacts of the PP will be offset by 
unsubstantiated benefits of habitat restoration. The EA assumes that all restoration will be 
successful and work as predicted, with little or no evidence to support this prediction and 
no attempt to analyze the potential outcomes of less than perfect success. 

1. It is imperative to avoid language such as “This conservation measure will...”, 
because the anticipated CM outcomes are based on conceptual thinking, not execution. 
To be able to comprehensively think through the adaptive management and monitoring 
plan, implementers need to try to anticipate a range of responses that must be managed 
in order to be prepared for the uncertainty of the response. 

2. Alternative outcome scenarios should be evaluated to bracket the range of possible 
outcomes from proposed habitat restoration. 

ICF Response: We can be clearer about the assumptions that create the 
foundational analysis of habitat restoration benefits. With little empirical data, 
no site-specific plans, and a long-term planning period, even ranges of potential 
outcomes would not provide more meaningful analysis. However, we can be 
clearer that a range of outcomes can be expected, and develop the adaptive 
management plan, including monitoring and research, to address those 
outcomes. We can work with the agencies to describe what that potential range 
may be. We can also clarify that the success of restoration effects is expected to 
increase over time as more projects are implemented and we learn from each 
project. 

• Overreliance on Real-time Operations and Adaptive Management 

In several places, the EA assumes that adverse impacts of the PP will be fully resolved 
through the implementation of real-time operations and adaptive management. This may 
not always be possible. For example, long-term trends towards reduced carryover storage 
may not be able to be mitigated using real-time operations. How adaptive management 
might work in this situation has not been fully assessed. There are going to be limitations 
on what adaptive management and real time operations can accomplish. 

Examine recent (five to ten years) real-time management of the cold water pool in Shasta 
Reservoir to determine both the effectiveness of real-time operations and a range of 
adaptive management options.  

ICF Response: We agree that recent years can be evaluated to determine how 
well cold-water pool and temperature standards in upstream areas can operate. 
Additionally, we propose exploring the inclusion of upstream temperature 
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controls in the modeing of the effects analysis to reduce uncertainty of these 
effects and to offset CALSIM’s modeling approach to better reflect the actual 
operations of the project.  

• North Delta Diversion Effects 

Mortality rates from predation and other screening effects are difficult to predict, as there 
is a high level of uncertainty associated with predation and other effects on juvenile 
salmonids. The estimate of <1% loss at all 5 screens is not sufficient without giving 
additional consideration to higher estimates of mortality (GCID empirical studies showed 
a 5% per screen loss rate, much higher than the <1% used in the DPM). 

1. Bracket the analysis of screen related mortality around a 5% per screen loss 
assumption. 

2. Investigate the use of DWR’s hydrodynamic model to assess local flow alterations at 
the proposed diversion structures, including the creation of predator holding areas. 
Specific questions are whether the model can simulate on-bank structures and the 
additional hydrodynamic effects of active pumping. 

ICF Response: We would like to review and discuss with you the empirical data 
from GCID to develop the appropriate range of predation that should be 
evaluated for the north Delta intakes.  

• Predator Control Conservation Measure 

We agree that predation is a significant risk factor to the listed species, but the assumed 
positive results of this CM are questionable and unsupported (see F.5.4.1.4 in Appendix 
F). As an example, localized control of striped bass may not be feasible as this species 
exists throughout the Plan area and are highly mobile. Few specific details have been 
presented on how the CM will be implemented, and an aggressive predator removal 
program could result in significant incidental take of listed species. Due to the high level 
of uncertainty, we find it very unlikely that we could rely on this measure for any benefits 
during the permit process.  

Remove this CM measure from the plan, and move it to an experimental research 
program and link to adaptive management. Reflect this appropriately in the EA. 

ICF Response: We propose discussing with the agencies which areas are most 
important targets for predator removal and further develop a description to 
reduce uncertainties about its effectiveness in those key areas.  

• Delta Passage Model 

DPM is used as the sole predictor of smolt survival in baseline and PP scenarios. 
However, the assumptions, inputs, and results are still being validated and reviewed. The 
datasets used in this model are very limited and largely based on results from hatchery 
late-fall run Chinook, which are then being applied to other runs of Chinook.  

Continue refinement and development of DPM. Weigh validity of results against those of 
other models and relationships. The use of Newman, 2003 may be another tool to use for 
assessing the survival of fall and spring run smolts through the Delta.  
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ICF Response: We agree and appreciate the collaborative nature in which we’ve 
been working to move this analysis forward. We will investigate the use of 
Newman 2003.  

• Deficient Analysis of Fry Passage/Survival 

Because the DPM model is only for smolt sized fish, the salmonid analysis is insufficient 
as it provides no information on fry-sized salmonid passage/survival. 

Add qualitative analysis of fry survival based on best available data. Perhaps add 
time/added mortality to a modified version of an updated DPM model.  

ICF Response: We agree and recently submitted the revised Flow Appendix 
(Appendix 5.C), which included a new model (Yolo Bypass Fry Growth) for 
analyzing the differences in survival and growth among scenarios. Although this 
model is currently specific to fall-run Chinook, it could be expanded to all 
salmonids. ICF looks forward to continued collaboration on this effort.  

• PTM Runs Inadequately Capture Altered North Delta Hydrodynamics 

PTM model runs did not include conditions in which ND diversions would be at the 
upper limits of allowable pumping (high proportion of total river flow). The technical 
memo from NMFS and USFWS highlighted the issue and the resolution to the problem. 
We will need additional modeling runs to adequately assess ND diversion impacts on 
salmonid travel time and route entrainment.  

Do additional PTM analysis following guidelines outlined in NMFS/USFWS memo.  

ICF Response: We plan to work with the agencies to develop more informative 
PTM runs for this issue as well as others in the north Delta subregion (i.e., 
agricultural diversions). 

• D1641 Export/Inflow Ratio 

Combined north and south Delta exports under the PP exceed the current D-1641 Delta 
Export/Inflow standard. (The PP calculation method measures Sac River inflow below 
the North Delta diversions and does not include ND diversions as part of total exports). 

1) Provide summary analysis of differences between PP and EBC by month and 
water year type using alternate E/I calculations. 

2) Show resulting flow data for both calculation methods. 

ICF Response: We will work with the agencies to develop this analysis. 

• Yolo Bypass 

Yolo Bypass has great potential for fisheries benefits, but the current EA may be 
overstating the benefits without adequate studies or data to support these conclusions. 
Without project specific plans to help quantify the effects, concerns remain about issues 
such as sturgeon passage, juvenile salmonid survival under lower flow regimes, ability to 
get juveniles into the floodplain through notch and reduction of flows in the mainstem 
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Sacramento River to accommodate additional flooding in Yolo Bypass. Also, some 
races/runs of salmon may not have access to Yolo Bypass. 

Provide project specific plans and consider the risks of managing the floodplain under 
lower flows related to issues above.  

ICF Response: Project-specific plans for the bypass have not yet been developed, 
but through adaptive management, coordination with agencies during 
permitting and design, and maintenance, the uncertainties associated with CM2 
can be reduced. Additionally, we propose exploring a sturgeon rescue program 
as part of this CM to ensure reduced uncertainities.  

• Channel Margin Habitat 

Altered flows resulting from the North Delta diversions may result in reduced water 
levels affecting the percentage of time that current wetland and riparian benches are 
inundated. 

Compare anticipated water levels under future scenarios with those in the design 
documents of restored wetlands and riparian benches to analyze potential dewatering of 
those features. 

ICF Response: We agree and this analysis is included in the revised Appendix C. 

• Construction and Maintenance Impacts 

The EA does not adequately address the potential for adverse impacts on sturgeon, fall-
run Chinook adults, and steelhead adults, which are generally present in the project area 
during the proposed in-river work windows described for construction and maintenance 
of North Delta facilities. 

Discuss ways of minimizing impacts and implementing mitigation for species not 
protected by work windows. 

ICF Response: We can discuss additional methods for minimization besides 
restoration. 

• Tidal Marsh Impacts on Riverine Flow 

The effect analysis assumes that restored tidal marsh will act to decrease flow reversals, 
which has not been well explained. It seems that tidal marsh restoration was modeled as a 
single configuration; there has been no description of that configuration to indicate how 
they were implemented in the hydrodynamic models. Therefore, there is a lot of 
uncertainty regarding model results. 

Document changes to hydrodynamic models that were implemented to characterize tidal 
marsh restoration. 

ICF Response: While some information will not be made available to the public, 
and therefore won’t appear in the EA, we have substantially expanded the 
discussion of assumptions and modeling efforts used for the analyses. Some of 
this information is in the revised App C.  
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• Cumulative Effects Show Long-Term Viability Concerns for Salmon 

The analysis indicates that the cumulative effects of climate change along with the 
impacts of the PP may result in the extirpation of mainstem Sacramento River 
populations of winter-run and spring-run Chinook salmon over the term of the permit. 

1) Incorporate operational criteria into the PP that will protect and conserve suitable 
habitat conditions in the upper river for the species under the 50 year HCP (these 
operational criteria should be designed to meet the performance criteria in the NMFS 
BiOp RPA). 

2) Convene a 5-agency team of experts specialized in Shasta operations and temperature 
management to develop the above described operational criteria. 

ICF Response: As NMFS and others have pointed out, the projected adverse 
temperature regimes under both existing conditions and the PP in early and late-
long term, are unlikely to occur under current real-time operation practices. As 
a result, the potential cumulative effect of both climate change and the project 
may be misinterpreted. As described above, we would like to discuss the 
inclusion of temperature controls in the modeling, which would likely eliminate 
or substantially reduce the actual likelihood of BDCP contribution to extinction, 
and may help to offset some of the climate change effects under some 
circumstances.  

• Holistic Estuarine Evaluation  

The effect analysis should examine synergistic and cumulative ecological impacts 
associated with reducing inflows to an estuary that is already severely degraded, and 
discuss the importance that water quantity, quality, and the natural hydrograph have to 
the ecosystem, as well as the direct impacts on native fish species. So far, the impacts to 
fish have mostly been examined in a piecemeal fashion (e.g., examining impacts of flow 
reduction on adult homing).   

Incorporate a holistic evaluation of impacts on the estuarine ecosystem. Include 
discussion of the importance of water quantity, quality, and the natural hydrograph to the 
ecosystem, and the direct impact that changes to these conditions have on native fish 
species. 

ICF Response: We would like to discuss this comment and request additional 
detail about what is meant. The net effects analysis is an attempt to weave 
together all of the various effects on the species, including the interaction of 
various effects. For example, we examined how changes in the location of the low 
salinity zone could affect distribution of delta smelt and how that would change 
their exposure to microcystis. Likewise, the hydrodynamic modeling integrates 
the changed tidal exchange based on a restoration configuration. Because the net 
effects analysis is qualitative in nature, our ability to evaluate synergistic or 
interactive effects is mostly limited to pairwise comparisons or linear sequences 
of effects, as opposed to multivariate effects. However, we agree that more 
information can be developed to demonstrate the similarities and differences 
between the project and historical conditions. If the fish and wildlife agencies 
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could provide examples of the synergies that are missing from the effects 
analysis, we could focus on those effects.  

• Burden of Proof 

Deference should be given to known population drivers and documented relationships 
(e.g., sturgeon recruitment relationship with flows is well documented, though the exact 
mechanism is not completely understood). Since flow is a key component of habitat for 
aquatic species, do not assume that it can be substituted for by other actions.  

Do not assume that incremental benefits in a conservation measure will compensate for 
known population drivers related to flow. 

ICF Response: The analysis considers all of the potential effects together to 
determine the total effect on the species. We can work with the agencies to 
determine how to weight different analyses or include an improved description 
or justification for certainty ratings. 

• Incomplete Analyses and Documentation 

The full appendices were not released concurrently with Chapter 5 which makes review 
of the results problematic.  

Provide all appendices/analysis simultaneously so Services can have all pertinent 
information used in Effects Analysis summaries without having to backtrack weeks later. 

ICF Response: We have been coordinating with the agencies to develop these 
revisions and expect that these revisions address agency concerns. A revised 
Appendix C was released on 4/13/12 and the revised Appendix B was released on 
3/30/12.  

• Insufficient Biological Goals and Objectives 

The conservation measures are sometimes defining the BDCP species objectives, which 
is insufficient. 30% juvenile through-Delta survival is not a suitable goal for a 50 year 
conservation plan. 

The BDCP objectives should be biological, species-level outcomes. 

ICF Response: We are coordinating with the agencies to refine the BGOs.  

• OMR Flows Unimproved in Drier Water Years 

Improved OMR flows under the PP occur during wetter years when OMR is less of an 
issue for covered fish. PP OMR flows are often worse than, or similar to, EBC in drier 
years. Sacramento Basin fish are most vulnerable to entrainment into the central Delta in 
drier years when Sacramento River flows have the potential to reverse and OMR levels 
are below -2,500 cfs. San Joaquin basin fish are best protected by increased Vernalis 
flows and/or a HORB which the PP does not address. 

1. Analyze the risk in different water year types and with different flow levels in the 
Sacramento River.  
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2. Implement Scenario-6 to help address the adverse impacts seen under the PP. 

ICF Response: We are working on a proposal to address water operations issues, 
including those occurring in dry years in the south Delta. We plan to coordinate 
with the agencies soon.  

• Non-Physical Barriers 

Assessment of non-physical barriers is inadequate, and the potential negative effects of 
predation associated with non-physical barriers haven’t been assessed. 

Include analysis of potential adverse effects of non-physical barriers. 

ICF Response: Appendix F includes this analysis, but we agree that additional 
information could be gleaned from the HORB and Georgiana Slough studies.  

• Carry-over of OCAP RPA’s on technological improvements to the South Delta 
Facilities 

By not carrying forward technological fixes in the South Delta called for in the OCAP 
RPAs into the Conservation Measures, we would expect the effects analysis to 
specifically flag this and analyze it as a degradation to future conditions (as compared to 
the baseline which should include the RPA improvements) .  

Add south Delta technological improvement RPA’s to Conservation Measures 

ICF Response: We will work with the agencies to determine how to integrate this 
into the project. 

• Feasibility of 65K acres of Habitat Restoration 

Recent evaluation of land available for habitat restoration indicates potential roadblocks 
to acquiring all the land proposed in the PP. DWR’s own analysis suggests that 65K acres 
is very unlikely. 

Analyze the potential effects of partial implementation of habitat restoration and 
incorporate alternative actions or measures to compensate for this possibility.  

ICF Response: We believe that 65,000 acres of tidal restoration is feasible based 
on recent assessments. We would like to discuss these results with the fish and 
wildlife agencies and ways to improve the documentation to demonstrate 
feasibility. 
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model for Se described here as part of the Delta Regional Ecosystem Restoration Implementation
Plan (DRERIP) draws both from the current state of knowledge of the Bay–Delta and of
environmental Se science. It is an ecosystem-scale methodology that is a conceptual and
quantitative tool to (1) evaluate implications of Se contamination; (2) better understand protection
for fish and aquatic-dependent wildlife; and (3) help evaluate future restoration actions. The model
builds from five basic principles that determine ecological risks from Se in aquatic environments:
(1) dissolved Se transformation to particulate material Se, which is partly driven by the chemical
species of dissolved Se, sets dynamics at the base of the food web; (2) diet drives bioavailability
of Se to animals; (3) bioaccumulation differs widely among invertebrates, but not necessarily
among fish; (4) ecological risks differ among food webs and predator species; and (5) risk for
each predator is driven by a combination of exposures via their specific food web and the species’
inherent sensitivity to Se toxicity. Spatially and temporally matched data sets across media (i.e.,
water, suspended particulate material, prey, and predator) are needed for initiating modeling and
for providing ecologically consistent predictions. The methodology, applied site-specifically to the
Bay–Delta, includes use of (1) salinity-specific partitioning factors based on empirical estuary
data to quantify the effects of dissolved speciation and phase transformation; (2) species-specific
dietary biodynamics to quantify foodweb bioaccumulation; and (3) habitat use and life-cycle data
for Bay–Delta predator species to illustrate exposure. Model outcomes show that the north Bay–
Delta functions as an efficient biomagnifier of Se in benthic food webs, with the greatest risks
to predaceous benthivores occurring under low flow conditions. Improving the characterization
of ecological risks from Se in the Bay–Delta will require modernization of the Se database and
continuing integration of biogeochemical, ecological, and hydrological dynamics into the model.
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Ecosystem-Scale Selenium Model for the San Francisco 
Bay-Delta Regional Ecosystem Restoration Implementation 
Plan (DRERIP) 
Theresa S. Presser1,† and Samuel N. Luoma1,2

ABSTRACT 

Environmental restoration, regulatory protections, 
and competing interests for water are changing 
the balance of selenium (Se) discharges to the San 
Francisco Bay–Delta Estuary (Bay–Delta). The model 
for Se described here as part of the Delta Regional 
Ecosystem Restoration Implementation Plan (DRERIP) 
draws both from the current state of knowledge of 
the Bay–Delta and of environmental Se science. It is 
an ecosystem-scale methodology that is a conceptual 
and quantitative tool to (1) evaluate implications of 
Se contamination; (2) better understand protection 
for fish and aquatic-dependent wildlife; and (3) help 
evaluate future restoration actions. The model builds 
from five basic principles that determine ecological 
risks from Se in aquatic environments: (1) dissolved 
Se transformation to particulate material Se, which 
is partly driven by the chemical species of dissolved 
Se, sets dynamics at the base of the food web; (2) 
diet drives bioavailability of Se to animals; (3) bioac-
cumulation differs widely among invertebrates, but 
not necessarily among fish; (4) ecological risks dif-

fer among food webs and predator species; and (5) 
risk for each predator is driven by a combination of 
exposures via their specific food web and the species’ 
inherent sensitivity to Se toxicity. Spatially and tem-
porally matched data sets across media (i.e., water, 
suspended particulate material, prey, and predator) 
are needed for initiating modeling and for providing 
ecologically consistent predictions. The methodology, 
applied site-specifically to the Bay–Delta, includes 
use of (1) salinity-specific partitioning factors based 
on empirical estuary data to quantify the effects 
of dissolved speciation and phase transformation; 
(2)  species-specific dietary biodynamics to quantify 
foodweb bioaccumulation; and (3) habitat use and 
life-cycle data for Bay–Delta predator species to illus-
trate exposure. Model outcomes show that the north 
Bay–Delta functions as an efficient biomagnifier of 
Se in benthic food webs, with the greatest risks to 
predaceous benthivores occurring under low flow 
conditions. Improving the characterization of ecologi-
cal risks from Se in the Bay–Delta will require mod-
ernization of the Se database and continuing integra-
tion of biogeochemical, ecological, and hydrological 
dynamics into the model.
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INTRODUCTION

The Delta Regional Ecosystem Restoration 
Implementation Plan (DRERIP) process focuses on 
construction of conceptual models that describe 
and define the relationships among the processes, 
habitats, species, and stressors for the Bay-Delta 
(DiGennaro and others 2012). The models use com-
mon elements and are designed to interconnect 
to achieve the goals of evaluating and informing 
Bay-Delta restoration actions. Selenium is recog-
nized as an important stressor in aquatic environ-
ments because of its potency as a reproductive toxin 
and its ability to bioaccumulate through food webs 
(Chapman and others 2010; Presser and Luoma 
2010a). Selenium’s role is well documented in extir-
pation (i.e., local extinctions) of fish populations 
(Lemly 2002) and in occurrences of deformities of 
aquatic birds in affected habitats (Skorupa 1998). For 
Se, exposure is specific to a predator species’ choice 
of food web and physiology, making some predators 
more vulnerable and, thus, more likely than others 
to disappear from moderately contaminated environ-
ments (Lemly 2002; Luoma and Presser 2009; Stewart 
and others 2004). 

Concern about Se as a stressor in the Bay-Delta 
watershed originates from the damage to avian and 
fish populations that resulted when an agricultural 
drain to alleviate subsurface drainage conditions 
in the western San Joaquin Valley released Se into 
the Kesterson National Wildlife Refuge in the 1980s 
(Presser and Ohlendorf 1987). Later it was recognized 
that (1) some aquatic predators in the Bay-Delta were 
bioaccumulating sufficient Se to threaten their repro-
ductive capabilities (SWRCB 1987, 1988, 1989, 1991) 
and; (2) primary Se sources included not only organic 
enriched sedimentary deposits in the San Joaquin 
Valley and elsewhere, but also their anthropogenic 
by-products such as oil (Cutter 1989; Presser 1994; 
Presser and others 2004). Proposals in 1978 and 2006 
to extend an agricultural drain from the western San 
Joaquin Valley directly to the Bay-Delta as a way of 
removing Se from the valley were found both times 
to present substantial and broad ecological risks (e.g., 
USBR 1978, 2006; Presser and Luoma 2006).

Currently, Se contamination is spatially distributed 
from the Delta through the North Bay (Suisun Bay, 
Carquinez Strait, and San Pablo Bay) to the Pacific 
Ocean, mainly from oil-refining discharges internal 
to the estuary, and agricultural drainage discharges 
exported via the San Joaquin River. Regulatory and 
planning processes have intervened in the cases of 
both existing Se sources resulting in a decline in 
contamination since 1986-1992 when concentra-
tions were maximal (SWRCB 1987, 1988, 1989, 1991; 
Presser and Luoma 2006; USBR 1995, 2001, 2009). 
However, the North Bay, the Delta, and segments 
of the San Joaquin River and some of its tributar-
ies and marshes remain designated as impaired by 
Se (SWRCB 2011). More recently, the State initiated 
a Se Total Maximum Daily Load (TMDL) process to 
target both agricultural and oil refinery sources of 
Se (SFBRWQCB 2007, 2011) in coordination with 
development and implementation of site-specific 
water quality Se criteria for the protection of fish and 
wildlife by the U.S. Environmental Protection Agency 
(USEPA 2011a). The presence of a major oil-refining 
industry in the North Bay, and the substantial accu-
mulated reservoir of Se in the soils and aquifers of 
the western San Joaquin Valley suggest that the 
potential for ecological risk from Se within the Bay-
Delta watershed will continue into the foreseeable 
future as Se management and mitigation efforts 
take place (Presser and Luoma 2006; Presser and 
Schwarzbach 2008; USBR 2008; Appendix A.1).

Historic and more recent data show that certain 
predator species are considered most at risk from 
Se in the Bay-Delta (e.g., white and green sturgeon, 
scoter, scaup) because of high exposures obtained 
when they consume the estuary’s dominant bivalve, 
Corbula amurensis, an efficient bioaccumulator of 
this metalloid (Stewart and others 2004; Presser 
and Luoma 2006). The latest available surveys of Se 
concentrations in C. amurensis and white sturgeon 
(Acipenser transmontanus) that were feeding (based 
upon isotopic evidence) in Carquinez Strait, Suisun 
Bay, and San Pablo Bay (Stewart and others 2004; 
Linares and others 2004; Kleckner and others 2010; 
Presser and Luoma 2010b; SFEI 2009) continue to 
show concentrations exceeding U.S. Fish and Wildlife 
Service (USFWS) dietary and tissue toxicity guide-
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lines (Skorupa and others 2004; Presser and Luoma 
2010b). Sturgeon contain higher concentrations of Se 
than any other fish species, reflecting their position 
as a top benthic predator (Stewart and others 2004). 
Surveys of surf scoter (Melanitta perspicillata) and 
greater scaup (Aythya marila) that feed voraciously 
on C. amurensis as they overwinter in Suisun Bay 
(SFEI 2005; De La Cruz and others 2008; De La Cruz 
2010; Presser and Luoma 2010b) show Se has bioac-
cumulated to levels in muscle and liver tissue that 
may affect their ability to successfully migrate and 
breed (Heinz 1996; USDOI 1998; Ohlendorf and Heinz 
2011). 

Endangered Species Act requirements led to a num-
ber of species being determined as jeopardized by Se 
in the Bay-Delta under a proposed chronic aquatic 
life Se criterion of 5 µg L-1 (USFWS and NOAA 
Fisheries 2000), including delta smelt (Hypomesus 
transpacificus); longfin smelt (Spirinchus thaleich-
thys); Sacramento splittail (Pogonichthys macrolepi-
dotus); Sacramento perch (Archoplites interruptus); 
tidewater goby (Eucyclogobius newberryi); green 
sturgeon (Acipenser medirostris) and its surrogate 
white sturgeon (Acipenser transmontanus); steel-
head trout (Oncorhynchus mykiss); Chinook salmon 
(Oncorhynchus tshawytscha); California clapper rail 
(Rallus longirostris obsoletus); California least tern 
(Sterna antillarum browni); bald eagle (Haliaeetus 
leucocephalus); California brown pelican (Pelecanus 
occidentalis californicus); marbled murrelet 
(Brachyramphus marmoratus); and giant garter snake 
(Thamnophis gigas). Recent analysis by the USFWS 
(2008a) of 45 species assumed the species most at 
risk depended on benthic food webs: greater scaup; 
lesser scaup (Aythya affinis); white-winged scoter 
(Melanitta fusca); surf scoter; black scoter (Melanitta 
nigra); California clapper rail; Sacramento splittail; 
green sturgeon; and white sturgeon. Not enough 
species-specific information is currently available 
for consideration of Se exposures for the giant gar-
ter snake, an endangered aquatic predator (USFWS 
2006, 2009); the Dungeness crab (Cancer magister), 
an invertebrate that consumes C. amurensis (Stewart 
and others 2004); or for species that are within the 
Dungeness-crab food webs. 

Human health advisories currently are posted for 
the Bay-Delta for the consumption of scoter, greater 
scaup, and lesser scaup based on elevated Se concen-
trations in their muscle and liver tissue (CDFG 2012, 
2013). Selenium was found to be below the level of 
human health concern for consumption of edible tis-
sue in certain species of fish, including white stur-
geon, from the estuary (OEHHA 2011). White stur-
geon contained the highest levels of Se among spe-
cies of fish surveyed. Some individual white sturgeon 
sampled from North Bay locations had Se concentra-
tions that exceeded Se advisory levels, based on spe-
cific consumption rates (see later detailed discussion 
under "Human Health" on page 23). Additionally, 
white sturgeon recreational fishing is limited, based 
on a decreasing species population (CDFG 2012).

It was recently suggested that the traditional regu-
latory approach to managing Se contamination is 
deeply flawed (Reiley and others 2003; Luoma and 
Presser 2009; Chapman and others 2010), and that 
a new conceptual model of the processes that con-
trol its toxicity is needed for regulatory purposes, 
especially in estuarine environments like the Bay-
Delta. In recognition of the issues with the traditional 
approach to deriving a criterion for Se, the USEPA is 
leading a cooperative effort to develop site-specific 
fish and wildlife Se criteria for habitats affected by 
Se in California. Specifically for the Bay-Delta, the 
effort includes protection of Federally listed species 
and designated critical habitat (USFWS and NOAA 
Fisheries 2000; USEPA 2011a). Development of Se 
criteria for the Bay-Delta is proceeding first in this 
effort because the estuary is considered a sensitive 
hydrologic system and habitat in terms of Se and it 
was thought that protection here would elicit regula-
tory compliance upstream (USEPA 2011a). On the 
broader scale, Se is considered a general stressor of 
the estuary, and a constituent that should be ana-
lyzed as part of management and restoration plan-
ning and implementation (USEPA 2011b; NRC 2010, 
2011, 2012).

The cooperative regulatory effort specifically recog-
nizes that the new conceptual model must consider 
(1) the inaccuracies of deriving toxicity from water-
borne Se concentrations; (2) the bioaccumulative 
nature of Se in aquatic systems; (3) Se’s long-term 
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persistence in aquatic sediments and food webs; and 
(4) the importance of dietary pathways in determin-
ing toxicity (USEPA 1992, 2000a; USFWS and NOAA 
Fisheries 2000; Luoma and Presser 2009; Presser and 
Luoma 2006, 2010a, 2010b). Revisions by USEPA 
also are occurring at the national level to incorpo-
rate into the basis for regulation recent advances 
in the environmental science of Se. For example, a 
fish tissue Se criterion and implementation plan are 
being proposed to better integrate dietary exposure 
pathways into regulatory frameworks, and ensure 
an adequate link to toxicity (USEPA 2004, 2011b). 
During this transitional period when species may be 
jeopardized and while Se criteria are being revised, 
USEPA has applied the national chronic freshwater 
Se criterion of 5 µg L-1 to the estuary (USEPA 1992, 
2000a). 

We present here an ecosystem-scale Se concep-
tual model for the Bay-Delta that addresses the 
needs of both the DRERIP process and the USEPA. 
Quantitative applications of the model are also possi-
ble. Quantification provides an opportunity to evalu-
ate site-specific Se risks under different circumstanc-
es, using field data combined with a systematic quan-
tification of each of the influential processes that link 
source inputs of Se to toxicity. The methodology is 
presented in terms of specified DRERIP components 
(i.e., drivers, linkages, and outcomes). As an example 
of how quantitative applications can be used, we 
calculate the dissolved ambient Se concentrations 
that would result in compliance with a chosen fish or 
bird tissue guideline under different assumptions or 
environmental conditions. Uncertainties and model 
sensitivities are illustrated by comparing outcomes of 
different exposure scenarios. The scenario approach 
could facilitate the model’s use by decision-makers 
for quantitative evaluation of restoration alternatives 
for ecosystem management and protection.

MODEL OVERVIEW

The DRERIP Ecosystem-Scale Selenium Model for the 
Bay-Delta (Figure 1) has five interconnected modules 
that depict drivers (sources and hydrology), linkages 
(ecosystem-scale processes), concentration outcomes 

(Se concentrations in water, particulates, and organ-
isms), and food web exposure outcomes (effects on 
fish, wildlife, and human health). Model outcomes 
in Figure 1 are further refined to critical choices for 
modeling and species-specific risk scenarios for the 
Bay-Delta. Together the five modules consider the 
essential aspects of environmental Se exposure: bio-
geochemistry, food web transfer, and effects. They 
also take into account the estuary’s ecology and 
hydrology as well as the functional ecology, physiol-
ogy and ecotoxicology of the most vulnerable preda-
tor species. The modules define relationships that are 
important to conceptualizing and quantifying how 
Se is processed from water through diet to prey and 
predators, and the resulting effect on components 
of the food web. Thus, the DRERIP Ecosystem-Scale 
Selenium Model combines fundamental knowledge of 
Se behavior in ecosystems (Se drivers, linkages, and 
outcomes) with site-specific knowledge of the Bay-
Delta (Bay-Delta drivers, linkages, and outcomes) to 
define site-specific Se risk (Figure 1).

The DRERIP Se submodels provide details for

•	 Sources and Hydrology (submodel A, Figure 2);

•	 Ecosystem-Scale Se Modeling (submodel B, 
Figure 3);

•	 Exposure: Food Webs, Seasonal Cycles, Habitat 
Use (submodels C, D; Figures 4, 5);

•	 Fish and Wildlife Health: Ecotoxicology and 
Effects (submodels E, F; Figures 6, 7); and

•	 Human Health (submodel G, Figure 8).

A human health pathway is designated, but emphasis 
here is on Se pathways to fish and wildlife health. 
The North Bay and the Delta are emphasized because 
the important Se sources have the potential to most 
affect those habitats and ecosystems (submodel A, 
Figure 2). 

The quantitative DRERIP Ecosystem-Scale Selenium 
Model is based upon concepts and parameters devel-
oped elsewhere for a wide variety of aquatic systems 
and their food webs (submodel B, Figure 3; submod-
el E, Figure 6) (Luoma and Rainbow 2005; Luoma 
and Presser 2009; Chapman and others 2010; Presser 
and Luoma 2010a). To quantitatively apply the rela-
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General Se Outcomes

Fish and Wildlife
Health

birds

fish
• deformities
• decreased growth
   and survival
      - larvae
      - fry

• teratogenesis 
• decreased 
   -hatchability
   -chick growth
   -chick survival

Effects to Health

Exposure: Seasonal
Cycles and Habitat Use

Exposure: Food Webs
Intermediate

Bay-Delta Outcomes

location- and
residence time-
specific transects

location- and
residence time-
specific transects

Bay: clam-
based food webs

Delta: insect-
based food webs

Delta

Intermediate risk
• Dry year, low flow season
• Elevated Kd: mixed dissolved Se species
• Generation of particulate adsorbed selenite, selenate
• Aquatic insect (intermediate TTFinsect)
• Chinook salmon and steelhead trout (sensitive species)
• Aquatic-dependent breeding bird (sensitive species)
• Migration and rearing of juveniles 

Lowest risk
• Wet year, high flow season
• Elevated Kd: dissolved selenate 
• Generation of particulate elemental-Se
• Zooplankton (low TTFzooplankton)
• Young striped bass
• Health effects

Intermediate risk
• Dry year, low flow season
• Elevated Kd: dissolved selenite or organo-Se 
• Generation of particulate organo-Se
• Bivalve (intermediate TTF

clam
)

• California clapper rail (breeding resident)
• Maternal transfer to eggs

Intermediate Se Outcomes

Invertebrate
Se concentration

Kd

TTF

= environmental partitioning 
   factor
= trophic transfer factor

Wildlife  
Se

concentration

Fish
Se

concentration

Dissolved Se
concentration

Dissolved Se
speciation 

Particulate
Se concentration

Particulate Se speciation

Kd

TTFinvertebrate

TTFfish TTFbird

• location within salinity and Se source gradients (North Bay, Delta)
• hydrologic residence time or exposure time (water-year type, flow season) 
• transformation and partitioning between dissolved and particulate Se (Kd)
• types of suspended particulate material that form base of food web
• predator’s choice of food (foodweb components)
•TTFinvertebrate (major variability) 

Delta Regional Ecosystem Restoration Implementation Plan Ecosystem-Scale Selenium Model

Trophic
transfer

Bioaccumulation

Bioavailability

Se Drivers

Transformation

Ecosystem-Scale Se Modeling

Receiving-Water
Conditions

Partitioning

Se
Sources

• particulate Se
• hydrodynamics

• dissolved Se
• Se speciation

Freshwater
Inflows

• Delta Mendota Canal
• California Aqueduct
• Contra Costa Canal
• South Bay Aqueduct
• Pacific Ocean

Export

• oil refinery effluent
     • North Bay
• agricultural drainage
     • San Joaquin Valley
        � San Joaquin River
        � Delta Mendota Canal
     • Sacramento Valley
        � Yolo Bypass (drains,             
           west-side creeks)
• non-oil industries and waste-
  water treatment effluents

• Sacramento River
• San Joaquin River
• small tributaries
• muncipal wastewater
• direct rainfall
• industrial wastewater

Bay-Delta Drivers 

Sources, Hydrology
and Export

Reproductive Effects

• white sturgeon
• green sturgeon
• Sacramento splittail (adult)
• overwintering diving ducks
• clapper rail

• reduced growth
• hepatotoxicity
• elevated oxidative stress
   activity
• compromised body
   condition
• histopathological lesions
• impaired immune function
• decreased winter survival
• decreased reproductive
   fitness
• behavioral impairment 

• juvenile salmonids
• migrating salmonids
• resident aquatic-      
  dependent breeding birds

• flow season
• trends in exposure media
• prey preference and availability
• predator foraging behavior
• critical life stage (breeding,
   staging, rearing juvenile)

North
Bay

North
Bay

• Dry year, low flow season
• Elevated Kd: dissolved selenite or organo-Se 
• Generation of particulate organo-Se 
• C. amurensis (high TTF

clam
, efficient bioaccumulator)

• White and green sturgeon (breeding residents)  - Maternal transfer to eggs (two-year egg production)
• Scoter and scaup (migratory, overwintering October through April) - Health effects (staging for  
   migration to breeding grounds)
• Sacramento splittail (breeding resident) - Maternal transfer to eggs

Highest risk: derived for predators most at risk from Se at the time and place of greatest ecosystem Se sensitivity

• TTFfish (minor variability) 
• predator species inherent sensitivity to Se toxicity
• predator species regulatory status (endangered, population decline)
• predator habitat use (breeding, overwintering, location, 
   prey availability)
• predator toxicity endpoint (reproduction, health)

Bay-Delta 
Outcomes:

Bay-Delta Outcomes: 
Critical Choices

for Selenium  Modeling

Bay-Delta Outcomes: 
Critical Choices

for Selenium  Modeling

continued

• chronic systemic selenosis

Figure 1

• Waterfowl Se consumption advisories currently are in place for scoter and scaup.
• Mean Se levels in Bay and anadromous fish are below Se levels for human health concern.

North Bay • Se levels in white sturgeon were higher than in other species of fish surveyed.
• Se levels in some North Bay white sturgeon exceeded Se advisory levels based on specific consumption rates.

Estuary
• Fish and wildlife health is a more sensitive
   regulatory indicator than human health.

Fish and Wildlife Health

Human Health
San Francisco Bay-Delta 

Estuary

Selenium Risk 
Scenarios

Human Health

Figure 1  The DRERIP Ecosystem-Scale Selenium Model illustrates five interconnected modules that depict essential aspects of the 
Bay-Delta’s hydrology, biochemistry, and ecology and of the exposure and ecotoxicology of predators at risk from selenium. These 
modules, and the detailed sub-models that follow, conceptualize (1) how selenium is processed from water through diet to predators 
and (2) its effects on ecosystems. Critical choices for modeling are summarized, and a quantitative application of the model for the 
estuary is derived for predators most at risk from Se at the time and place of greatest ecosystem Se sensitivity.
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tionships in the conceptual model, we use empirical 
data from the Bay-Delta (e.g., Cutter and Cutter 2004; 
Presser and Luoma 2006, 2010b) to (1) help define 
environmental partitioning factors (Kds) that quantify 
transformation of dissolved Se into particulate forms; 
and (2) help define biodynamic trophic transfer fac-
tors (TTFs) that quantify uptake by consumer species 
and their predators (submodel C, Figure 4; submod-
el D, Figure 5; submodel F, Figure 7). The broader, 
ecosystem-scale Se modeling approach was validated 
by comparing model forecasts with field data, across 
both a range of common food webs and hydrologic 
environments (Luoma and Rainbow 2005; Presser and 
Luoma 2010a) and specifically for the Bay-Delta and 
Newport Bay (Presser and Luoma 2006, 2009, 2010b).

The organizing principle for quantification is the pro-
gressive solution of a set of simple equations, each of 
which quantifies a process important in Se exposure 
(submodel B, Figure 3). The interaction of Se loading 
from different sources, hydrology, and hydrodynam-
ics determine dissolved Se concentrations in the Bay-
Delta. Transformation of Se from its dissolved form 
to a particulate form (represented here operationally 
as Kd) ultimately determines bioavailability to the 
food web. In a given environment, Se is taken up 
much faster from food than from solution by  
animals. Thus, the entry of Se into the food web 
can be estimated by a TTF for each trophic level. 
TTFinvertebrate defines dietary uptake by a consumer 
species, which occurs when invertebrates (or her-
bivorous fish), feed on primary producers, detritus, 
microbes, or other types of particulate materials. 
Selenium bioaccumulation differs widely among 
invertebrate species because of different physiologies 
(Luoma and Rainbow 2005). These differences are 
captured by employing species-specific TTFs (Luoma 
and Presser 2009). Species-specific TTFs for preda-
ceous fish and birds (TTFpredator) also are applied to 
the transfer of Se from invertebrate prey species to 
their predators (Presser and Luoma 2010a).

For the Bay-Delta, Stewart and others (2004) showed 
that Se concentrations differ widely among predators 
that live in the same environment. The main reason 
for those differences lies in the prey preferences of 
predators. For example, bass eating from the water-
column food web consume invertebrates with much 

lower Se concentrations than sturgeon eating benthic 
invertebrates, especially bivalves (Stewart and others 
2004). The differences in Se uptake among predator 
species (Cpredator) can be captured only if the cor-
rect prey species (or class of prey species) is included 
in the equation (submodel B, Figure. 3) and the 
conceptualization (submodel C, Figure 4). This also 
means that the choice of predator species is critical in 
assessing risks from Se contamination.

Selenium concentrations in predators can be pre-
dicted with surprisingly strong correlation to obser-
vations from nature if particulate Se concentrations 
are known and an appropriate food web is used for 
the predator (Luoma and Presser 2009; Presser and 
Luoma 2010a). One use of these calculations might be 
to quantify the degree to which different species of 
birds and fish might be threatened by Se in a speci-
fied environment, for example. The correspondence 
between observed Cpredator and predictions of Cpredator 
from the series of equations that begins with dis-
solved concentrations (submodel B, Figure 3) depends 
upon how closely the partitioning between dissolved 
and particulate Se used in the model matches that 
occurring in the ecosystem of interest. One use of 
quantification in this instance is to run the model 
in the reverse direction to determine the dissolved 
Se concentration in a specific type of hydrologic 
environment and food web that would result in a 
specified Se concentration in the predator. Later, we 
present a detailed example of how the latter might be 
applied to real-world issues.

In the final step, effects on the reproduction and 
health of predaceous fish and birds are determined 
from bioaccumulated Se concentrations. Selenium is 
one of the few trace elements for which tissue con-
centrations have been correlated to these adverse 
effects in both dietary toxicity tests and field studies. 
The toxicity data for some of the key species in the 
Bay-Delta are limited or non-existent. The necessity 
of establishing effects thresholds from surrogate spe-
cies adds some uncertainty to assessments of risk. 
Therefore, in our examples, we use different possible 
choices for such thresholds. 

Additionally, modeling here is within a specified 
location and flow condition to provide context for 
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exposure and to help narrow the uncertainties in 
quantifying the ecological and physiological potential 
for bioaccumulation (Presser and Luoma 2010b). 

MODULES
Sources, Hydrology, and Export

Estuary Mass Balance

The major portion of the estuary from the rivers 
to the Golden Gate Bridge is termed the Northern 
Reach, with Suisun Bay near the head of the estu-
ary (submodel A, Figure 2). Selenium sources and 
their hydraulic connections within that reach have 
been documented in a number of publications 
(Cutter 1989; Cutter and San Diego–McGlone 1990; 
Cutter and Cutter 2004; Meseck and Cutter 2006; 
Presser and Luoma 2006, 2010b; SFBRQWCB 2011) 
(Figure 1; submodel A, Figure 2). In brief, the most 
important regulated estuarine sources of Se are (1) 
internal inputs of oil refinery wastewaters from pro-
cessing of crude oils at North Bay refineries; and (2) 
external inputs of irrigation drainage from agricultur-
al lands of the western San Joaquin Valley conveyed 
mainly through the San Joaquin River. (submodel A, 
Figure 2). These and other potential Se sources are 
described in detail in Appendix A.1. These details 
reflect the depth of history for Se management within 
the Bay-Delta watershed and the continuing tradeoffs 
that accompany their presence. 

The Sacramento and San Joaquin rivers are the main 
sources of freshwater inflow to the Bay-Delta, with 
the Sacramento River being the dominant inflow 
under most conditions (Conomos and others 1979; 
Peterson and others 1985). The rivers provide 92% 
of the freshwater inflows to the Bay-Delta, with 
small tributaries and municipal wastewater providing 
approximately 3% each (McKee and others 2008).

In general, Se concentrations in the Sacramento 
River (above tidal influence, e.g., at Freeport) are 
low and relatively constant (1998 to 1999 average: 
0.07 µg L-1; range 0.05 to 0.11 µg L-1) (Cutter and 
Cutter 2004). Dissolved Se concentrations in the San 
Joaquin River (above tidal influence, e.g., at Vernalis) 
were about an order-of-magnitude higher than those 
in the Sacramento River in 1999 (1998 to 1999 aver-

age: 0.71 µg L-1; range 0.4 to 1.07 µg L-1) (Cutter 
and Cutter 2004) and are much more variable. In 
the late 1980s and early 1990s concentrations above 
5 µg L-1 were observed occasionally in the San 
Joaquin River (Presser and Luoma 2006), but in-val-
ley source control efforts have reduced Se loads and 
concentrations (Appendix A.1). 

In the present configuration of the Bay-Delta, the 
San Joaquin River is predominantly re-routed and 
exported back to the San Joaquin Valley (sub-
model A, Figure 2; Appendix A.1). Hence, for the 
purposes of evaluating Se contamination sources, 
the simplest assumption is that the “baseline” Se 
concentrations (undisturbed by human activities) in 
the Delta would be close to the Se concentrations in 
the Sacramento River. The pre-disturbance baseline 
Se concentrations in the Bay or tidal reaches of the 
rivers would be concentrations in the Sacramento 
River mixed with concentrations in coastal waters, 
as reflected by the salinity of the sampling loca-
tion. Deviations from that baseline reflect inputs of 
Se internal to the Bay (industrial or local streams) 
(Cutter and San Diego-McGlone 1990; Cutter and 
Cutter 2004) or input of Se to the Bay from the San 
Joaquin River. 

The current San Joaquin River contributions to 
the Bay, thought to be minimal during most flow 
conditions, are especially difficult to measure 
(Appendix A.1). However, that could change. Under 
some proposals for modifications in water infrastruc-
ture, increased diversion of the Sacramento River 
through tunnels or canals would be accompanied by 
greater inflows from the San Joaquin River to the 
Delta and the Bay. In simulations available of the 
implications of such a change, Meseck and Cutter 
(2006) found that Se concentrations doubled in par-
ticulate material in the Bay. 

The conceptual model described above suggests that 
parameters critical in determining the mass balance 
model for Se inputs for the Bay-Delta are (1) total 
river discharge (Sacramento River and San Joaquin 
River); (2) water diversions or exports (i.e., pump-
ing at Tracy and Clifton Court Forebay south to the 
Delta–Mendota Canal and the California Aqueduct); 
(3) proportion of the San Joaquin River directly 

BDCP1673



8

san francisco estuary & watershed science

122°30’

38°
00’

38°
30’

37°
30’

122°00’ 121°30’

0

0

10

10

MILES

KILOMETERS

Clifton
Court

Forebay

Delta-Mendota
Canal

Sacramento River

CALIFORNIA

Drainage
basin

Map
location

Yolo
Bypass
Yolo

Bypass

Yolo Bypass

San Joaquin River

regulated 
agricultural Se drainage

North Bay Aqueduct

Sacramento River

Eastside streams

Contra Costa Canal

N
or

th
 B

ay
st

re
am

s

• San Joaquin 
Valley

• Los Angeles
• South Bay

• North Bay

San Pablo
Bay

South
Bay

P
A

C
IF

IC
   

O
C

E
A

N

Suisun BaySuisun Bay

• Contra Costa 
County

Inflow
(import)

Demand
(export)

Sa
cr

am
en

to
/S

an
 J

oa
qu

in
 R

iv
er

 D
el

ta

Sources and Hydrology

Ecosystem-scale
Se modeling

Submodel A

NDOI = [Delta inflow] – 
[net Delta consumptive use]

– [Delta exports]

recyclerecycle

re
gu

la
te

d 
ag

ric
ul

tu
ra

l
Se

 d
ra

in
ag

e

Carquinez StraitOutflo
w to Bay       Net Delta Outflow Index = inflow - demand

re
gu

la
te

d 
oi

l 
re

fin
er

y 
Se

 e
ffl

ue
nt

s*

SWPBanks
CVP Delta

Central Valley Project pumps
Delta Mendota Canal

California
Aqueduct

oil refinery

G
rassland B

ypass Project

Figure 2

San Joaquin RiverSan Joaquin River

*Privately owned treatment works and other industries   
  that may contribute Se are less rigorously defined.

State Water Project pumps
California Aqueduct

Figure 2  Submodel A. Sources and Hydrology

BDCP1673



MARCH 2013

9

available that can approximate water movements in 
this complex situation (e.g., Delta Simulation Model 
II). But modeling the distribution of particulate mate-
rial (crucial for understanding implications of Se) is 
much more difficult (Ganju and others 2004). 

Links Between Source Inputs and Water Inflows

Both Sacramento River and San Joaquin River dis-
charges vary dramatically during the year depend-
ing on runoff, water management, and diversions. 
Residence (or retention) time is affected by river 
discharges (e.g., Cutter and Cutter 2004), but the 
strong tidal influences make that difficult to precisely 
define. Nevertheless, even a coarse differentiation of 
seasonal periods (low flow and high flow) and clas-
sification by water year (critically dry, dry, below 
normal, normal, above normal and wet) can be use-
ful in evaluating influences on processes important 
to the fate and bioavailability of Se (Presser and 
Luoma 2006). Empirical data suggest processes such 
as dilution of local inputs and phase transformations 
that incorporate Se into organic particulate material 
appear to be affected by changes in retention time 
in the estuary, at least to some extent (Cutter and 
Cutter 2004; Doblin and others 2006; Presser and 
Luoma 2006, 2010a, 2010b). For example, Cutter and 
San Diego-McGlone (1990) found that a peak in sel-
enite concentrations was centered around the area of 
inputs from oil refineries during low riverine inflows 
to the Bay in the 1980s; but that peak disappeared 
during periods of high riverine discharge. They used 
a one-dimensional model of the water and a Se mass 
balance to show that the mass of Se discharged by 
the refineries was the dominant source of selenite 
during low flows, but that it was insignificant com-
pared to the mass of Se input from the Sacramento 
River during high flows. The selenite peak was 
reduced and replaced by a different pattern of dis-
solved Se speciation when Se discharges from the 
refineries were reduced by about half in 1999 (Cutter 
and Cutter 2004). Similarly, high Se concentrations in 
the southernmost Delta (Stockton) reflect San Joaquin 
River inputs, but concentrations seaward of this loca-
tion decline as they are diluted by the large volumes 
of Se-poor Sacramento River water channeled into 
the Delta for export (Lucas and Stewart 2007). Local 

recycled south before it enters the Bay; 4) Se concen-
trations in each of the internal and external sources; 
and 5) total outflow of the rivers to the Bay or Net 
Delta Outflow Index (NDOI).

There are several uncertainties in quantification of 
the Se mass balance. One is the difficulty of pre-
cisely defining the contribution of the San Joaquin 
River to the NDOI, and hence the agricultural com-
ponent of Se inputs to the Bay. Diversions and Delta 
hydrodynamics are sufficiently complex that every 
method available to determine that contribution has 
serious uncertainties (e.g., subtracting Sacramento 
River flow at Rio Vista from NDOI). Simple water 
accounting suggests minimal potential for flow from 
the San Joaquin River to enter the Bay (i.e., as mea-
sured by the percent by which river flow at Vernalis 
exceeds total export) during many months of the 
year (USBR 2012). Inputs are possible during spring 
months (April and May), wet and above normal 
years, and times of low capture efficiency (e.g., when 
river barriers are in-place) or when the ratio of the 
Sacramento River and San Joaquin River discharges 
is lowest in the fall.

A second uncertainty is that the strong tidal circula-
tion in the Bay and the Delta mixes dissolved and 
particulate Se through the entire tidal reach, distort-
ing spatial patterns that might otherwise help iden-
tify important sources of Se input (Ganju and others 
2004). The three-dimensional nature of tidally driven 
hydrodynamics dissociates distributions of dissolved 
and particulate Se as well, adding complexity. One 
important outcome of this is that particulates con-
taminated with Se from industrial sources in Suisun 
Bay could feasibly be found throughout the full tidal 
range in both rivers, including otherwise uncontami-
nated segments of the Sacramento River. Riverine 
endmember concentrations of particulate Se, there-
fore, must be defined from landward of the reach of 
the tides, although river discharge at those locations 
does not necessarily represent riverine outflow to 
the Bay. Collecting an adequate mass of suspended 
particulate material for Se analysis in non-tidal 
freshwaters is challenging; therefore, few such data 
exist for the Sacramento River and even for some 
of the areas possibly affected by agricultural drain-
age. Hydrodynamic models of varying complexity are 
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tributaries could be an internal source of Se to the 
Bay, but these inputs occur almost entirely during 
high riverine inflow periods when their Se loads are 
insignificant compared to the large mass of Se car-
ried into the Bay by high discharge from the Se-poor 
Sacramento River.

The NDOI, essentially inflow minus demand, is often 
used to indicate hydrologic influences on Se con-
centrations, including differences in retention time 
of a parcel of water in the Bay and Delta (Cutter 
and Cutter 2004). Increased exposure time (i.e., the 
cumulative amount of time a particle spends within 
a domain, taking into consideration repeated visits 
over multiple tidal cycles; L. Doyle, W. Fleenor, and 
J. Lund, University of California, Davis, pers. comms.; 
2012) at the lowest inflows may explain why NDOI is 
a relevant indicator of the effect of flow on processes 
such as conversion of Se from dissolved to particu-
late forms. 

Exports

The Delta–Mendota Canal, California Aqueduct, 
Contra Costa Canal, and South Bay Aqueduct all 
export water from the Delta. Thus, all are second-
ary recipients of the Se sources considered here 
(submodel A, Figure 2). The Delta–Mendota Canal 
also receives agricultural drainage directly, with 
that source proposed to be under regulatory control 
(USFWS 2009; USBR 2011). In general, however, 
few data are available to assess a mass balance for 
Se through the State Water Project, Central Valley 
Project, and other water-delivery systems.

In terms of export of Se to the Pacific Ocean from the 
Bay, some data are available for seaward locations in 
the Bay. Dissolved concentrations at these locations 
are among the lowest observed in the system when 
not under flood flows (Cutter 1989; Cutter and San 
Diego–McGlone 1990; Cutter and Cutter 2004); par-
ticulate concentrations are occasionally high, howev-
er. Under shorter residence times during high flows, 
increased dissolved concentrations near the Golden 
Gate Bridge (Cutter and Cutter 2004) suggest sources 
internal to the Bay affect ocean-dissolved Se concen-
trations. Outflows to the sea have been estimated in 
simple mass balance models (Cutter and San Diego-

McGlone 1990) although there are some uncertainties 
in such estimates. Ocean disposal was considered as 
one of the alternatives for comprehensive agricultural 
drainage management from the western San Joaquin 
Valley (USBR 2006). However, efficient Se recycling 
within productive ocean ecosystems and the oppor-
tunities for Se biomagnification in complex marine 
food webs suggest serious risks are likely (Cutter and 
Bruland 1984); hence, there are reasons for careful 
study before such options are considered. 

Ecosystem-Scale Selenium Modeling

Dissolved Selenium Concentrations, Speciation, 
and Transformation

Total dissolved Se concentrations within the Bay 
range from 0.070 to 0.303 µg L-1, with a mean of 
0.128 ± 0.035 µg L-1 and a median of 0.125 µg L-1 
across 128 samples collected since 1997 (Doblin and 
others 2006; Lucas and Stewart 2007). The mean 
concentration is only approximately two times high-
er than Se concentrations in the dominant freshwater 
endmember (the Sacramento River). In all surveys 
since the 1980s, Se concentrations in the tidal Bay 
and Delta are highest in Suisun Bay, with a down-
ward spatial trend from Carquinez Strait toward the 
ocean. The latter suggests that dissolved concentra-
tions in the ocean endmember are about the same as 
those in the Sacramento River.

The dissolved gradients of Se concentration are 
not necessarily the best indicators of the distribu-
tion of Se effects. Ecological implications depend 
upon the biogeochemical transformation from dis-
solved to particulate Se. Phase transformation of Se 
is of toxicological significance because particulate 
Se is the primary form by which Se enters food 
webs (Figures 1, 3 and 4) (Luoma and others 1992). 
Speciation of dissolved Se into its three dominant 
oxidation states is an important component in many 
conceptual models. In the Bay-Delta, speciation of 
dissolved Se is important because it influences the 
type and rate of phase transformation reaction that 
creates particulate Se. Examples of phase transforma-
tion reactions include (1) uptake by plants and phy-
toplankton of selenate, selenite, or dissolved organo-
Se and transformation to particulate organo-Se by 
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assimilatory reduction, where uptake of selenate is 
considerably slower than uptake of the other two 
forms (e.g., Sandholm and others 1973; Riedel and 
others 1996; Wang and Dei 1999; Fournier and oth-
ers 2006); (2) sequestration of selenate into sediments 
as particulate elemental Se by dissimilatory biogeo-
chemical reduction (e.g., Oremland and others 1989); 
(3) adsorption as co-precipitated selenite through 
reactions with particle surfaces; and (4) recycling of 
particulate phases back into water as detritus or as 
dissolved organo-Se, after organisms die and decay 
(e.g., Velinsky and Cutter 1991; Reinfelder and Fisher 
1991; Zhang and Moore 1996). 

These different biogeochemical transformation reac-
tions result in different forms of Se in particulate 
material: organo-Se, adsorbed Se, or elemental Se. 
Although only a few studies have determined specia-
tion of particulate Se (e.g., Doblin and others 2006), 
such data can greatly aid in understanding bioavail-
ability. Experimental studies show that particulate 
organo-Se is the most bioavailable form when it 
is eaten by a consumer species (Luoma and others 
1992). Detrital or adsorbed Se is also bioavailable 
when ingested by animals, although to a lesser extent 
than organo-Se (Wang and others 1996). Non-particle 
associated elemental Se is not bioavailable (Schlekat 
and others 2000).

Concentrations of Se in particulate materials (per unit 
mass material) within the Bay and tidal freshwaters 
range widely from 0.1 to 2.2 µg g-1 dry weight (dw), 
with a mean of 0.56 ± 0.32 µg g-1 dw and a median 
of 0.45 µg g-1 dw (n = 128) since 1997 (Doblin and 
others 2006; Lucas and Stewart 2007). The 15-fold 
range in particulate concentrations contrasts sharply 
with the 4-fold range in dissolved concentrations, as 
do the contrasts in standard deviations. Not only are 
particulate concentrations much more dynamic than 
dissolved concentrations, but they also are about 
four times higher if expressed in common units. Both 
reflect biogeochemical transformation processes and, 
perhaps, inorganic adsorption. The latter is probably 
more important in soils than in the aquatic environ-
ment. Given the different dynamics and the variabil-
ity of dissolved and particulate Se, it is not surprising 
that the ratio of the two also is quite variable. 

Geochemical models that attempt to capture phase 
transformations of Se under different conditions are 
problematic. In fact, no models are available that can 
predict particulate Se concentrations based solely 
upon dissolved concentrations and biogeochemical 
conditions. One reason is that conventional thermo-
dynamic equilibrium-partitioning models are inad-
equate for Se. Critical Se transformation processes are 
biological, and not predictable from thermodynamics. 
Some model approaches predict the particulate Se 
added on to a pre-existing particulate concentration, 
using a combination of phytoplankton productivity 
and re-suspension (Meseck and Cutter 2006; SWRCB 
2011; Tetra Tech, Inc. 2010). While such models pro-
vide interesting estimates of temporal and spatial 
distributions of particulate Se, their major limitations 
lie in the basis upon which the pre-existing con-
centration is chosen and their inability to compre-
hensively account for all the processes involved in 
transformation.

The choice of the (pre-existing) baseline particulate 
Se concentration is critical to the questions models 
can address. Local data can be used for choosing 
pre-existing Se concentrations at the seaward and 
landward boundaries in the Bay-Delta. But the data 
used to date are from tidally affected reaches of the 
river, and are likely to be biased by redistribution of 
already contaminated particles from tidal pumping. 
As noted above, few data exist for particulate Se con-
centrations above the tidal reach of the Sacramento 
River; nor are there adequate determinations of Se 
concentrations on particulates from the coastal zone. 
In such a case, answers to questions about changing 
the internal Se inputs to the Bay are biased in that 
the boundary condition already includes such inputs 
(SWRCB 2011; Tetra Tech, Inc. 2010). On the other 
hand, this modeling approach appears to be well suit-
ed to test the influence of changing inputs from one 
boundary or from primary production alone (Meseck 
and Cutter 2006; Tetra Tech, Inc. 2010). 

Observations of environmental partitioning of Se 
between dissolved and particulate phases can be 
employed to estimate transformation efficiencies in 
lieu of a comprehensive approach to modeling bio-
geochemical phase transformation for Se. Presser 
and Luoma (2006) first used field observations to 

BDCP1673



MARCH 2013

13

quantify partitioning, which they described by the 
somewhat controversial term Kd. Luoma and Presser 
(2009) were careful to emphasize that their Kds rep-
resented conditional observations from the Bay-Delta 
at a specific time and place; and were not meant to 
be equilibrium constants. Thermodynamic equilibrium 
constants would be inappropriate to describe an inor-
ganic to organic transformation. They pointed out 
that no single constant could be expected to apply to 
all environmental conditions either in the Bay-Delta 
or elsewhere. Site hydrology, dissolved speciation, 
and the type of particulate material are all influen-
tial, although specific influences were not necessar-
ily predictable in quantitative terms. An operational 
approach was therefore chosen to try to estimate 
influences of such processes. 

They defined Kd as the ratio of particulate material Se 
concentration (in dw) to the dissolved Se concentra-
tion observed at any instant in simultaneously col-
lected samples. The specific equation is

Kd = (Cparticulate material, µg kg-1 dw) ÷ (Cwater, µg L-1)   
  (1) 

Of interest here is the particulate matter at the base 
of the food web. As sampled in the environment 
that can include suspended particulate Se (which 
is a physically inseparable mix of phytoplankton, 
periphyton, detritus and inorganic suspended mate-
rial), biofilm, sediment and/or attached vascular 
plants. Feeding characteristics of the organisms in 
question and data availability dictate the best choice 
among these. For example, for a filter-feeding bivalve 
in the Bay-Delta, Se concentrations determined in 
suspended particulate material (in µg g-1 dw) are the 
preferred parameter for modeling because these ani-
mals filter their food from the water-column. 

Some broad generalizations are possible about Kds 
for Se (Presser and Luoma 2010a). For example, if 
all other conditions are the same, Kd will increase 
as selenite and dissolved organo-Se concentrations 
increase relative to selenate. Calculations using data 
from laboratory microcosms and experimental ponds 
show speciation-specific Kds of 140 to 493 where 
selenate is the dominant form; 720 to 2,800 when an 
elevated proportion of selenite exists; and 12,197 to 
36,300 for 100% dissolved seleno-methionine uptake 

into algae or periphyton (Besser and others 1989; 
Graham and others 1992; Kiffney and Knight 1990). 
Compilations of Kds also show different general 
ranges for rivers, streams, lakes, ponds, wetlands, and 
estuaries that are affected by Se inputs (Presser and 
Luoma 2010a), although with some overlap. Exposure 
time for phase transformation is probably an impor-
tant factor driving differences among such systems. 
Estuaries are among the sites with the highest values 
(range of medians from 4,000 to 21,500) indicating 
efficient conversion of dissolved Se to particulate Se. 
Finally, although the influence of exposure time for 
a particle within an estuary is challenging to under-
stand precisely, especially in the Bay-Delta because 
of the dominance of tidally driven circulation, Kds 
seem to be higher during conditions where more time 
is available for transformation reactions to occur 
(Presser and Luoma 2010b). 

The most recent transects of the Bay that provide 
spatially and temporally matched data for derivation 
of Kds from dissolved and particulate Se concentra-
tions were from June 1998 to November 1999 (Cutter 
and Cutter 2004; Doblin and others 2006). In these 
studies, samples were collected at 1 meter below 
the surface, and included dissolved Se concentra-
tions, suspended particulate material Se concentra-
tions, dissolved Se speciation, suspended particulate 
Se speciation, salinity, and total suspended material. 
These data were collected in four different transects 
across the salinity gradient in the Northern Reach 
under a variety of river discharge and presumed resi-
dence time conditions. The full range of dissolved Se 
concentrations in these transects was 0.070 to 0.303 
µg L-1. The suspended particulate material Se con-
centrations were more variable: 0.15 to 2.2 µg g-1 
dw. Calculated Kds ranged from 712 to 26,912. The 
degree of variability across this whole data set is 
large. However, the largest part of the variability was 
driven by very high values in the landward-most and 
seaward-most samples, where dissolved concentra-
tions were very low. Such ratios can be artificially 
inflated when values become very low in the denomi-
nator, if the numerator does not decline as rapidly. 
Tidal pumping of contaminated particles from the 
Bay upstream into the less contaminated Sacramento 
River water is a possible cause of such an effect. 
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Downstream transport of highly contaminated par-
ticles from the San Joaquin River into Bay or Delta 
water could also be a cause. Finally, seaward, where 
residence times are elevated in Central and San Pablo 
bays, biological transformation could enrich Se in 
particles while depleting it from the water column. 
If the goal is to find conditions where there is suf-
ficient linkage between dissolved and particulate Se 
to be useful in forecasts of one from the other, none 
of these conditions would apply. Presser and Luoma 
(2010b) avoided such biases and thereby constrained 
variability by restricting Kds geographically to the 
middle range of the salinity zone in Suisun Bay. This 
also focused the modeling on the most contaminated 
segment of the estuary. 

If location is restricted to Carquinez Strait–Suisun 
Bay—eliminating freshwater and ocean interfaces—
then the range of dissolved Se concentrations is nar-
rowed to 0.076 to 0.215 µg L-1 and the range of sus-
pended particulate material Se concentrations is nar-
rowed to 0.15 to 1.0 µg g-1 dw. The variation of Kd 
is narrowed to a range of means of 1,180 to 5,986 (or 
of individual measurements, 712 to 7,725). Because 
this data set is still large, median or mean concen-
trations, or a given percentile, can be used as viable 
indicators of partitioning in modeling scenarios.

Seasonality also is important, and restrictions to 
specific flow regimes also can be used to constrain 
variability. For example, the highest mean Kds occur 
during periods of the lowest river inflows (and high-
est residence times). Constrained to Suisun Bay, the 
mean Kd was 1,180 ± 936 in June 1998. This was a 
high flow season wherein Cutter and Cutter (2004) 
estimated a residence time of 11 days. The mean Kd 
was 5,986 ± 1,353 in November 1999. This was a low 
flow season with an estimated residence time of 70 
days. The mean Kd among all constrained samples 
was 3,317, and the mean for low flow seasons was 
4,710.

Transects in the Delta were also conducted between 
1998 and 2004 in different flow regimes (Doblin and 
others 2006; Lucas and Stewart 2007). Dissolved Se 
concentrations among all these samplings ranged 
from 0.083 to 1.0 µg L-1

, with a mean of 0.25 ± 0.24 
(n = 72). Particulate concentrations ranged from 

0.27 to 6.3 µg g-1 dw, with a mean of 0.98 ± 0.94 
(n = 71). As in the Bay transects, the range in par-
ticulate concentrations (23-fold) exceeds the range 
in dissolved concentrations (12-fold). Concentrations 
and variability, thus, were even greater in the Delta, 
overall, than in the Bay. In the Delta, Kds ranged 
from 554 to 38,194, with the range of means from 
1,886 ± 1,081 in January 2003 (a high flow season) 
to 7,712 ± 3,282 in July 2000 (a low flow season). 
Sets of dissolved and particulate Se concentrations 
determined as part of focused research for the Delta 
in September 2001, the low flow season of a dry 
year, yielded some especially elevated Kds (>10,000) 
(Lucas and Stewart 2007). In general, these elevated 
Kds may reflect tidal pumping, or represent times and 
areas where Se is concentrating in particulate mate-
rial because of differing hydrologic environments 
(e.g., slow-moving backwaters with high productiv-
ity). Constraining variability is more difficult in the 
Delta, hence, quantifying phase transformation from 
empirical data is more uncertain in this system. 

Given the degree of variability in both the Bay and 
the Delta, modeling that requires linking dissolved 
Se to particulate Se should include several scenarios 
using different Kds that are within a range of values 
constrained, as described above.

Uptake Into Food Webs

Kinetic bioaccumulation models (i.e., biodynamic 
models, Luoma and Fisher 1997; Luoma and Rainbow 
2005, 2008) account for the now well-established 
principle that Se bioaccumulates in food webs prin-
cipally through dietary exposure. Uptake attributable 
to dissolved exposure makes up less than 5% of bio-
accumulated Se in almost all circumstances (Fowler 
and Benayoun 1976; Luoma and others 1992; Roditi 
and Fisher 1999; Wang and Fisher 1999; Wang 2002; 
Schlekat and others 2004; Lee and others 2006). 
Biodynamic modeling (submodels B and C, Figures 3 
and 4) shows that Se bioaccumulation (the concen-
tration achieved by the organism) is driven by physi-
ological processes specific to each species (Reinfelder 
and others 1998; Wang 2002; Baines and others 
2002; Stewart and others 2004). Biodynamic models 
have the further advantage of providing a basis for 
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deriving a simplified measure of the linkage between 
trophic levels: TTFs. For each species, a TTF can be 
derived from either experimental studies or field 
observations. 

Experimental derivation of TTFs is based on the 
capability of a species to accumulate Se from dietary 
exposure as expressed in the biodynamic equation 
(Luoma and Rainbow 2005): 

dCspecies/dt = (AE) (IR) (Cfood) – (ke + kg) (Cspecies) (2)

where Cspecies is the contaminant concentration in 
the animals (µg g-1 dw), t is the time of exposure 
in days (d), AE is the assimilation efficiency from 
ingested particles (%), IR is the ingestion rate of par-
ticles (g g-1 d-1), Cfood is the contaminant concentra-
tion in ingested particles (µg g-1 dw), ke is the efflux 
rate constant (d-1) that describes Se excretion or 
loss from the animal, and kg is the growth rate con-
stant (d-1). Key determinants of Se bioaccumulation 
are the ingestion rate of the animal, the efficiency 
with which Se is assimilated from food, and the rate 
constant that describe Se turnover or loss from the 
tissues of the animal (Luoma and Rainbow 2005; 
Presser and Luoma 2010a). Experimental protocols 
for measuring such parameters as AE, IR, and ke are 
now well developed for aquatic animals (Luoma and 
others 1992; Wang and others 1996; Luoma and 
Rainbow 2005). The rate constant of growth is sig-
nificant only when it is comparable in magnitude 
to the rate constant of Se loss from the organism. 
Consideration of the complications of growth can 
usually be eliminated if the model is restricted to a 
long-term, averaged accumulation in adult animals 
(Wang and others 1996).

In the absence of rapid growth, a simplified, resolved 
biodynamic exposure equation for calculating a 
Se concentration in an invertebrate (submodel B, 
Figure 3) is

 Cinvertebrate = [(AE)(IR)(Cparticulate)] ÷ [ke] (3)

For modeling, these physiological parameters can be 
combined to calculate a TTFinvertebrate, which charac-
terizes the potential for each invertebrate species to 
bioaccumulate Se. TTFinvertebrate is defined as

 TTFinvertebrate = [(AE)(IR)] ÷ ke (4)

Similarly, foodweb biodynamic equations for fish or 
birds are

 Cfish or bird = [(AE) (IR) (Cinvertebrate)] ÷ ke (5)

and

 TTFfish or bird = [(AE) (IR)] ÷ ke (6)

Where laboratory data are not available, TTFs can be 
defined from field data, where the TTF defines the 
relationship between Se concentrations in an animal 
and in its food in dw. The field TTFinvertebrate must be 
defined from spatially and temporally matched data 
sets (in dw or converted to dw) of particulate and 
invertebrate Se concentrations (submodel B, Figure 3) 
as 

 TTFinvertebrate = Cinvertebrate ÷ Cparticulate (7)

A field derived species-specific TTFfish is defined as 

 TTFfish = Cfish ÷ Cinvertebrate (8)

where Cinvertebrate is for a known prey species, Cfish 
is reported as muscle or whole-body tissue, and both 
Se concentrations are reported in µg g-1 dw (sub-
model B, Figure 3).

Whether the TTFs are determined from the laboratory 
or the field, the modeling approach is sufficiently 
flexible to represent complexities such as mixed diets. 
For example, a diet that includes a mixed propor-
tion of prey in the diet can be addressed using the 
equation

 Cfish = (TTFfish) [(Cinvertebrate a) (prey fraction) +  
 (Cinvertebrate b) (prey fraction) +  
 (Cinvertebrate c) (prey fraction)] (9)

Equations are combined to represent step-wise bioac-
cumulation from particulate material through inverte-
brates to fish (submodel B, Figure 3) as

 Cfish = (TTFinvertebrate) (Cparticulate) (TTFfish) (10)

Similarly, for birds, the combined equation is

 Cbird = (TTFinvertebrate) (Cparticulate) (TTFbird) (11)

Modeling can accommodate longer food webs that 
contain more than one higher trophic level consumer 
(e.g., forage fish being eaten by predatory fish) by 
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incorporating additional TTFs. One equation for this 
type of example (submodel B, Figure 3) is 

 Cpredator fish = (TTFinvertebrate) (Cparticulate)  
 (TTFforage fish) (TTFpredator fish) (12)

Modeling for bird tissue also can represent Se trans-
fer through longer or more complex food webs (e.g., 
TTFs for invertebrate to fish and fish to birds) as

 Cbird = (TTFinvertebrate) (Cparticulate) (TTFfish) (TTFbird)

  (13)

Variability or uncertainty in processes that determine 
AEs or IRs can be directly accounted for in sensitiv-
ity analysis (Wang and others 1996). This is accom-
plished by considering the range in the experimental 
observations for the specific animal in the model. 
Field-derived factors require some knowledge of feed-
ing habits, and depend on available data for that 
species. Laboratory and field factors for a species can 
be compared and refined to reduce uncertainties in 
modeling (Presser and Luoma 2010a).

A substantial number of species-specific TTFs are 
available (Luoma and Presser 2009; Presser and 
Luoma 2010a). These are enough data at least to 
begin to model important food webs. Across inver-
tebrate species, TTFs range from 0.6 to 23. Of the 29 
species studied, 27 species have TTFs > 1. Thus, most 
invertebrate species bioaccumulate as much as or 
more Se than concentrated in the trophic level below 
them. In other words, the concentration of Se biogeo-
chemically transformed into algae, microbes, seston, 
or sediments is preserved and/or (bio)magnified as 
Se passes up food webs. In general, TTFs for bivalves 
(clams, mussels, oysters) and for barnacles are the 
highest among species of invertebrates (i.e., an exper-
imentally determined TTF range of approximately 4 
to 23) (Presser and Luoma 2010a). 

Trophic transfer factors from the available data for 
fish have a median of approximately one, and vary 
much less than among invertebrates: from 0.5 to 1.8 
(Presser and Luoma 2010a). Compilations show that 
TTFs derived from laboratory biodynamic experi-
ments range from 0.51 to 1.8; TTFs for different fish 
species derived from field studies are similar, ranging 
from 0.6 to 1.7. 

Trophic transfer factors for aquatic birds (diet to bird 
egg) are less well developed, and laboratory data are 
limited (Presser and Luoma 2010a). The most robust 
data from the laboratory relate Se concentrations in 
the diet (as seleno-methionine) to egg Se concentra-
tions from controlled feeding of captive mallards 
(Anas platyrhynchos). The range of TTFbird egg calcu-
lated from the compilation of nominal experimental 
diet Se concentrations and mean egg Se data given 
in Ohlendorf (2003) for mallards is 1.5 to 4.5. Using 
the detailed data from Heinz and others (1989) nar-
rows this range to 2.0 to 3.9, with a mean of 2.6. 
Field data could be used to refine TTFbird egg on a 
site-specific basis, but variability in food sources and 
habitat use may add uncertainty to such data, and 
limits applications among habitats. 

Exposure: Food Webs, Seasonal Cycles, and 
Habitat Use

Selenium is at least conserved and usually biomagni-
fied at every step in a food web (Presser and Luoma 
2010a). Selenium toxicity is generally assumed to 
be observed first in specific predator species as dif-
ferences in food web exposure are propagated up 
trophic pathways (Luoma and Rainbow 2005; Stewart 
and others 2004). Some invertebrate species also may 
be susceptible to environmentally relevant Se con-
centrations (Conley and others 2009, 2011). Selenium 
is usually not detoxified in animal tissues by con-
jugation with metal-specific proteins or association 
with non-toxic inclusions (Luoma and Rainbow 
2008). Hence, general mechanisms that semi-perma-
nently sequester metals in non-toxic forms and lead 
to progressive accumulation with size or age prob-
ably are less applicable to the metalloid Se than to 
metals in general (Luoma and Presser 2009).

Predator population distribution, feeding preference, 
prey availability, life stage, gender, physiology, and 
species sensitivity are all variables that influence 
how a predator is affected by Se. Field factors such 
as varying weather, water depth, human disturbance, 
and food dispersion also affect foraging energet-
ics, and accessibility of contaminants in foods on 
a localized level. Despite these complexities, some 
generalizations are possible at the present state of 
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understanding. Predator species for the Bay-Delta, 
their food webs, and potential exposure are shown 
in submodels C and D (Figures 4 and 5), with further 
supporting information compiled in Appendix A.2 
and A.3.

Based upon studies of invertebrate bioaccumulation 
the greatest exposures to Se will occur in preda-
tors that ingest bivalves in the Bay-Delta (Stewart 
and others 2004; Presser and Luoma 2006, 2010b). 
The estimated maximum percentages of diet that are 
clam-based for various benthic predators were esti-
mated by the USFWS (2008a) (submodel C, Figure 4): 
lesser scaup 96%; surf scoter 86%; greater scaup 
81%; black scoter 80%; white-winged scoter 75%; 
California clapper rail 64%; bald eagle 23%; white 
sturgeon (and assumed for green sturgeon) 41%; 
and Sacramento splittail (2-year olds) 34%. Dietary 
estimates are not specific to C. amurensis, but a 
bivalve component to diet in general. Bald eagles 
are an example of a predator with a diet wherein 
23% are those waterfowl (scaups and scoters) that 
primarily feed on benthic mollusks (USFWS 2008a). 
Clapper rails feed on benthic food webs, but are lit-
toral feeders that usually do not eat C. amurensis, 
which is mostly subtidal. Figure 4 (submodel C) also 
shows potential food webs for Dungeness crab. Diet 
component data and kinetic loss rates are not docu-
mented for life stages of this crustacean, but isotopic 
data indicate that clams such as C. amurensis would 
be expected to be an important food for this species 
(Stewart and others 2004). Selenium concentration 
data, in turn, indicate that predators of this crab 
would be subjected to elevated dietary Se concentra-
tions (submodel C, Figure 4). 

Food webs illustrated for Delta inhabitants include 
aquatic insects to salmonids (submodel C, Figure 4). 
The diets of salmon and steelhead trout are domi-
nated by species with TTFs lower than bivalves. These 
species thereby incur less dietary Se exposure than 
molluscivores. Field data for Se concentrations are 
limited to 1986 to 1987 for Chinook salmon (Saiki 
and others 1991) and absent for steelhead trout that 
inhabit the estuary and migration corridors. Although 
their exposures are not exceptionally high, these 
species may be vulnerable because of their toxico-
logical sensitivity to Se (USFWS 2008a, 2008b; Janz 

2012). Delta smelt are endemic to the estuary and 
are included here because population numbers for 
the Delta smelt are alarmingly low. Thus, the USFWS 
(2008a) concluded that this species is particularly 
vulnerable to any adverse effect. It should be noted, 
however, that the feeding habits of Delta smelt would 
not suggest high exposures compared to other spe-
cies, and sensitivity or bioaccumulation data are not 
available.

Not all predators reside in the estuary throughout 
their lives. When a predator is present across flow 
seasons and during critical life stages may influ-
ence Se exposure and effects. Predator seasonal cycle 
diagrams are shown for migratory birds (scoter and 
scaup); breeding birds (California clapper rail, bald 
eagle); migrating/rearing juveniles (Chinook salmon, 
steelhead trout); and breeding fish (green sturgeon, 
white sturgeon, and Sacramento splittail) (submod-
el D, Figure 5). The North Bay is part of the migra-
tion corridor and feeding ground for anadromous fish 
such as white sturgeon, Chinook salmon, and striped 
bass. The estuary also serves seasonally as a nursery 
area for species that spawn either in freshwater (e.g., 
Sacramento splittail) or in the ocean (e.g., Dungeness 
crab). Migrating diving ducks on the Pacific fly-
way winter and feed in the estuary as they stage for 
breeding in the freshwater ecosystems of the boreal 
forests of Canada and Alaska (De La Cruz and others 
2009). As migratory waterfowl move north to breed 
in the spring, there is the potential for depuration of 
Se (USFWS 2008a; Appendix A.2 and A.3). 

Some of the highest C. amurensis Se concentrations 
of the annual cycle occur when overwintering sco-
ter and scaup actively feed in Suisun Bay and San 
Pablo Bay during the fall and early winter, (Linville 
and others 2002; Kleckner and others 2010) (sub-
model D, Figure 5). Long-lived white sturgeon feed 
predominantly on C. amurensis and have a two-year 
internal egg maturation that makes them particularly 
vulnerable to loading of Se in eggs and reproduc-
tive effects (Linville 2006). As an indication of this 
potential, Linares and others (2004) found Se con-
centrations as high as 47 µg g-1 dw in immature 
gonads of 39 white sturgeon captured in the estu-
ary. In earlier studies, Kroll and Doroshov (1991) 
reported that Se concentrations in developing ovaries 
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Figure 4  Submodel C. Exposure: Food Webs
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Exposure: Seasonal Cycles

Submodel D
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Figure 5  Submodel D. Exposure: Seasonal Cycles and Habitat Use
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of white sturgeon from the Bay contained maxima 
of 72 µg g-1and 29 µg g-1. This range of wild white 
sturgeon reproductive tissue Se concentrations 
approach or exceed levels that cause severe deformi-
ties and mortalities in newly hatched larvae (Lemly 
2002; Linville 2006). Larger, older Sacramento split-
tail also feed on C. amurensis and they are known to 
spawn both in the upper Delta and estuary (Stewart 
and others 2004). Modeling for species such as clap-
per rail would need specifics of diet composition (i.e., 
which species of clam, mussel, or crab is consumed), 
and whether prey species are efficient bioaccumula-
tors of Se. Formalized, detailed knowledge such as 
this (submodel D, Figure 5), in turn, helps set choices 
in comparative modeling scenarios.

Fish and Wildlife Health: Ecotoxicology and Effects

Toxicity arises when dissolved Se is transformed to 
organic-Se by bacteria, algae, fungi, and plants (i.e., 
synthesis of Se-containing amino acids de novo) 
and then passed through food webs. It is generally 
thought that animals are unable to biochemically 
distinguish Se from sulfur, and therefore excess Se 
is substituted into proteins and alters their structure 
and function (Stadtman 1974). Other biochemical 
reactions also can determine and mediate toxicity 
(Chapman and others 2010). The effect of these reac-
tions is recorded, most importantly in birds and fish, 
as failures in hatching or proper development (terato-
genesis or larval deformities) (submodel E, Figure 6). 
Other toxicity endpoints include growth, winter 
survival, maintenance of body condition, reproduc-
tive fitness, and susceptibility to disease (submodel 
E, Figure 6; Appendix A.3). Specifically, Se can alter 
hepatic glutathione metabolism to cause oxidative 
stress (Hoffman and others 1998, 2002; Hoffman 
2002) and diminished immune system function 
(Hoffman 2002).

Details of general ecotoxicological pathways of Se 
for fish and birds and effects of concern for Se are 
shown in submodel E (Figure 6). As represented here, 
birds and fish differ in how Se taken up from diet 
distributes among tissues (submodel E, Figure 6). 
Physiological pathways shown here for birds empha-
size an exogenous dietary pathway and for fish an 

endogenous liver pathway. Species-specific Se effect 
models for the Bay-Delta are shown for breeding 
clapper rail; migratory scoter and scaup; white stur-
geon; downstream-migrating juvenile salmonids; and 
upstream-migrating adult salmonids (submodel F, 
Figure 7). Details of Se-specific toxicological infor-
mation for predator species considered here are com-
piled in Appendix A.3. 

Such health effects are important to the overall abil-
ity of birds and fish to thrive and reproduce. But the 
consequences of Se transfer from the mother to her 
progeny via each reproductive stage are the most 
direct and sensitive predictors of the effects on birds 
and fish (Heinz 1996; Lemly 2002; Chapman and 
others 2010). Ultimately, it would be expected that 
effects on reproduction, especially in slowly repro-
ducing, demographically vulnerable species (e.g., 
sturgeon), could lead to effects on populations and 
community changes. 

To translate exposure into toxicity, effects levels are 
needed for predator species. Traditionally, guidelines 
relate Se concentrations in water to effects. But it is 
increasingly recognized that the concentrations of 
Se bioaccumulated in fish and bird tissues are more 
strongly related to signs of toxicity in nature, and 
would provide less ambiguous guidelines (Chapman 
and others 2010). The best correlations occur between 
Se in reproductive tissue and effects on reproductive 
processes. To assess implications of Se contamination 
in water from such relationships a bioaccumulation 
model is, then, necessary. 

Experimental determination of tissue Se concentra-
tions at which adverse effects occur is influenced 
by choice of endpoint, life-stage, dietary form, 
route of transfer, and choice of effect concentration. 
Another consideration in determining the guideline 
is the steepness of the Se dose-response curves and 
the choice of mathematical models to describe the 
curve (Skorupa 1998; Ohlendorf 2003; Lemly 2002; 
Environment Canada 2005; Beckon and others 2008; 
Chapman and others 2010). Effect guidelines that 
focus on a combination of the most sensitive assess-
ment measures might include, for example, a seleno-
methionine diet, parental exposure, and embryonic 
or larval life-stage effect (Presser and Luoma 2006). 
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Figure 6  Submodel E. Ecotoxicology and Effects
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Figure 7  Submodel F. Species-Specific Effects
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Even then the choice of statistical analysis and 
effect level can lead to disagreement about effect 
guidelines. 

Human Health

A number of species from the Bay-Delta are con-
sumed by humans (submodel G, Figure 8). Human 
health advisories against consumption of greater 
scaup, lesser scaup, and scoter because of elevated 
Se levels have been in effect since 1986 (Presser and 
Luoma 2006) for Suisun Bay, San Pablo Bay, Central 
Bay, and South Bay (CDFG 2012, 2013). The health 
warning states that no one should eat more than 
four ounces of scaup meat per week or more than 
four ounces of scoter meat in any two week period. 
Further, no one should eat the livers of ducks from 
these areas.

Fish consumption advisories, including for white 
sturgeon, exist for the Bay because of the effect of 
mercury and PCBs (OEHHA 2011, 2012). Pesticides, 
flame retardants, and Se also were tested, but a 
mean concentration calculated for each fish species 
collected from locations throughout the Bay-Delta 
over a range of years was found to be below that 
chemical’s advisory tissue level (OEHHA 2011, 2012). 
Specifically for Se, concentrations in white sturgeon 
(n = 56 during 1997 to 2009, or 4.3 fish per year) 
were higher than other species of fish tested; and 
some Se concentrations for white sturgeon collected 
in North Bay locations (maximum 18.1 µg g-1 dw) 
exceeded Se advisory levels (e.g., 10.4 µg g-1 dw or 
2.5 µg g-1 wet weight based on consumption of three 
8-ounce meals per week (OEHHA 2011, 2012). Length 
restrictions (117 to 168 cm) and a bag limit of one 
fish per day are in effect for legal fishing of white 
sturgeon in the Bay, with a mean of 134 cm mea-
sured in fish collected for advisories.

A median per angler consumption rate of 16 g d-1 
was determined specifically for Bay fish during 1998 
and 1999 (SFEI 2000). This site-specific rate can be 
compared to a national recreational fisher consump-
tion rate of 17.5 g d-1 and a national per capita rate 
of 7.5 g d-1 (USEPA 2000b). 

Nutritional guidelines, toxicity symptoms, and 
national guidance concerning human health risk for 
consumption of fish are shown in submodel G (Figure 
8). The details of how guidelines shown in Figure 8 
were determined and how they might be linked to 
regulation of Se in wildlife and to fish health are pre-
sented in Appendix A.4. 

QUANTITATIVE MODELING

This section presents an example of an application of 
the quantitative DRERIP Ecosystem-Scale Selenium 
Model. The questions addressed in this example are: 
What are the implications for ecosystem concentra-
tions of Se if a fish tissue and/or wildlife Se guideline 
is implemented (a guideline based upon Se con-
centrations in a predator)? More specifically, what 
changes in dissolved or particulate Se concentration 
in the Bay-Delta would be necessary to achieve the 
selected tissue concentrations in predators? Agencies 
have traditionally regulated contaminants on the 
basis of dissolved concentrations, and managed 
inputs from different sources based upon their impli-
cations for dissolved concentrations (e.g., total mass 
daily loadings). This example shows a methodology 
that ties the new concept of tissue guidelines to the 
traditional concept of dissolved-concentration-based 
management. Inherent in every regulatory guideline 
are assumptions about the environment being regu-
lated. The model allows an explicit evaluation of the 
implications of different assumptions.

The generalized equations for prediction of a dis-
solved Se concentration from a tissue Se concen-
tration are given in submodel B (Figure 3). Table 1 
gives the specific combinations of choices for food 
web, guideline, location, hydrologic condition, Kd, 
and TTFs used for the Bay-Delta application. In this 
example, several alternatives for a tissue guideline 
were chosen from among those that have been dis-
cussed in the regulatory context. Then, the inverte-
brate, particulate, and dissolved Se concentrations 
were calculated that would be expected if the tissue 
concentrations were in compliance with each choice 
of a guideline. Calculations also were conducted 
under different assumptions about Kd, food web, and 
TTFs. Finally, the calculated dissolved, particulate, 
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Figure 8 Submodel G. Human Health. See additional explanation in Appendix A.4.
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and invertebrate Se concentrations were compared 
with observations of those values from the Bay-Delta 
to assess how much existing conditions would be 
need to change to achieve compliance with the cho-
sen guidelines (Table 2). Implicitly, comparisons of 
outcomes with data from nature tests how well model 
predictions match reality (Luoma and Rainbow 2005). 
Comparisons under different assumed conditions test 
the sensitivity of the model to changes within a few 
critical parameters.

The method, as indicated in the conceptual model 
(Figures 3 and 4, especially) includes the following 
steps: (1) selection of tissue guidelines to test; (2) 
selection of places and times of interest; (3) deriva-
tion of Kd using spatially and temporally matched 
dissolved and particulate Se concentrations con-
strained within the selected place and time; (4) selec-
tion of a food web of interest to each locality; (5) 

determination of species-specific TTFs for inverte-
brates and their specific predators that are relevant to 
the place and food web; (6) prediction of invertebrate, 
particulate and dissolved Se concentrations; (7) com-
parison of predicted values to field observations of Se 
concentrations in these media in the Bay-Delta; and 
(8) conclusions about implications for compliance. 

Modeling Parameters and Variables

Guidelines

The effect guidelines chosen for evaluation were 5 
and 8 µg g-1 dw fish whole-body; as well as 7.7, 
12.5, and 16.5 µg g-1 dw for bird eggs (Presser and 
Luoma 2010b) (Table 1). The regulatory community 
is debating appropriate critical tissue values that 
relate bioaccumulated Se concentrations and toxic-
ity in predators (see previous discussion). We are not 

Table 1  Locations, food webs, and model parameters for quantitative modeling examples

Location Predator Food web

Predator tissue 
target  

(µg g-1 Se, dw) TTF predator Prey TTFprey

Particulate phase as base 
of food web Kd Flow condition

San Francisco 
Bay (Carquinez 
Strait – Suisun 
Bay)

sturgeon clam-based 5 or 8  
whole-body 1.3

50% C. amurensis 
50% [amphipods 
plus other 
crustaceans]

9.2 suspended particulate 
material 5,986 low flow  

(Nov 1999)

sturgeon clam-based 5 or 8  
whole-body 1.3

50% C. amurensis 
50% [amphipods 
plus other 
crustaceans]

9.2 suspended particulate 
material 3,317 average 

condition

young 
striped 
bass

zooplankton-
based

8  
whole-body 1.1 zooplankton 2.4 suspended particulate 

material 3,317 average 
condition

bird clam-based 7.7, 12.5, or 
16.5 egg 2

50% C. amurensis 
50% [amphipods 
plus other 
crustaceans]

9.2 suspended particulate 
material 5,986 low flow  

(Nov 1999)

bird clam-based 7.7, 12.5, or 
16.5 egg 2

50% C. amurensis 
50% [amphipods 
plus other 
crustaceans]

9.2 suspended particulate 
material 3,317 average 

condition

Sacramento–San 
Joaquin Delta fish insect-based 5 or 8  

whole-body 1.1 aquatic insects 2.8 suspended particulate 
material 3,680 average 

condition

bird insect-based 7.7, 12.5, or 
16.5 egg 2 aquatic insects 2.8 suspended particulate 

material 3,680 average 
condition

San Joaquin 
River (main stem 
at Vernalis)

fish insect-based 5 or 8  
 whole-body 1.1 aquatic insects 2.8 suspended particulate 

material 1,212 generalized 
(July 2000)
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suggesting these are the best choices for guidelines; 
but they are within the range of those that are being 
discussed. In particular, the fish whole-body tar-
get of 5 µg g-1 and a bird egg target of 7.7 µg g-1 
have been derived to provide additional protection 
for endangered species (Skorupa and others 2004; 
Skorupa 2008). The illustrated scenarios also consid-
ered the differences in the changes required if a bird 
egg-based guideline were used instead of a whole-
body fish-based guideline. 

Place and Time

The modeling scenarios compared two locations: a 
brackish-water Bay environment and a tidal freshwa-
ter Delta environment. For the Bay, we constrained 

consideration to the geographic area of Carquinez 
Strait and Suisun Bay (Presser and Luoma 2010b) 
(Table 1). In terms of drivers, this location is affected 
by oil-refinery effluents that contain Se, and also 
could be influenced by inputs from the San Joaquin 
Valley. As noted previously, Se concentrations in 
at least some predators (sturgeon and diving ducks) 
at this location now exceed USFWS Se guidelines 
(Presser and Luoma 2010b). For the Delta, the area 
considered was from Stockton westward through the 
Delta, and was constrained to the freshwater envi-
ronment. We also compared scenarios for average 
conditions across the year(s) in the Bay, to a spe-
cific example of conditions for one low flow season 

Table 2  Predicted dissolved and particulate Se concentrations and percent exceedances for example scenarios

Location

Flow condition and  
tissue guideline  

(µg g-1 Se, dw fish whole-body 
or bird egg)

Predicted 
invertebrate 

concentration  
(µg g-1 Se, dw)

Predicted particulate 
concentration  
(µg g-1 Se, dw)

Percent particulate 
Se exceedance in 

ecosystem

Predicted dissolved 
concentration  

(µg L-1 Se)

Percent dissolved 
Se exceedance in 

ecosystem

San Francisco Bay: Carquinez Strait – Suisun Bay

Bay sturgeon low flow  –  5.0 3.8 0.42 59 0.070 100%

average  –  5.0 3.8 0.42 59 0.126 47%

low flow  –  8.0 6.2 0.67 27 0.112 66%

average  –  8.0 6.2 0.67 27 0.202 3%

Bay striped bass average  –  8.0 7.3 3.0 0 0.914 0%

Bay birds low flow  –  7.7 3.9 0.42 59 0.070 100%

average  –  7.7 3.9 0.42 59 0.126 47%

low flow  – 12.5 6.3 0.68 25 0.113 64%

average  – 12.5 6.3 0.68 25 0.205 2%

low flow  – 16.5 8.3 0.90 11 0.150 23%

average  – 16.5 8.3 0.90 11 0.270 1%

Sacramento–San Joaquin Delta

Delta fish average  –  5.0 4.5 1.6 7 0.441 19%

average  –  8.0 7.3 2.6 3 0.706 10%

Delta birds average  –  7.7 3.9 1.4 16 0.374 19%

average  – 12.5 6.3 2.2 3 0.607 11%

average  – 16.5 8.3 2.9 3 0.801 6%

San Joaquin River (main stem at Vernalis)

River fish July 2000  –  5.0 4.5 1.6 No data 1.3 16%

July 2000  –  8.0 7.3 2.6 No data 2.1 3%
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(November 1999). An average condition for the Delta 
was modeled.

Partitioning and Kds

The approach of Presser and Luoma (2006, 2010b) 
was used to select two Kds for the scenarios from 
the Bay and one for the Delta (Table 1). The data for 
the Bay were narrowed to a Carquinez Strait–Suisun 
Bay location (Cutter and Cutter 2004; Doblin and 
others 2006; Presser and Luoma 2010b) to focus on 
the most contaminated area in the estuary, and to 
exclude the extreme Kds at the ocean and freshwater 
interfaces. We selected the mean of co-collected dis-
solved and particulate Se concentrations from a tran-
sect for November 1999 (Kd = 5,986) to represent low 
flow conditions. Average conditions in the Bay across 
all seasons and several years were represented by the 
grand mean of all transects through the Carquinez 
Strait–Suisun Bay area during 1998-1999 (Kd = 3,317) 
and the freshwater Delta during 2003-2004 (Kd = 
3,680). For comparison, the Delta grand mean Kd 
for low flow transects was 2,613 and for high flow 
transects 5,283. As discussed earlier, the value that 
describes transformation, even when constrained, is 
the most variable of any of the model parameters. 
The uncertainty associated with the choice of this 
value could be avoided if environmental guideline 
were based upon empirically determined particulate 
Se, but cannot be avoided if it is necessary to relate 
tissue Se to dissolved Se.

Food Webs and TTFs

For the Bay, the food web used was for suspended 
particulate material to C. amurensis to clam-eating 
fish or aquatic-dependent clam-eating bird (submodel 
C, Figure 4 and Table 1). The diet for both preda-
tors was assumed to be 50% clam and 50% benthic 
crustaceans. The bivalve food web is the most effi-
cient at accumulating Se in the system, in both the 
field and in the quantitative model; therefore, it is 
the most environmentally protective to use in evalu-
ating a tissue guideline. Different assumptions, of 
course, could be used for the percentage of diet that 
is clam-based (e.g., 75% to 96% for scoter and scaup, 
submodel C, Figure 4). Data on variability of benthic 

assemblages with time, Bay location, and hydrologic 
condition also can be used to adjust dietary consid-
erations (Peterson and Vayssieres 2010). If migrating 
scoter and scaup were modeled, a guideline based on 
body-condition endpoint, rather than a direct repro-
ductive guideline, would be appropriate. To test the 
sensitivity of the choice of predator, one comparative 
simulation was calculated for a pelagic food web in 
the Bay: suspended material to zooplankton to young 
striped bass. The food web for the Delta was suspend-
ed particulate material to aquatic insects to juvenile 
salmon or steelhead trout.

Only a few recent data sets from the Bay-Delta are 
available that analyze Se concentrations across a 
reasonably complete food web (e.g., Stewart and oth-
ers 2004). Some important food webs have not been 
assessed at all (e.g., aquatic insects and Chinook 
salmon or steelhead trout) (Presser and Luoma 
2010b). However, studies of Se concentrations in 
enough individual predator and prey species are 
available to assess the predictions from the model 
and to derive, in a few instances, some critical tro-
phic transfer relationships (e.g., Linville and others 
2002; Stewart and others 2004; Schwarzbach and 
others 2006; Lucas and Stewart 2007; De La Cruz 
and others 2008; De La Cruz 2010). For the Bay, the 
dominant bivalve in the Carquinez Strait–Suisun Bay 
area is C. amurensis. This species strongly bioac-
cumulates Se (Linville and others 2002). A species-
specific TTFC. amurensis of 17 (a range of 14 to 26 
over different estuary conditions) was used here 
based on the field calibration that Presser and Luoma 
(2010b) describe. Benthic crustaceans, like amphi-
pods and isopods, are much less efficient than clams 
in bioaccumulating Se; TTFs can range from 0.8 for 
amphipods to 2.0 for other crustaceans (Presser and 
Luoma 2010a). Under the assumption of a mixed diet 
of C.  amurensis (TTFC.  amurensis =  17) and benthic 
crustaceans (TTFbenthic crustacean = 0.8 and 2.0), the 
combined diet TTF used here is 9.2.

An important benthic predator, white sturgeon, was 
chosen for the example, because the Se biomagni-
fier C. amurensis is an important food source for this 
species in the Bay. White sturgeon accumulate higher 
concentrations of Se than any other fish in the Bay 
(Stewart and others 2004; OEHHA 2011), making it 
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the environmentally conservative choice for evaluat-
ing a guideline. From studies in the late 1980s, field 
TTFs derived specifically for white sturgeon from the 
Bay that used bivalves as prey, showed a range from 
0.6 to 1.7, with a mean of 1.3 (Presser and Luoma 
2006); similar to the value of 1.1, which is the mean 
among all fish species studied. Calculations from 
more recent data sets for C. amurensis at Carquinez 
Strait, and seaward white sturgeon, showed a some-
what lower TTF of 0.8 (Presser and Luoma 2010b).

For the Delta food web, Se TTFs for freshwater aquat-
ic insects were selected from data from literature 
sources (submodel C, Figure 4). For example, Presser 
and Luoma (2010a) derived a mean Se TTFinsect of 2.8 
(range 2.3 to 3.2) based on matched field data sets 
for particulate and insect Se concentrations in fresh-
water environments for several species of aquatic 
insect larvae including mayfly, caddisfly, dragonfly, 
midge, and waterboatman. These values generally 
compare well to laboratory-derived TTFs for aquatic 
insect larvae (Conley and others 2009). TTFs for other 
potential invertebrates in Delta food webs (range 
0.6 to 2.8) also are shown in submodel C, Figure 4 
(Presser and Luoma 2010a). 

Much less data are available to evaluate bioaccumu-
lation in avian food webs. Data from the study of 
toxicity in mallards (Heinz and others 1989, 1990) 
are the most comprehensive studies available to use 
for modeling dietary exposure. From these studies, 
the laboratory-derived TTFbird egg of 2.6 was assumed 
for transfer of Se from prey to bird eggs (which cor-
relate best with toxicity). For the model, this choice 
of TTF for bird species was lowered to 2.0 to illus-
trate the possible effect of field variables on expo-
sure factors that encompass habitat use and feeding 
behavior. A diet of 50% clams and 50% crustaceans 
was assumed for a clam-eating bird. 

Implications of Model Choices and Estuary 
Conditions

Details of the calculations to evaluate implications of 
different guidelines, under different conditions, are 
summarized in Table 2. To compare the implications 
of these choices, we determined the percentage Se 
concentrations in dissolved and particulate form that 

exceeded the value predicted to be necessary to meet 
the tissue guideline. All published dissolved (n = 168) 
and particulate Se (n = 168) data from the Bay and 
from the Delta, collected after 1997, are employed in 
this estimate. Together, the scenarios depict a Bay for 
which there is ecological risk from Se contamination, 
but the degree of risk, judged by the degree of com-
pliance with the guidelines, depends heavily upon 
assumptions about toxicity (the guideline), transfor-
mation, and choice of food web. 

The occurrence of 8 µg g-1 dw Se in sturgeon muscle 
from the contaminated area of San Francisco Bay 
(Linares and others 2004) is one of several lines of 
evidence that ecological risks from Se are occurring 
in the Bay. When this concentration was used for a 
predator guideline (Table 2), the model predicted Se 
concentrations in invertebrates and suspended par-
ticulate material and a dissolved Se concentration 
that were within the range typical of the Bay-Delta 
(Table 2). Thus, the model results appear to success-
fully capture the links between Se concentrations in 
different ecosystem components of the Bay, in gen-
eral [also see Presser and Luoma (2010b) for further 
validation details]. This also suggests that the use of 
calibrated mean Kds to reduce uncertainties about 
transformation adequately captures and constrains 
the variability in these processes. The agreement 
between ecosystem observations and the predicted Se 
concentrations in invertebrates and predators simi-
larly points to the validity of the TTFs.

The most remarkable conclusion from the calcula-
tions is that fish tissue Se concentrations typical of 
risks to reproductive toxicity (the selected guideline 
examples) occur in the Bay at dissolved Se concen-
trations more than ten times less than the traditional 
water quality regulatory guideline of 5 µg L-1 (Table 
2). At least some food webs in the Bay and the 
Delta are particularly vulnerable to small changes 
in bioavailable Se concentrations. The very high Kds 
consistently observed in both the Bay and the Delta, 
compared to many other ecosystems (Presser and 
Luoma 2010a), may be one reason for this sensitivity. 
Also influential is the strong ability of invertebrates 
such as C. amurensis to bioaccumulate Se when com-
pared to other prey species. It appears that ecosys-
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tems wherein dissolved Se is efficiently transformed 
to particulate Se, and in which particulate Se is prop-
agated up a food web to predators, will amplify rela-
tively small changes in concentrations of dissolved Se 
concentrations to levels that could affect predators. 

Under low flow conditions, 23 to 66% of dissolved 
Se determinations in the Bay exceeded the value pre-
dicted to be necessary to meet the higher sturgeon-
based guideline or the higher bird-based guidelines 
(Table 2). Under guidelines chosen to protect endan-
gered species, 100% exceedance occurs at low flow 
conditions. Clearly, low flow conditions, like those in 
November 1999, are the time of greatest ecosystem 
sensitivity to Se inputs (as suggested by Presser and 
Luoma 2006). It is notable that the example presented 
here does not represent the most extreme condition of 
a low flow season of a dry year or critically dry year. 

If annual average conditions are assumed (the mean 
of spatially constrained Kds), compliance is much 
more sensitive to the choice of guideline. Few if any 
exceedances (1 to 3%) are observed if the higher fish 
or bird egg guidelines are implemented under that 
assumption. For endangered species protection under 
an average condition, exceedance is approximately 
47% for both the fish and bird guidelines. Of course, 
regulations based upon average conditions run the 
risk of under-protecting species sensitive to Se expo-
sure during the protracted time in every year (espe-
cially drier years) when Se is most bioavailable. 

Considering the choice of different guidelines, if a 
5 µg g-1 guideline is implemented that uses sturgeon 
as the target organism, the entire Bay would be out of 
compliance. The model calculation suggests nearly all 
anthropogenic Se would have to be removed to drive 
sturgeon tissues to concentrations as low as 5 µg g-1, 
especially during a low flow condition. The projected 
dissolved Se concentration necessary to reach that 
level in sturgeon tissue is approximately the value for 
the Sacramento River, and hence the pre-disturbance 
baseline condition for the Bay. The modeling results 
suggest that if it is assumed that 5 µg g-1 represents 
the toxicity threshold for sturgeon, and if it were 
applied using concentrations in sturgeon from the 
field, then there is no room for any deviation from 
concentrations in the Sacramento River without risk 

to the species. It is important to remember, however, 
that this toxicity guideline was derived for the most 
sensitive fish species. So, the use of the most sensi-
tive surrogate in the toxicity guideline combined with 
field determinations from the fish with the greatest 
exposure results in an ultra-sensitive outcome.

These model results also illustrate how sensitive the 
implementation of a tissue guideline can be to the 
choice of predator. For example, many of the dif-
ferences between sturgeon-based guidelines and 
bird egg-based guidelines are relatively small. Both 
appear to be sensitive indicators of ecological risks. 
However, the outcomes of guidance based upon 
striped bass, a water-column predator, are quite dif-
ferent from outcomes based upon bird eggs or stur-
geon. The model showed that while aquatic birds and 
sturgeon are at risk under most assumptions, few 
or no exceedances of Se concentrations occur if the 
choice of regulatory indicator is based upon striped 
bass tissues. The differences are the result of the dif-
ferent invertebrate prey of the two species. Sturgeon 
eat a diet that includes strong Se bioaccumulator spe-
cies (bivalves); striped bass eat from prey that live in 
the water-column and do not strongly bioaccumulate 
Se. 

Selenium concentrations in the water column or par-
ticulate material of the Delta are higher and more 
variable than in the Bay. Average Kds are similar 
between the Delta and the Bay. Nevertheless, few 
exceedances of dissolved and particulate Se concen-
trations (3% to 19%) are predicted in the Delta, even 
when the most sensitive fish guideline is used. This 
is consistent with the observation of low Se con-
centrations in the few fish that have been sampled 
from the Delta (e.g., Foe 2010). Use of the local 
food web is extremely influential in this outcome. 
Bioaccumulation of Se in the aquatic insect larvae 
(and other arthropods) that are the primary prey 
species of most Delta fish and birds is much lower 
than bioaccumulation by bivalves. As a result, it 
appears that the Delta food webs are easier to pro-
tect from adverse effects of Se than benthic food 
webs in the Bay, even if it is assumed that the most 
sensitive fish guideline applies. Nevertheless, the 
actual concentrations of dissolved Se predicted to be 
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necessary to meet the tissue guidelines range from 
0.37 to 0.80 µg L-1, far below the Se concentrations 
typical of most existing dissolved guidelines for Se 
(Luoma and Presser 2009). This reflects the unusu-
ally high Kds consistently observed in this freshwater 
environment. 

Few determinations of Se concentrations in particu-
late material in the incoming rivers to the Bay are 
available outside the tidal range. Lucas and Stewart 
(2007) reported matched dissolved and particulate 
Se concentrations from which one Kd could be cal-
culated (a value of 1,212) for the San Joaquin River 
during transect sampling in 2000. The example in 
Table 2 shows that if that were typical of the river, 
and the food web was mainly based upon arthro-
pods, then compliance with a tissue guideline could 
occur at dissolved Se concentrations ten times higher 
than would be the case in the Bay. This river simula-
tion is based on very limited data; it is given here 
for comparative purposes to show the sensitivity 
of the model to the choice of hydrologic setting. 
Comprehensive modeling of the San Joaquin River 
system would require data collection and analysis 
specific to the river’s settings, predator species, food 
webs, and habitats. Percentage exceedance (Table 2) 
is based on weekly sampling of total Se for the river 
at Vernalis from water year 1995 through water year 
2010 (SWRCB 2012)

CONCLUSIONS

The DRERIP Ecosystem-Scale Selenium Model out-
comes for the Bay-Delta show critical choices for Se 
modeling, and derived risk scenarios that illustrate 
varying degrees of risk, depending on those choices 
(Figure 1; Tables 1 and 2). In general, the conceptual 
model for Se shows that the focus of concern for this 
contaminant is the top of the food web. Quantitative 
model calculations show that enough is known to 
adequately characterize the distribution of Se through 
the Bay-Delta ecosystem, although the available data 
from which to validate the outcomes is dated and 
does not include conditions within a low flow sea-
son of a dry year or critically dry year. Presser and 
Luoma (2010b) give additional specifics for updated 
data collection and model refinements. 

Selenium concentrations in fish or bird tissues alone 
appear to be good indicators of ecological risks from 
Se. Key invertebrates (e.g., the bivalve C. amurensis 
in the Bay) may be a more pragmatic indictor for fre-
quent monitoring. Given that (1) suspended particu-
late material Se concentrations are key to accurate 
prediction of prey and predator Se concentrations; 
and (2) dissolved Se concentrations are constrained 
to a narrow dynamic range within the estuary, a 
suspended particulate material Se concentration also 
may be a sensitive parameter on which to assess 
change. Dissolved Se concentrations appear to be the 
variable of choice for regulatory agencies, however, 
because of links to total maximum daily loads. 

The ability to quantitatively characterize distributions 
among all these ecosystem components from field 
determination of only one component allows great 
flexibility in future monitoring whatever the choice of 
indicator. The detailed site-specific conceptual model, 
and the ability to quantitatively apply that model, also 
provide perspective on the processes that are most 
influential in determining Se contamination in the 
predators of this Se-sensitive environment (Figure 1). 

The quantitative example (Tables 1 and 2) pro-
vides some lessons for implementing regulations to 
manage Se in this system. First, it is notable that 
extremely small changes in dissolved Se concentra-
tions, in absolute terms, have strong implications for 
compliance with the tissue guidelines. A regulatory 
program that focuses on dissolved Se would require 
an extremely rich data set to reliably detect the dif-
ferences between compliance and non-compliance, 
based upon the translation from tissue to dissolved 
Se. This is another reason why regulation of suspend-
ed particulate material Se concentration may be a 
more sensitive parameter on which to assess change. 

Second, if compliance is determined from tissue con-
centrations in a predator, the choice of that predator 
is crucial. Predators of bivalves in benthic food webs 
are much more at risk than predators from pelagic 
food webs. The former should be the basis of tissue 
monitoring in the Bay. 

Third, any decision as to whether reductions in ambi-
ent concentrations of Se would be required to comply 
with the tissue guidelines depends upon the choice 
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of guideline and assumed environmental conditions. 
For example, the modeling suggests that a fish tis-
sue guideline of 5 µg g-1 would ultimately require 
essentially all enriched Se inputs to the Bay to be 
eliminated if the guideline were applied using Se 
concentrations in sturgeon. According to the calcula-
tions, dissolved Se concentrations in the Bay would 
have to decline to nearly those in the Sacramento 
River to comply with such a guideline. If a guideline 
of 8 µg g-1 was used, the Bay would be near com-
pliance under average conditions; but 66% out of 
compliance in a situation like November 1999 (i.e., 
low flow). Calculating in the opposite direction from 
a traditional dissolved Se concentration guideline, 
allowing dissolved concentrations of Se in the Bay to 
reach 5 µg L-1 (the current regulatory guideline) or 
even 2 µg L-1 would result in tissue concentrations 
(potentially greater than 100 µg g-1 in C. amurensis) 
that could threaten many of the predators in the Bay, 
if other conditions stay as they are. 

Fourth, the current food webs in the Delta are less 
at risk from Se than the benthic food webs of the 
Bay, because of the differences in food webs. The 
differences between the Delta and the Bay are not 
the result of the freshwater versus brackish water 
nature of the systems of interest because, on average, 
transformation efficiencies are similar in the two. 
Where transformation processes are greatly different 
between two ecosystems, then a different outcome 
from implementing the same tissue guideline might 
be expected. The San Joaquin River example shows 
how a less efficient transformation of dissolved Se to 
particulate Se in the river can result in less sensitivity 
of the ecosystem to changes in Se concentrations. 

Finally, the more specificity added to the model, the 
less uncertainty in predictions. If, for example, the 
geographic range is narrowed by using data only from 
Carquinez Strait–Suisun Bay, then freshwater and 
ocean interfaces are avoided. If the temporal range is 
narrowed to low flow seasons of dry years (i.e., high 
residence time or high exposure time), then focus can 
be on times when the transformative nature of the 
estuary is elevated. Juxtaposition of times when sus-
pended particulate material or prey species achieve 
maximum Se concentrations with critical life stages of 
species at risk being present allows regulatory consid-

erations to focus on times that govern Se’s ecological 
effects (i.e., ecological bottlenecks) (Figure 1). 

The greatest strength of the analytical and model-
ing processes is that it is an orderly, ecologically 
consistent approach for assessing different aspects of 
the fate and effects of Se. Assessments such as the 
examples shown here can represent a starting point 
for initiating management decisions. Application of 
the DRERIP Ecosystem-Scale Selenium Model shows 
that management of Se requires incorporation of 
the complexity of dietary exposures and the system-
atic consideration of critical aspects of hydrology, 
biogeochemistry, physiology, ecology, and ecotoxi-
cology to define ecosystem protection. Although 
this is complex, scenarios can be developed from 
specific questions that arise in the planning and 
implementation of restoration actions for the Bay-
Delta. Quantitative evaluation of those scenarios is 
feasible. However, the Se database and monitoring 
program need to be modernized (e.g., refocused and 
expanded). Specifically, monitoring should include 
(1) representation of conditions in dry and critically 
dry years; and (2) collection of spatially and tem-
porally matched data sets across media (i.e., water, 
suspended particulate material, prey, and predator) to 
ensure that derived site-specific factors are current 
for the ecological and hydrological dynamics of the 
Bay-Delta. Only then will predictions from the model 
remain relevant and realistic to a constantly evolving 
estuary.
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Agricultural Losses from Salinity in California’s 
Sacramento–San Joaquin Delta
Josué Medellín–Azuara*1, Richard E. Howitt2, Ellen Hanak3, Jay R. Lund1, and William Fleenor1

ABSTRACT

Sea level rise, large-scale flooding, and new convey-
ance arrangements for water exports may increase 
future water salinity for local agricultural produc-
tion in California’s Sacramento–San Joaquin Delta. 
Increasing salinity in crop root zones often decreases 
crop yields and crop revenues. Salinity effects are 
nonlinear, and vary with crop choice and other fac-
tors including drainage and residence time of irriga-
tion water. Here, we explore changes in agricultural 
production in the Delta under various combinations 
of water management, large-scale flooding, and 
future sea level rise. Water management alterna-
tives include through-Delta water exports (current 
conditions), dual conveyance (through-Delta and 
a 6,700 Mm3 yr-1 [or 7500 cfs] capacity peripheral 
canal or tunnel) and the flooding of five western 
islands with and without peripheral exports. We 
employ results from previous hydrodynamic simula-
tions of likely changes in salinity for irrigation water 
at points in the Delta. We connect these irrigation 
water salinity values into a detailed agro-economic 
model of Delta agriculture to estimate local crop yield 

and farm revenue losses. Previous hydrodynamic 
modeling work shows that sea level rise is likely to 
increase salinity from 4% to 130% in this century, 
depending on the increase in sea level and location. 
Changes in water management under dual convey-
ance increase salinity mostly in the western Delta, 
and to a lesser extent in the north, where current 
salinity levels are now quite low. Because locations 
likely to experience the largest salinity increases 
already have a lower-value crop mix, the worst-case 
losses are less than 1% of total Delta crop revenues. 
This result also holds for salinity increases from 
permanent flooding of western islands that serve 
as a salinity barrier. Our results suggest that salin-
ity increases could have much smaller economic 
effects on Delta farming than other likely changes 
in the Delta such as retirement of agricultural lands 
after large-scale flooding and habitat development. 
Integrating hydrodynamic, water salinity, and eco-
nomic models can provide insights into controversial 
management issues. 
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INTRODUCTION

Salinity-driven reductions in agricultural produc-
tion have long been a policy concern for California’s 
Sacramento–San Joaquin Delta (CDPW 1931; Lund et 
al. 2007; DPC 2012; Medellín–Azuara et al. 2012a). 
In this study we quantify the economic effects on 
local agriculture of changes in localized Delta water 
salinity for a range of sea level and water manage-
ment conditions during the irrigation season. We 
employ the Delta Agricultural Production model 
(DAP, after Lund et al. 2007; Howitt et al. 2012), 
an agro-economic model for crops in the Delta that 
accounts for crop yield response to changes in irri-
gation water salinity. This work demonstrates the 
combined application of hydrodynamic, water salin-
ity, and agro-economic modeling to provide policy 
and management insights for a major water resources 
problem in California.

The economic effects of changes in irrigation water 
salinity vary in magnitude by crop, location, and the 
initial level of water salinity. By connecting hydro-
dynamic simulations with the crop production model, 
we find that small changes in salinity generally cause 
little change in Delta crop yields and revenues. Land 
use surveys indicate that higher-value and generally 
less salt-tolerant crops tend to be grown in areas of 
the Delta that currently have lower-irrigation water 
salinity; these areas do not experience major salinity 
changes in the simulated scenarios. These conditions 
allow lower-cost adaptation of cropping patterns, 
irrigated areas and the intensity of production fac-
tors per unit area within the Delta in response to the 
modeled salinity changes.

Salt accumulation has affected agriculture since 
ancient times in Mesopotamia and Egypt, and model-
ing of crop salinity response has been in the litera-
ture for some decades. Crop production response to 
salinity also has a history in the economics modeling 
literature at various temporal (short and long run) 
and spatial scales (from crop to farm and regional 
levels) (Feinerman 2000). Models usually involve 
optimization to maximize profits or minimize costs 
in farming under different salinity scenarios. Also, 

Cardon and Letey (1992) applied Darcy’s law on 
“flow through a porous medium” to model plant 
water uptake under salinity conditions. Knapp and 
Wichelns (1990) review dynamic optimization meth-
ods, finding that initial conditions matter and that 
large enough drainage disposal costs make water 
recycling more attractive. 

This paper uses results from Delta hydrodynamic 
and salinity transport modeling to provide irriga-
tion water salinity levels for various locations in 
California’s Sacramento–San Joaquin Delta under 
a variety of sea level and water management con-
ditions; we use these values as inputs to an agro-
economic model of crop production that includes 
the effects of soil salinity (Figure 1). Our modeling 
framework, presented in Figure 1, shows the flow 
of information among models. The hydrodynamic 
models (Water Analysis Module [WAM] and Resource 
Management Associates [RMA] 2-D model) provide 
water salinity data for different locations in the 
Delta. The DAP model takes crop production infor-
mation from the Statewide Agricultural Production 
model (SWAP, Howitt et al. 2012), crop response to 
salinity models (Hoffman 2010), and land use infor-
mation from the Department of Water Resources for 
each water salinity scenario to produce economi-
cally optimal cropping patterns for each Delta island. 
Sensitivity analyses for more recent Delta export 
periods and fixed salinity scenarios are also part of 
the modeling framework. 

Several underlying assumptions are worth discuss-
ing. First, our approach assumes that soil salinity in 
the root zone is the same as that of irrigation water 
applied in the surface. Second, following Hoffman 
(2010), we assume sufficient drainage exists in irri-
gated areas to avoid salt accumulation in the root 
zone (a problem in the southern Central Valley stud-
ied by Medellín–Azuara et al. [2008] and Howitt et 
al. [2009]). Hoffman (2010) concluded that many fac-
tors influencing soil salinization in general, including 
leaching requirements, crop salt tolerance at growth 
stages, shallow groundwater table, effective rainfall, 
irrigation efficiency and uniformity, climate, soil 
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bypass flow, salt precipitation and dissolution, are 
not major factors for salt accumulation in soils in the 
southern Delta. In Delta locations where drainage is 
a concern for crop productivity, subsurface drainage 
has been already installed. 

Third, we use a sigmoidal approach (Van Genuchten 
1983) for crop salinity response, as it is the best 
developed and well-suited for non-linear cropping 
optimization models like the one employed in this 
paper. In addition, the sigmoidal response-function 
approach showed good performance compared to the 
threshold-linear and exponential approaches (Van 
Genuchten and Hoffman 1984).

Mass and Hoffman (1977) pioneered comprehensive 
assessment of crop response to soil salinity. Mass 
(1990) provided a threshold approach in which differ-
ent crop types (within a range of tolerant and sensi-
tive) have relative yields constant up to thresholds 
in soil salinity. Beyond a threshold, relative yields 
decline at a constant rate. Another approach (Van 
Genuchten 1983; Hillel 2000) describes crop response 

to soil salinity in the root zone using a sigmoidal 
function that calibrates to a soil salinity at which 
crop yields are reduced by 50 percent. 

Other factors that may affect crops include drain-
age and irrigation water salinity. Drainage salinity is 
closely related to soil salinization, because poor soil 
drainage conditions retain salts. A rising groundwater 
table with brackish or saline water can degrade soil 
at the root zone with prolonged exposures. Salinity 
in irrigation water decreases yields for many crops. 
However, brackish or slightly saline irrigation water 
may not affect yields for some crops if the appropri-
ate drainage exists, in which case salts do not accu-
mulate in the root zone.

Below, we present the DAP model structure and data 
sets, the water salinity scenarios and hydrodynamic 
modeling work, and model results for the water salin-
ity scenarios (Figure 1). We conclude with a summary 
of the findings and some suggestions for further 
research.

Figure 1  Modeling framework
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Model Formulation

DAP expands the SWAP model to incorporate crop yield changes from varying irrigation salinity following Van 
Genuchten and Hoffman (1984) and Hoffman (2010). PMP calibration for SWAP is presented in detail elsewhere 
(Howitt et al. 2012). PMP is a multi-stage calibration method developed by Howitt (1995) to represent agricultural 
production, land and water. It calibrates to a base data set of production costs, production volume and factor use. 
PMP takes the opportunity cost of land and water and a linear profit maximization program and uses these val-
ues and the first-order condition identities to parameterize a non-linear cost function. In a last stage, these PMP 
cost functions and the resource constraints conform to the base case, which calibrates exactly to observed values 
of crop production inputs such as land, water, labor and supplies. PMP (Howitt 1995) is one of the most common 
approaches in optimization models of agricultural production. Here we describe the steps in the last stage of opti-
mization, relevant for assessing irrigation water salinity effects on crop yields. The DAP objective function is to 
maximize net financial returns of land and management using the following equation:

 
Maximize Z = −∑∑ ∑τ αρ

ρ

+( )∑∑∑ γ
g gi i jj

gi gi gijred gij gij gij

1

2v Y X X X
 (1)

In this formulation, vgi is the price for crop i on Delta island g; Yred is the relative yield under each water salinity 
scenario following Van Genuchten and Hoffman (1984), τgi is the CES scale parameter for a constant elasticity of 
substitution production function. Xgij is the quantity of production factor j (land, water, labor and supplies) allo-
cated to crop i, and αgij and γgij are the parameters of a PMP cost function (Howitt 1995). 

Yred, the relative yields, are given by:

 Y
C C

red =
+ ( )

1

1 50

ρ  (2)

Where C is the reference salinity and C50 is the salinity at which the crop yields are reduced by 50% of the base 
yield. The parameters C50 and rho were obtained empirically by Van Genuchten and Hoffman (1984). Rho was 
estimated using a maximum entropy approach (Shannon 1948) detailed below. Land and water are the limiting 
resources such that:

 
  

X
gij

≤ b
gj

   ∀g,  j ∈ land ,water{ }
i

∑  (3)

DELTA AGRICULTURAL PRODUCTION MODEL

The Delta Agricultural Production Model (DAP) esti-
mates the irrigated crop area and the crop mix that 
maximizes total net revenues on land areas within 
the Delta, taking into account production costs, crop 
prices, water use, and yield changes from irrigation 
water salinity (Lund et al. 2007, Appendix D). DAP 
is a customized version of the SWAP agro-economic 
model of California agriculture, augmented to exam-
ine the effects of irrigation water salinity. SWAP 
uses positive mathematical programming (PMP, after 

Howitt 1995) to calibrate a base case to observed val-
ues of input use, namely land, water, labor and sup-
plies. SWAP has been used for numerous agricultural 
modeling applications in California including water 
markets, soil salinity in the Central Valley (Howitt 
et al. 2009; Medellín–Azuara et al. 2008), climate 
change (Medellín–Azuara et al. 2012b), and regional 
economic impacts of water markets and drought in 
the Central Valley (Howitt et al. 2012). 
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DAP Projections for Year 2030

To estimate a 2030 case for farming in the Delta, we 
scaled down 2050 projections for California agricul-
ture in Medellín–Azuara et al. (2012b) through inter-
polation. These projections include yield increases 
from improved technology (Brunke et al. 2005) and 
changes in market conditions and crop demands that 
increase prices of most crops. For prices we assumed 
that: 

1. The Delta does not have market power; commod-
ity prices elsewhere in the state are not affected 
by production in the Delta, thus the Delta is a 
commodity price taker; 

2. California will maintain market power for spe-
cialty crops (e.g., fruits, nuts, vegetables) but will 
be a price taker for global crops such as rice, 
corn, and wheat; and 

3. Shifts in demands—and consequently prices—for 
the specialty crops, are linked to income and pop-
ulation growth projections, whereas global crops 
are influenced by future world demand trends. 

Crop Yield Response to Salinity

Figure 2 shows the relative yield as a function of salt 
concentration in the root zone for different parameter 
values. Root zone salinity is assumed to be the same 
as the irrigation water salinity. 

We estimated the value of the rho parameter in 
Equation 2 using a compilation of studies by 
Hoffman (2010) for crops in the southern Delta. 
We employed a maximum entropy algorithm that 
used the experimental relative yield observations in 
Figure 2 to obtain rho. With a maximum entropy 
approach it is possible to obtain a parameter prob-
ability distribution even with small data sets. From 
there, rho was used in Equation 2 to obtain the 
entropy-adjusted relative yield curve (Figure 2). As in 
Hoffman’s study, we assume that irrigation efficiency 
in the Delta is 85%, with a 15% leaching fraction. 
We assume no long-term salinity accumulation in 
Delta soils, because Delta farmers can drain their soils 

to avoid long-term salinity build-up. This contrasts 
with closed basins such as the Tulare Basin, where 
imported salts accumulate because salts cannot be 
exported (Medellín–Azuara et al. 2008).

We used a maximum entropy estimation to obtain 
a probability distribution and the expected value of 
the rho parameter in the nonlinear response func-
tion shown in Lund et al. (2007). With respect to the 
entropy-estimated rho parameter, we grouped the 
Delta crops into three categories: “sensitive” to salin-
ity in the root zone, “moderately sensitive,” and all 
other crops. The sensitive group includes almonds and 
pistachios, some vegetables (truck crops), and sub-
tropical fruits. The moderately sensitive group includes 
alfalfa, irrigated and non-irrigated pasture, tomatoes, 
other deciduous, cucurbits, and vine crops. For all 
other DAP crop groups (corn, grain, other field, rice, 
and sugar beet) we used parameter information for the 
relative yield equation above from Lund et al. (2007). 

Model Data Sets

The DAP model requires a base data set that 
includes average land and water use, labor and sup-
plies, crop prices, yields and production costs using 
these factors. The DAP model has been revised from 

Figure 2  Empirical data on relative yield response to 
changes in electrical conductivity for dry beans in the South 
Sacramento–San Joaquin Delta. (Adapted from Medellín–
Azuara et al. 2012a.)
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Crop Prices, Yields, and Production Costs

Both DAP and SWAP use a 20-crop group classi-
fication established by CDWR (Howitt et al. 2012). 
Within the Delta, only 14 of these groups are present 
in large acreages (Table 1).

Cost information is from SWAP for Central Valley 
Production Model (CVPM) Region 9, which cor-
responds to the Sacramento–San Joaquin Delta. 
Information on CVPM regions is detailed in Howitt 
et al. (2012) and on the SWAP website (http://swap.
ucdavis.edu). 

SWAP crop production budgets are updated regu-
larly using University of California–Davis' cost stud-
ies (http://coststudies.ucdavis.edu/). The SWAP crop 
prices and yields and resulting revenues per acre for 
the baseline period (2005–2008 average) are from a 

previous versions (Lund et al. 2007), with more 
recent land use information, salinity response func-
tions and production costs. DAP base model infor-
mation on prices and other factors is for the average 
of 2005 through 2008, which we applied to 2007 
land use as described below.

Land Use

This latest version of DAP employs preliminary 
land use estimates from the California Department 
of Water Resources (CDWR) 2007 field survey of 
the Delta (Medellín–Azuara et al. 2012a). We disag-
gregate production in the area defined as the “Legal 
Delta” into 70 different Delta islands and mainland 
areas, which are treated as individual farming units. 
The DAP model includes about 57% of the total Legal 
Delta area (nearly 299,000 ha). Thus total area in 
the modeled DAP area is 169,159 ha (418,000 ac), of 
which nearly 106,432 ha (263,000 ac) are farmed.

Figure 3 illustrates the study area, showing the salin-
ity sampling stations, and breaking the Delta into 
sub-regions to describe the salinity results for the 
70 modeled land units (detailed results by island are 
shown in Appendix Tables 1-41). The Far West (dark 
red) is an area where salinity is already too high to 
support farming. The Delta’s core agricultural areas 
are in the North (purple), South (orange), East (dark 
green), Central (light green), and West (light red). 
As discussed below, baseline salinity levels (and 
cropping patterns) vary considerably across these 
sub regions, as do the salinity effects of the sce-
narios examined here. The hatched blue area within 
the Western sub-region represents the five western 
islands flooded in the 2-D hydrodynamic modeling 
(hatched area in Figure 3). These five islands were 
chosen for an analysis of the effects of flooding in 
the state’s Delta Risk Management Strategy study 
because of their role as a salinity barrier (Fleenor et 
al. 2008; Medellín–Azuara et al. 2012a).

1 https://watershed.ucdavis.edu/project/water-quality-and-hydrodynamics

Table 1  Annual revenues per acre (2008 $USD) in the base 
year and projected for 2030 a

Crop group 2005–08 2030
Increase 

(%)
Perennial fruits and nuts    

Almond and pistachio  5,054  5,533  9
Other deciduous  4,401  5,084  16
Subtropical  5,983  6,825  14
Vine  4,632  5,479  18

Vegetables and other truck farming   
Tomato b  1,940  2,668  38
Other truck  4,120  6,234  51

Field crops and pasture    
Alfalfa  1,004  1,207  20
Corn  853  1,242  46
Grain  464  470  1
Irrigated pasture  597  691  16
Non-irrigated grain and pasture  464  470  1
Other field crops  1,000  1,135  13
Rice  1,333  1,486  11
Sugar beet  1,891  2,043  8

a. Sources: author estimates using SWAP; Howitt et al. 2012; adapted 
from Medellín–Azuara et al. 2012a

b. Price is based on processing tomato, which constitutes 95% of the 
value.
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Figure 3  Land use coverage in the Delta Agricultural Production model and location of water salinity model output stations in the legal 
Delta. (Adapted from Medellín–Azuara et al. 2012a.)
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recent analysis by CH2M Hill, which used USDA–
NASS County Agricultural Commissioners’ reports, 
adjusted in some cases to ensure positive returns to 
land and management. Whereas land use and applied 
water in SWAP can be represented at relatively fine 
scale, SWAP compiles production costs for each of 
the 20 CDWR crop groups at a regional scale, because 
this information is not available for all commodities 
for all counties and years.

Table 1 also compares of baseline revenues per acre 
from 2005 through 2008 and in 2030 in the Delta 
for its 14 crop groups, taking into account farm-
ers’ responses to prices, yields, and baseline salinity 
conditions, as discussed earlier in this section. As a 
result of yield and price changes, some crops main-
tain about the same irrigated land area (e.g., alfalfa 
and corn). Most vegetable and fruit crops (orchards, 
tomatoes, other vegetables, sugar beet, and vine 
crops) experience a slight increase (1% to 7%) in 
irrigated area. Lastly, almonds and pistachios, some 
grains, some field crops, irrigated pasture, and rice 
and subtropical crop groups have acreage reductions 
from 2% to 10%.

HYDRODYNAMIC MODELING AND WATER 
SALINITY INFORMATION FOR DAP

The hydrodynamic modeling used to estimate salin-
ity changes of Delta waters is based on two models 
developed by Resource Management Associates, Inc. 
for the state-commissioned Delta Risk Management 
Strategies (DRMS) study and reported in Fleenor et 
al. (2008). Development, verification, calibration and 
validation of both models can be found in Fleenor et 
al. (2008), Bombardelli et al. (2010) and (2011), and 
Fleenor and Bombardelli (2013).

First, the one-dimensional Water Analysis Module 
(WAM) is used to estimate salinity changes with the 
introduction of dual conveyance of water exports and 
sea level rise. Fleenor et al. (2008) performed simu-
lations with WAM over water years 1981 through 
2000. Second, a two-dimensional RMA Bay-Delta 
model (referred to here as the “RMA 2-D” model) was 
used to estimate salinity changes from the perma-

nent flooding of five western islands that serve as a 
salinity barrier at the Delta’s western edge (hatched 
in Figure 3). RMA performed these 2-D simulations 
that spanned the April 2002 through December 2004 
hydrologic period for the DRMS study. Permanent 
flooding represents conditions where the islands have 
either been flooded for some time or during winter 
months when considerable freshwater flows are avail-
able, but not the near-term results of a “Big Gulp” 
of salt water flowing into the Delta that might occur 
with catastrophic island failures during the summer or 
fall. We summarize these modeling results and show 
the model output water salinity sampling locations 
(Figure 3). To assign irrigation water salinity for each 
island and water salinity scenario we located the two 
closest sampling locations (Figure 3 and Medellín–
Azuara et al. 2012a) and then selected the sampling 
station with the highest monthly average salinity 
during the irrigation season. (This choice was made 
to avoid under-estimating the salinity effects farm-
ers might experience.) The supplementary tables in 
the project website (Appendices 1-42) provide detailed 
information on the sampling stations used and simu-
lated monthly average salinity levels by island and 
hydrodynamic modeling scenario.

To account for the largest possible monthly aver-
age salinity levels, we explored salinity conditions 
within a relatively long irrigation season (April 1 to 
September 30). This choice also likely overstates the 
average salinity conditions most farmers face when 
irrigating their crops, because salinity tends to be 
highest in the late summer and fall, when most irri-
gation is finished except for pasture and hay crops.

Salinity Scenarios

WAM simulations contrast 1981–2000 salinity 
conditions for three sea levels (current conditions, 
and for 1 and 3 feet of sea level rise). The sea level 
rise projections are within the range the California 
Ocean Protection Council (2011) recommends for 
long-term planning purposes, based on recent model 
projections for the mid- and late-21st century 

2 https://watershed.ucdavis.edu/project/water-quality-and-hydrodynamics
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(Vermeer and Rahmstorf 2009). Some projections 
anticipate the potential for higher sea level rise (55 
in) by the end of the century, and these would likely 
generate higher salinity levels than those shown 
here. WAM simulations also include two Delta export 
configurations (current through-Delta exports and 
a dual conveyance system in which a 212.4 m3 s-1 
[7,500 ft3 s-1] capacity peripheral facility is added 
that draws water from the Sacramento River at a 
point upstream of the Delta). RMA 2-D simulations 
contrast a 2002–2004 base salinity case with all 
islands intact and a scenario with five western islands 
flooded (Bradford, Brannan–Andrus, Jersey, Sherman, 
and Twitchell), the hatched area in Figure 3. RMA 
2-D runs do not consider sea level rise. For WAM, we 
also contrast a base case (through-Delta exports with 
no sea level rise) and a dual conveyance case for 
critically dry years within the modeled time period 
(1987–1991 and 1994). For both WAM and RMA 
2-D runs, all cases assume the same daily hydrology 
and water system operations (reservoir releases, 
Delta export volumes) as those which actually 
occurred during the modeled periods. In the case of 
dual conveyance, the model draws exports through 
the new conveyance system unless these exports 
would cause Sacramento River flows to fall below 
a minimum environmental flow of 283.2 m3 s-1 
(10,000 ft3 s-1). This environmental constraint is 
introduced to avoid reverse flows at the intake points 
that could harm fish (Burau 2007). Average export 
levels during the 1981–2000 reference period used 
for WAM were 5.96 billion m3 yr-1 (4.83 million 
ac-ft yr-1) (and 5.74 billion m3 yr-1 or 4.65 million 
ac-ft yr-1 for the dry and critical years), and 7.14 
million ac-ft yr-1(5.79 million ac-ft yr-1) for the 
2002–2004 reference period used for RMA 2-D. 
Reference salinity for each hydrodynamic model run 
are shown in supplementary tables in the project 
website (https://watershed.ucdavis.edu/project/water-
quality-and-hydrodynamics, hydrodynamic modeling 
results used in DAP).

Figure 4 shows salinity as electrical conductivity 
during the irrigation season for the five agricultural 
sub regions within the Delta under different export 

conveyance and sea level rise cases. Baseline salinity 
(the solid blue “current conditions” bar) is highest in 
the western Delta and lowest in the northern Delta. 
At current sea level, dual conveyance would increase 
salinity in most regions (particularly in the west), 
though not necessarily in the eastern and central 
parts of the Delta (hatched blue bar). Sea level rise 
increases salinity in most cases (again, particularly in 
the west). However, dual conveyance operations com-
bined with sea level rise may not increase salinity in 
the eastern and central Delta (hatched green and red 
bars). During dry years, salinity is generally higher 
than during other years in the modeled time period, 
and dual conveyance increases average salinity at 
least marginally in all regions in both the irrigation 
(April to September) and non-irrigation (October to 
March) seasons, as shown in Figure 5. 

The permanent flooding of western islands does not 
result in large increases in salinity over the base 
case during the irrigation season, although it does 
increase salinity somewhat more in the non-irrigation 
season (Figure 6). The lack of major effects in either 
season reflect the nature of the modeling scenario: 
recall that these islands are treated as “pre-flooded”—
with salinity levels set the same as the surrounding 
channels; this corresponds to long-term conditions 
or near-term flooding under high river-flow condi-
tions within the Delta, not the near-term effect of 
a “Big Gulp” of saltwater that might occur if the 
islands flood in the summer or fall or a very dry 
winter or spring. The contrast between the irrigation 
and non-irrigation seasons may reflect the effects of 
the D-1641 regulations (adopted in the mid-1990s), 
which include requirements to maintain low “X2” 
salinity standards in the western Delta from February 
until June. As a result, water exporters responded 
by increasing pumping in the fall for storage and 
urban uses, drawing more saline water toward the 
pumps. Permanent flooding of western islands greatly 
increases the volume of flood tide inflows and reduc-
es the ability of the out-flowing water to restrain 
salinity intrusion.
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Figure 5  Electrical conductivity during dry years 
for through-Delta exports and dual conveyance 
configurations (current sea level)

Figure 4  Electrical conductivity during the 
irrigation season (April to September) by WAM 
modeling scenario for five Delta sub-regions. 
Solid bars indicate through-Delta conveyance 
and hatched bars refer to dual conveyance.

Figure 6  Electrical conductivity from the RMA 
2-D hydrodynamic model for a base case and 
five western islands flooded during the irrigation 
season (solid bars) and non-irrigation season 
(hatched bars)
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DAP MODELING RESULTS

In general, higher salinity reduces the relative yield 
of crops in the Delta. However, a large enough 
change to cause major yield losses throughout the 
Delta seems unlikely even under three feet of sea 
level rise or the flooding of the five western islands. 
Similarly, we do not find major changes in baseline 
cropping patterns or crop revenues with any of the 
hydrodynamic modeling salinity scenarios analyzed. 

Hydrodynamic-Based Salinity Model Simulations 
of Revenue Losses

Sea level rise leads to limited crop revenue losses in 
the Delta, both with dual conveyance and through-
Delta exports (Figure 7). Dual conveyance for Delta 
exports generally increases total revenue losses 
somewhat relative to through-Delta exports, but 
these losses remain well under 1% of total revenues. 
During dry years, when Delta waters are more saline, 
dual export conveyance gives the highest revenue 
losses, slightly above 0.7% (third bar from the left in 
Figure 7), roughly $4.5 million yr-1, with most losses 
occurring in the western Delta.

Results using the RMA 2-D hydrodynamic model-
ing for salinity with permanently flooded western 
islands (Figure 6) also show little revenue loss during 
the irrigation season. Some areas in the north of the 

Delta may even see slight decreases in water salin-
ity and corresponding increases in crop revenues. 
Because most salinity changes occur outside the main 
irrigation season, crop yield and revenue effects are 
largely confined to acreage planted to winter crops 
such as wheat; thus the absolute revenue losses are 
very small because the acreage of winter plantings 
is itself small (less than 0.2% in the affected areas in 
the western and southern Delta). 

Of course, beyond their effects on water salinity in 
the Delta, the permanent flooding of the five west-
ern islands would also lead to losses from flooded 
land being taken out of production. Elsewhere, we 
used DAP to show that farm revenue losses from the 
permanent flooding of 19 western and central Delta 
islands would far exceed the salinity-related losses 
shown here—roughly $66 to $90 million yr-1—10% or 
more of baseline crop revenues (Medellín–Azuara et 
al. 2012a). (Suddeth et al. [2010] had earlier shown 
that these 19 islands would not merit repair after 
flooding based on the costs of repair and the value 
of agricultural production and other assets on the 
islands.) Changes of this magnitude would also ripple 
through the regional economy (multiplier effects), 
causing additional losses in revenues and value 
added. Large conversions of farmland to habitat 
could also have more substantial local and regional 
economic effects than the salinity changes modeled 
here (Medellín–Azuara et al. 2012a).

Sensitivity Analysis

To test the robustness of both the hydrodynamic 
and salinity transport simulations and the crop yield 
response model (DAP), we conducted two separate 
sensitivity analyses. The first tests for changes in 
water salinity in more recent levels of water exports 
in the Delta. The second tests the sensitivity of the 
crop production model to higher levels of irrigation 
water salinity than those obtained from hydrody-
namic and salt transport modeling with WAM and 
RMA2 / RMA11. 

Figure 7  Percent change in agricultural crop revenues across 
WAM water salinity scenarios
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Because the historical 1981–2000 water year, average 
export of 5.96 billion m3 yr-1 (4.83 million ac-ft yr-1) 
might not be representative of more recent, higher 
export levels, we replicated Fleenor et al. (2008) 
WAM hydrodynamic modeling runs using the 
1996–2005 water years, when average exports were 
7.28 billion m3 yr-1 (5.9 million ac-ft yr-1). We found 
no major increase in salinity for any of the 52 sam-
pling stations considered during the irrigation season. 
The largest increase was 2% at the Mokelumne River 
station near Terminous Tract, and the average electri-
cal conductivity across all stations in the Delta was 
generally lower than during the 1981–2000 period. 
This is because the 1996–2005 period was fully cov-
ered in the D-1641 requirements in operation from 
the mid-1990s; under these requirements, the isoha-
line line of 2 ppt must be maintained in the far west-
ern Delta (around Chipps Island) from February to 
June to support delta smelt. During the non-irrigation 
season of the 1981–2000 time period, however, dual 
conveyance may increase salinity in some areas, 
including those near Old and Middle Rivers, which 
are intake points to supply Delta water for urban 
uses in Contra Costa Water District. The change in 
salinity in these locations is about 15%, which would 
increase water treatment costs for the Contra Costa 
Water District service area if the utility were unable 
to store water during lower salinity periods for later 
use.

To test the sensitivity of the DAP agro-economic 
model, we also examine cases with uniform values 
of irrigation water salinity for all islands at 1%, 3%, 
5% and 10% of seawater salinity (set at 33 practi-
cal salinity units, psu: 50.4 mS cm-1 in surface at 
25 °C (77 °F) or 33 ppt. DAP responds more abruptly 
to electrical conductivity levels beyond one percent 
of seawater. This analysis supports conclusions from 
earlier modeling (Medellín–Azuara et al. 2012a): 
crop revenue losses from salinity increases caused by 
dual conveyance and sea level rise are relatively low 
because most higher value crops are not located in 
parts of the Delta that experience the highest salinity 
increases.

When identical, higher levels of irrigation water 
salinity are assumed for all Delta islands and sub 
regions, DAP reports generally higher agricultural 
revenue losses than those shown in the previous 
section. This results from two factors: first, the 
proportional salinity increases are much higher on 
islands and sub regions in the Delta where salinity 
is currently low; second, these areas also tend to 
have greater concentrations of higher-value crops. 
Thus, increased salinity conditions and losses of 
higher value crops increase revenue losses substan-
tially (Figure 8). The absolute revenue losses are 
highest in the northern and southern Delta, where 
such higher value crops predominate (Figure 9).

CONCLUSIONS

In the coming decades, the Sacramento–San Joaquin 
Delta is likely to experience changing land and water 
conditions as a result of a variety of natural and 
anthropogenic forces (Lund et al. 2010). Sea level 
rise, permanent flooding of some islands that lie 
below sea level, and altered water export operations 
are likely to affect water salinity and crop farming in 
the Delta. 

In this paper, we quantified changes in agricultural 
crop revenues in the Delta for a range of water salin-
ity changes using the DAP model. We used geo-
referenced land use and water salinity information 
from field data and existing hydrodynamic modeling 
was employed to assess agricultural production under 
the different water salinity scenarios. We also tested 
the sensitivity of the model using more recent, higher 
export levels and a set of fixed scenarios with higher 
salinity levels, based on percentages of seawater 
salinity. 

Several conclusions arise from this work:

1. Salinity changes from sea level rise, estimated by 
hydrodynamic modeling, reduce total agricultural 
crop revenues in the Delta by less than 1% of 
current revenues. 
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Figure 8  Change in crop revenues by percent of seawater salinity level (sensitivity analysis) 

Figure 9  Sub-regional breakdown of total crop revenue in the Sacramento–San Joaquin Delta at different salinity levels (sensitivity 
analysis)
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2. Water export operations with dual conveyance 
(including a peripheral canal or tunnel intake in 
the northern Delta) would slightly decrease crop 
revenue, especially during dry years, but these 
losses would remain within 1% of total pro-
jected Delta crop revenues under current salinity 
conditions. 

3. Similar conclusions also hold for salinity losses 
arising from the permanent flooding of the five 
western islands that serve as a salinity barrier; 
salinity increases more during the non-irrigation 
season. Direct agricultural revenue losses from 
island flooding are much greater.

4. Total crop revenue losses from these salinity 
increases generally remain small because areas 
in the Delta with the greatest salinity effects now 
mostly grow lower-value crops. Farmers’ ability 
to vary crop mix in response to salinity increases 
also reduces crop revenue losses. Economic losses 
from the permanent removal of agricultural lands 
because of island flooding or habitat conversions 
shown elsewhere (Medellín–Azuara et al. 2012a) 
are potentially much higher than the salinity 
effects found here.

5. Sensitivity analyses show that large increases 
in salinity for all Delta islands, beyond 3% of 
seawater, would greatly reduce Delta crop rev-
enues. The greatest losses would be in areas that 
currently grow more salt-sensitive, higher-value 
crops; these areas are further inland from San 
Francisco Bay.

6. A better understanding of the hydrodynamics of 
Delta water salinity is needed through the aid of 
3-D models, both to assess the combined effects 
of island flooding and sea level rise and to assess 
additional water operation alternatives. However, 
this study demonstrates the insights and potential 
from more detailed integrated analysis of crop 
production, adaptation, and revenue losses from 
salinity for a wide range of salinity and manage-
ment conditions.
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the next 50 years demonstrating regional increases in the potential for island flooding. Based on
continuing increases in the Levee Force Index and the Accommodation Space Index, and limited
support for Delta levee upgrades, there will be a tendency for increases in and impacts of island
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ABSTRACT
Anthropogenic accommodation space, or that space in
the Delta that lies below sea level and is filled neither
with sediment nor water, serves as a useful measure of
the regional consequences of Delta subsidence and sea
level rise. Microbial oxidation and compaction of
organic-rich soils due to farming activity is the pri-
mary cause of Delta subsidence. During the period
1900-2000, subsidence created approximately 2.5 bil-
lion cubic meters of anthropogenic accommodation
space in the Delta. From 2000-2050, subsidence rates
will slow due to depletion of organic material and bet-
ter land use practices. However, by 2050 the Delta will
contain more than 3 billion cubic meters of anthro-
pogenic accommodation space due to continued subsi-
dence and sea level rise. An Accommodation Space
Index, which relates subaqueous accommodation space
to anthropogenic accommodation space, provides an
indicator of past and projected Delta conditions. While
subsidence and sea level rise create increasing anthro-
pogenic accommodation space in the Delta, they also
lead to a regional increase in the forces that can cause
levee failure. Although these forces take many forms, a
Levee Force Index can be calculated that is a proxy for
the cumulative forces acting on levees. The Levee
Force Index increases significantly over the next 50

years demonstrating regional increases in the potential
for island flooding. Based on continuing increases in
the Levee Force Index and the Accommodation Space
Index, and limited support for Delta levee upgrades,
there will be a tendency for increases in and impacts
of island flooding, with escalating costs for repairs.
Additionally, there is a two-in-three chance that 100-
year recurrence interval floods or earthquakes will
cause catastrophic flooding and significant change in
the Delta by 2050. Currently, the California Bay-Delta
Authority has no overarching policy that addresses the
consequences of, and potential responses to, gradual or
abrupt landscape change in the Delta. 
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Sacramento-San Joaquin Delta, subsidence, levee
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INTRODUCTION1

The CALFED Bay-Delta Program
(CALFED) is an outcome of a 1994
agreement among agencies and
environmental and water user stake-
holders (the so-called “Delta
Accord”) that was intended to pro-
vide interim environmental guide-
lines while CALFED worked with the
agencies and stakeholders to develop
a long-term solution to environmen-
tal and water supply problems in the
Sacramento-San Joaquin Delta
(Delta). The Delta provides at least a
portion of the water supply for
about two-thirds of California’s pop-
ulation, and provides a migratory
pathway for four fish that are listed
as endangered or threatened pur-
suant to the federal Endangered
Species Act. Two of the overriding
CALFED goals are to maintain the
reliability of water supplies from the
Delta and to restore the Delta
ecosystem and that of its watershed.
More information about the CALFED
Program can be found at 
http://calwater.ca.gov/.

The hydraulic integrity of the
Sacramento-San Joaquin Delta is maintained by more
than 1700 km of levees, most of which are privately
owned and maintained (DWR 1995). Microbial oxida-
tion and consolidation of organic-rich soils on Delta
islands is causing widespread subsidence (Figure 1),
with island elevations in the west and central Delta

locally more than 8 m below mean sea level
(Ingebritsen et al. 2000). Island subsidence has
reduced the stability of Delta levees, increasing the
risk of failure (DWR 1986, 1989). Embankment and
foundation materials for most Delta levees are sub-
standard, adding the risk of failure during seismic
events (Torres et al. 2000). It is generally acknowl-
edged that the current channel network of the Delta
and the hydraulic disconnection between islands and
surrounding channels is necessary for meeting water
quality standards at the south Delta pumping plants
that support the Central Valley Project, State Water
Project and Contra Costa Water District (NHI 1998;
CALFED 2000). CALFED (2000) and the California
Department of Water Resources (DWR 1986, 1989,
1995) have noted that failure of the levees and the
flooding of subsided islands, particularly during the

Figure 1. Generalized map of subsided portion of the Sacramento-San Joaquin Delta 
indicating regions discussed in text.

1. The following article is the first in our new category, Policy and Program
Analyses. The paper itself has been adapted from a report the authors sub-
mitted to the Independent Science Board, a standing panel of distinguished
scientists and engineers convened to help the CALFED Bay-Delta Authority
(Authority) establish an independent and objective view of the science issues
underlying important policy decisions.  The authors are members of the
Independent Science Board.

The Authority itself arose out of a 1994 accord among federal and state agen-
cies and stakeholders designed to improve the reliability of water supplies
diverted from the Sacramento-San Joaquin Delta and to restore the health of
the San Francisco Estuary and its watershed.  The Authority is charged with
meeting the water supply and ecosystem goals.  More details about Authority
goals and programs can be found at http://calwater.ca.gov/
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spring and summer months, has the potential to signif-
icantly degrade Delta water quality by (1) drawing
brackish water into the Delta during rapid flooding of
Delta islands and (2) changing the dynamics of the
tidal prism in the west Delta. Additionally, CALFED’s
Ecosystem Restoration Program (CALFED 2004) has
concluded that subsided islands and deeply flooded
islands provide poor quality habitat for native aquatic
plant and animal communities, and are generally
viewed as undesirable. 

With the exception of recognizing the impacts of pop-
ulation growth and increased water demand, federal
and state programs that seek to improve water quality,
water supply reliability, and ecosystem health in the
Delta are predicated upon maintaining the existing
levee and channel network. We found no comprehen-
sive CALFED plan or policy that addresses response to
gradual or abrupt changes in hydrologic, geomorphic,
geotechnical and cultural factors that influence levee
integrity. In this report we present low-resolution sim-
ulations of potential changes in Delta levee integrity
through 2050. These simulations assume business-as-
usual approaches to management of the Delta, princi-
pally for agriculture. Continued island subsidence,
coupled with eustatic rise in sea level, will threaten
levee stability significantly by 2050, leading to
increased potential for island flooding. Additionally, it
is likely that a seismic event or regional flood will
impact the levee network of the Delta. Landscape
change, whether gradual or abrupt, will affect CALFED
programs in the San Francisco Bay, Sacramento-San
Joaquin Delta, and the watershed, and should be con-
sidered by the California Bay-Delta Authority
Independent Science Board.

BACKGROUND

Historic accommodation space
Sediment core analyses indicate that the Sacramento-
San Joaquin Delta has been a tidal freshwater marsh,
with a network of channels, sloughs and islands, for
more than 6,000 years (Shlemon and Begg 1975;
Atwater 1982). The persistence of intertidal conditions
reflects a dynamic equilibrium between processes that
regulated the influx of sediment into the Delta, the

production of organic sediment within the Delta, and
the export of sediment to the San Francisco Bay. A
preserved stratigraphic record of intertidal conditions
indicates that regional tectonic subsidence and sea
level rise were sufficient to allow net accumulation of
sediment in the Delta during that time (Atwater et al.
1979; Atwater and Belknap 1980; Orr et al. 2003). This
record reflects the long-term formation of accommo-
dation space, or space that is available for the accu-
mulation and preservation of deposited sediment. The
concept of accommodation space is well-established
within the geologic literature and forms the underpin-
nings of modern concepts of depositional sequence
stratigraphy (Emery and Meyers 1996).

In estuarine settings like the Sacramento-San Joaquin
Delta, the formation and destruction of accommoda-
tion space controls the distribution and character of
sediment deposition and related environmental condi-
tions at large scales. For any given interval of time,
accommodation space is created by eustatic (global)
sea level rise and subsidence of the bed, typically asso-
ciated with sediment compaction and tectonic subsi-
dence of the crust. The eustatic rise (or fall) of sea
level and the rate of subsidence control the rate at
which accommodation space is either created or, in the
case of falling sea level or crustal uplift, lost. In inter-
tidal systems, accommodation space is filled with
water and sediment.

Where rates of organic and inorganic sediment deposi-
tion keep pace with accommodation space formation,
intertidal conditions persist; where rates of accommo-
dation space formation exceed sediment deposition,
there is a landward shift in sedimentary environments
(known as transgression) and subtidal conditions
expand. In deltaic or estuarine settings, sediment will
tend to move through or bypass areas of low available
accommodation space (supratidal or high intertidal)
and accumulate in areas with higher accommodation
space (low intertidal or subtidal). This process, which is
governed in part by tidal energy and wind waves, reg-
ulates the movement of sediment through estuarine
depositional systems and is responsible for large-scale
lateral shifts in sedimentary environments (Pethick
1996; Pethick and Crook 2000; Reed 2002a, 2002b).
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Anthropogenic accommodation space
Prior to the conversion of the Delta to farms, the cre-
ation of accommodation space was balanced by sedi-
mentation, maintaining persistent tidal marsh condi-
tions. Sedimentation on marsh platforms consisted of
sub-equal mixes of inorganic material, derived from
the watershed, and locally-derived organic material
from highly-productive tule marshes. Beginning in the
late 1800s, there were sub-
stantial changes in the bal-
ance between the creation
of accommodation space
and sedimentation patterns.
In the 1880s the Delta was
impacted by a wave of
hydraulic mining sediment
(Gilbert 1917). Since accom-
modation space was limited
within the Delta, the bulk of
this material by-passed the
region, eventually accumu-
lating in San Pablo Bay and
other portions of the San
Francisco Bay (Jaffe et al.
1998). During and immedi-
ately following the arrival
of the hydraulic mining sed-
iment, widespread reclama-
tion of Delta tule marsh
islands began. By 1930, vir-
tually all of the marshes of
the Delta had been
reclaimed (Thompson 1957).
This reclamation involved
construction of more than
1700 km of levees and sta-
bilization of the channel
network in the configura-
tion much like that seen
today.

Farming of the Delta islands
required the construction of
extensive drainage ditches
to lower water tables below
crop root zones. Draining
tule marsh soils initiated a

sustained period of land subsidence that continues
today (Prokopovitch 1985; DWR 1995; Ingebritson et
al. 2000). Subsidence of Delta histosols is related to
their organic content and farming practices (Figure 2).
Draining of organic-rich soils leads to compaction
and microbial oxidation of organic matter. Deverel et
al. (1998) and Deverel and Rojstaczer (1996) demon-
strated that gaseous CO2 flux associated with micro-
bial oxidation accounts for approximately 75% of

Figure 2. Conceptual diagram illustrating evolution of Delta islands due to levee construction and
island subsidence. Modified from Ingebritsen et al. (2000).
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current elevation losses, while the remaining 25% is
associated with consolidation due to dewatering of the
soils and compaction of saturated, underlying soils.
Prior to 1950, poor land use practices, including burn-
ing of peat soils and wind erosion, exacerbated soil
losses due to microbial oxidation (summary in Deverel
1998). Today, the Delta is a mosaic of levee-encased
subsided islands with elevations locally reaching more
than 8 m below mean sea level.

Subsidence of Delta islands created a new form of
accommodation space. This anthropogenic accommoda-
tion space is distinguished by the fact that it is filled
with neither sediment nor water, yet lies below mean
sea level. The current levee system imperfectly isolates
this space from processes that seek to fill it throughout
the Delta. We suggest here that the amount of anthro-
pogenic accommodation space is a 3-dimensional,
landscape-scale measure of potential consequence of
subsidence within the Delta. When levee breaches
occur on deeply-subsided islands, rapid filling draws
brackish water into the Delta, temporarily degrading
water quality over a large region (DWR 2002). Known
colloquially as the “Big Gulp,” the water quality
impact of island filling is principally a function of the
magnitude and location of anthropogenic accommoda-
tion space. Island flooding directly affects tidal prism
dynamics within the Delta (DWR 2002), with the
potential for long-term degradation of water quality.
The magnitude of the impact depends upon the loca-
tion of flooded islands, the volume of water within the
island, and the geometry of breach openings.

Levee instability
While regional increases in anthropogenic accommo-
dation space in the Delta increase the consequence of
island flooding, there is increase in the concomitant
force that acts to destabilize levees and introduce
water and sediment into available accommodation
space. At the local scale, the processes that cause levee
failure are diverse and commonly exacerbated by
island subsidence. The increase in head difference
between the water surface of the Delta channels and
the interior of the islands increases hydrostatic forces
on levees and seepage rates through and beneath lev-
ees. Depending upon location and magnitude, subsi-
dence increases levee foundation problems by reducing

lateral support and shear resistance, promoting settling
or deformation of underlying peat layers (Foote and
Sisson 1992; Enright 2004). This leads to lateral
spreading, slumping and cracking of levees, which
increases the likelihood of their failure due to seepage
erosion or overtopping. 

Susceptibility of Delta levees to failure is highly vari-
able and, to date, poorly-documented (Torres et al.
2000; CALFED 2004). This variability and poor under-
standing make it difficult to address precisely the level
of risk associated with island subsidence at the land-
scape scale. However, generalizing over the regional
scale, the forces that are acting on Delta levees derive,
in some form, from the differences in elevation
between the water surface of the channels and the
interior of the subsided island. For this reason, hydro-
static force for any length of levee can be used as a
proxy for the potential to destabilize that levee. In
order to apply this as a landscape-scale measure that
can capture regional differences at various scales,
hydrostatic force needs to be summed over the length
of levees. The potential for levee failure on an island,
or group of islands, is therefore a function of the mag-
nitude of subsidence and the length of levee that the
hydrostatic forces are acting on. Although not precise-
ly recording the processes that cause levee failures at
the local scale, we suggest that cumulative hydrostatic
force provides a useful landscape-scale measure of
levee failure potential in the Delta.

ACCOMMODATION SPACE 
AND LEVEE FORCE INDICES
To evaluate historic, current and projected landscape
changes in the Delta, we developed two indices: the
Accommodation Space Index, an index that captures
the consequence of island subsidence and flooding,
and the Levee Force Index, an index that is a proxy
for the potential for levee failure and island flooding.

For any given time the Accommodation Space Index
(ASI) is calculated as: 

ASI = (As + Aa)/(As) (1)

where As = subaqueous accommodation space, or the
volume of the Delta that is filled with water and lies
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below mean sea level, and Aa = anthropogenic
accommodation space, or the subaerial volume of the
Delta that lies below mean sea level. Up until the late
1800s, all accommodation space that was generated
by sea level rise or regional subsidence in the Delta
was filled with water and sediment. Thus, the ASI in
the late 1800s, prior to the construction of high levees
and the initiation of widespread subsidence, was
approximately 1. As discussed below, by the early
1900s island subsidence created rapid increases in
anthropogenic accommodation space, dramatically
increasing the ASI. This rate of increase in the ASI
has been slowed somewhat by the abandonment of
some islands within the Delta, such as Franks Tract
and Mildred Island, since these flooded islands are
counted as subaqueous accommodation space.

The Levee Force Index (LFI), a concept and method
suggested by Jack Keller of the CALFED Independent
Science Board, records the cumulative hydrostatic force
acting on the levees of the Delta, indexed to an esti-
mated force in 1900, immediately prior to widespread
subsidence of the Delta. To simplify the calculation of
this index, each levee is considered as a wall, with the
difference between the average elevation of water in
the channel and the average elevation of the adjacent
island as the control on the magnitude of hydrostatic
force. Based on this simplification, the cumulative
hydrostatic force (CF) for an island is represented by 

CF = P x A x L (2)

Where P is average hydrostatic pressure on the island
levee, A is area of the unit length of levee (1 m x H),
and L is levee length of the island. Since 

P = 0.5ρgH (3)

where ρ is the density of water, g is gravitational
acceleration and H is the difference between the aver-
age channel water surface elevation and the average
elevation of the island, then

CF = 0.5ρgH2L (4)

The cumulative hydrostatic force acting on an island’s
levee is therefore a function of the square of the depth of
subsidence in the island. In contrast to arithmetic increas-
es in accommodation space, hydrostatic forces due to
subsidence increase with the square of subsidence depth. 

Cumulative hydrostatic force, as defined here, captures
two general processes that influence the regional sta-
bility of levees. Islands that are deeply subsided are
more prone to levee failure due to greater force acting
on the levees. Additionally, when coupled with deep
subsidence, islands with relatively long levee lengths
are more prone to levee failure because hydrostatic
forces are acting over a greater levee surface, increas-
ing the likelihood of exposing weaknesses in levee
construction, maintenance and foundation. 

Based on these calculations, the LFI for the Delta is

LFI = CFt/CF1900 (5)

where CFt and CF1900 are the sum of the estimated
cumulative hydrostatic force throughout the Delta at
time t and 1900, respectively. The two islands that are
filled, Mildred Island and Franks Tract, are not count-
ed in these totals since their cumulative force is effec-
tively zero. In addition, islands with mean elevations
at or above MSL are not included in this calculation
since their LFI = 0.

METHODS
For the purposes of this report, we used a simplified
approach for reconstructing historic and projected
changes in the ASI and LFI. An elevation model of the
Delta was constructed from the Shuttle Radar
Topography Mission (SRTM) data obtained from the
Global Land Cover Facility (USGS 2004). This dataset
was collected in February 2000 at approximately
1:100,000 scale, with reported +/-1 meter vertical res-
olution and 1 arc-second/30-meter horizontal resolu-
tion. Delta island maps were acquired from the
Research Program in Environmental Planning and GIS
(REGIS), at the University of California, Berkeley, 
http://www.regis.berkeley.edu/, which digitized the
island-forming levees from the DWR Delta Atlas and
USGS maps. Zonal statistics for each island were then
used to calculate mean island elevations in the year
2000. Based on area/elevation relationships, the aver-
age elevation and accommodation space was estimat-
ed for each island in year 2000.

It is important to note that the resolution of the SRTM
data within the Delta has not been established. Efforts
at the Global Land Cover Facility are testing the reso-
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lution of SRTM data. We conducted a first-order
assessment of the SRTM data through comparison with
multiple data sources. Recent, unpublished surveys
have been performed on Bacon Island by private con-
sultants (personal communication, Delta Wetlands,
December 2004). These surveys re-established historic
transects across the island and were used to calculate
average elevation losses due to subsidence. Based on
these surveys, conducted in the summer of 2000, the
average elevation of the island was estimated to be 
-5.06 m; calculated mean elevation based on SRTM
data is -4.82 m. Given the different methods used to
estimate average elevation (transect versus zonal sta-
tistics) these results are surprisingly comparable. In
addition, we compared SRTM data with local high-res-
olution LIDAR surveys supplied to us by DWR. These
surveys covered Staten Island and McCormick-
Williamson Tract in the north Delta (flown in
February/March 2002). For all datasets we used zonal
statistics to calculate average island elevation. The
mean difference in average elevation between LIDAR
and SRTM data is +0.31 m, with a maximum differ-
ence of +0.49 m on Staten Island and a minimum dif-
ference of +0.13 m on McCormack-Williamson Tract.
This cursory analysis of SRTM data indicates that areal
averaging of elevations on islands provides a reason-
able method for estimating accommodation space and
total subsidence.

To derive the time-averaged subsidence, we made the
assumption that the average elevation of the interior
of Delta islands prior to reclamation was approximate-
ly current mean sea level (MSL). This is based on the
distribution of topographic features, including tidal
channels and tule marsh, which make up the marsh
platform, and the limited change in sea level over the
past century. Based on this information, we calculated
an average annual subsidence rate for each island for
the period 1900-2000. Because detailed information
about individual islands is relatively sparse, the year
1900 was chosen as an average year for the initiation
of subsidence throughout the Delta, recognizing that
subsidence may have begun as early as 1880 on some
islands (e.g. Jersey Island) and as late as 1930 on some
smaller islands (Thompson 1957).

Rojstaczer and Deverel (1993, 1995), Deverel and
Rojstaczer (1996), Deverel et al. (1998) and Deverel

(1998) conducted detailed studies of the rates of subsi-
dence on several Delta islands. Based on field experi-
ments and analysis of historic survey data, they suggest
that rates of subsidence have been declining since the
1950s due to improved land use practices and decreas-
ing organic content of island soils. For this reason, pro-
jecting average 1900-2000 subsidence rates into the
future will result in significant overestimation of future
subsidence. To address this issue, we reanalyzed eleva-
tional data summarized by Deverel et al. (1998) for
Mildred Island, Bacon Island and Lower Jones Tract.
Survey transects on these islands were reoccupied 18
times between 1925 and 1981, with average island
depth estimated for each survey. We used linear regres-
sion analysis to establish average subsidence rates for
each island during the survey period. To estimate the
decline in subsidence rates associated with better land
use practices, we regressed post-1950 island elevations
separately (Figure 3). The post-1950 subsidence rates
range from 20% to 40% less than the averaged rate of
subsidence for the period 1925-1981. To simulate subsi-
dence of Delta islands from 2000-2050, we applied the
more conservative rate of 40% reduction in subsidence
rates to the calculated 1900-2000 subsidence rates
based on the SRTM data.

Future subsidence in the Delta is constrained by the
thickness of organic-rich sediments, deposited since
the mid-Holocene. Using 500 m grid point data pro-
vided by DWR, spline interpolation was used to derive
a surface representing the base of the organic-rich sed-
iments. Subsequently, we were able to use this surface
in conjunction with subsiding land surface elevations
to calculate depth to the base of the peat layer through
time. Average interior island subsidence and anthro-
pogenic accommodation space were simulated in
annual time steps. Annual subsidence at 40% less than
the 1900-2000 average for each island was held con-
stant for each time step until depth of subsidence
equaled the depth of organic-rich soils, at which point
subsidence ceased for the remaining time steps.

Subaqueous accommodation space and average chan-
nel depth were calculated from bathymetry maps sup-
plied by the California Department of Fish and Game
(DFG 2004) using ArcGIS 3D Analyst. With the excep-
tion of space added by flooding of Franks Tract and
Mildred Island, subaqueous accommodation space was
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assumed to be constant since the late 1800s. This vol-
ume may overestimate the subaqueous accommodation
space during the late 1800s and early 1900s, since
channel dredging and re-alignment may have
increased the total channel volume. With local excep-
tions, channel depth is typically greater than the ele-
vation difference between the water surface and the
average elevation of the subsided island.

Since accommodation space and difference in eleva-
tion between the channel and the island is a function
of subsidence and sea level change, we adjusted our
simulations for sea level rise over the period 2001-
2050. Eustatic sea level rise in the latter parts of the
20th century and the present is being driven by a
combination of thermal expansion of the oceans due
to global warming and increases in ocean mass associ-
ated with melting of continental ice. A recent discus-
sion (Miller and Douglas 2004) notes significant dis-
parity among current estimates of sea level rise. Most
estimates range from 1.5 to 2.0 mm/yr, based on
analysis of historic gage and dynamic ocean height
data, to approximately 2.5 mm/yr based on satellite
altimetric estimates from the 1990s. We used an aver-
age of the range of reported sea level rise values of 
2 mm/yr for this study. Modeling efforts summarized
by the IPCC (2001) indicate variable rates of projected
sea level rise, ranging from as little as 1 mm/year to as
much as 5.1 mm/yr by 2050. For the purposes of this
simulation, we assumed a conservative linear increase
in sea level rise from 2 mm/yr in 2001 to 3 mm/yr in
2050. This reflects an approximate average of six dif-
ferent global climate models (IPCC 2001) and may
underestimate total sea level rise.

The results of this modeling effort are summarized in
the maps shown in Figure 4, depicting the current ele-
vations within the Delta and simulated elevations in
2050. The 2050 map elevations reflect a systematic
lowering of relative inner island elevations by an aver-
age rate of subsidence and an increase in sea level.

This simplified approach to estimation of the ASI and
LFI makes multiple assumptions that should be taken
into account in interpreting the results of this study.
First, projections to 2050 assume business-as-usual
approaches to management of the Delta. That is, Delta
islands will continue to be farmed using current best
management practices and levees will continue to be
maintained in their current configuration.

Second, this approach does not accurately model
anticipated asymptotic declines in rates of subsidence
that should occur as the inorganic fraction of some
island soils increases over time. For that reason, the
estimates of accommodation space given here should
be viewed as conservative maxima. However, it is

Figure 3. Linear regression of elevation data from three Delta
islands to assess changes in rates of subsidence. Blue line depicts
best fit for subsidence data from 1925-1981: red line represents
post-1950 data. See text for discussion. Data from Deverel (1998;
personal communication, S. Deverel, 2004).
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important to note that if farming continues to be the
dominant land use in the Delta, subsidence will con-
tinue and accommodation space will increase. There is
no known or anticipated technologically feasible
method to eliminate or reverse subsidence in land that

is being farmed. As the regression analyses of subsi-
dence data from Bacon and Mildred islands and Jones
Tract show, improved land use practices have only
slowed subsidence rates by 40% or less (Figure 3).
Additionally, the impact of increased concentration of

inorganic content of the
soils appears to only
impact subsidence once
the organic-matter content
of the soils is less than
20% (Deverel 1998). In
many central and west
Delta islands the organic
matter content of the soils
is unlikely to reach con-
centrations below 20%
during the next 50 years.

Finally, it is important to
note that the methods
used here cannot resolve
local-scale complexities of
historic or projected subsi-
dence in the Delta.
Detailed studies by
Rojstaczer and Deverel
(1995) and Deverel and
Rojstaczer (1996), showed
order-of-magnitude varia-
tion in subsidence within
individual islands. Areas
near the margins of the
islands tend to be organic-
poor, recording the influ-
ence of natural levee dep-
osition prior to reclama-
tion. Conversely, the cen-
ter of the islands, which
were covered by marsh
plain and were most iso-
lated from channel influ-
ences, tend to be most
organic rich. Differential
rates of subsidence occur
on every island, with gen-
erally less subsidence near
the margins and higher

Figure 4A. Calculated average island elevations for 2000. Methods described in text.
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subsidence near the center. Acknowledging the limits
of resolution of SRTM data described above, the
approach taken here averages subsidence for the
entire island and should not be used to interpret

processes within a specific island. This approach may
also overstate the cumulative levee force on some
islands since the LFI is based on the average eleva-
tion, rather than elevations immediately adjacent to

the levee.

RESULTS
Wherever there are
organic-rich soils in the
Delta that have been
farmed, there has been
significant subsidence
and the formation of
anthropogenic accom-
modation space. The
magnitude of anthro-
pogenic accommodation
space generation varies
in space and time
(Figure 5A). As noted
above, rates of subsi-
dence are a function of
organic content of the
soils and land use prac-
tices. The organic-rich
soils of the central and
west Delta, for example,
exhibit the highest his-
toric average rates of
subsidence, 3.2 and 4.8
cm/yr respectively. More
than half the total 2.5
billion cubic meters of
anthropogenic accom-
modation space formed
during the past century
occurs in the central and
west Delta. Simulations
of future accommoda-
tion space generation
also reflect the distribu-
tion and thickness of
organic-rich soils. In the
east and south Delta,
historic subsidence has
reduced or eliminatedFigure 4B. Simulated elevations for 2050. Methods described in text.
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the organic-rich soils. In these areas, anthropogenic
accommodation space formation will be dominated by
the effects of eustatic sea level rise, rather than contin-
ued subsidence. In contrast, the central and west Delta,
which contains thick organic-rich soils, will continue
to subside. Although the north Delta retains the thick-
est organic-rich soils of the Delta, the lower subsidence
rate reflects the lower total organic 
content.

Similar to changes in anthropogenic accommodation
space, historic and future cumulative levee force varies
substantially in the Delta (Figure 5B). The lowest
cumulative levee forces are in the east Delta, where
relatively high island elevations and correspondingly
smaller levees predominate. The Central Delta domi-
nates cumulative levee force, approximately equaling
all other regions of the Delta combined. The dispropor-

tionate cumulative levee force of the Central Delta is a
function of both the high regional rates of subsidence
and the large levee lengths relative to total island area.
Unlike anthropogenic accommodation space, future
cumulative levee force in the central, west and north
Delta increases substantially in the period 2000-2050.

To establish anthropogenic accommodation space and
cumulative levee force for the 1950 and 1975 data
points we adjusted individual island subsidence rates
for the periods 1900-1950 and 1951-1975 based on an
average of relative rate changes noted on Lower Jones
Tract and Mildred and Bacon islands, as shown in
Figure 3.

The ASI and the LFI for the Delta are depicted in
Figure 6. These indices provide a landscape-scale
proxy for current and future consequence of levee fail-
ure in the Delta (ASI) and the relative risk of island
flooding (LFI). As noted above, these indices are domi-
nated by the impacts of central and west Delta subsi-
dence and, in the case of the LFI, relative levee
lengths. Both indices show substantial increases in the
future, due to continued subsidence and sea level rise.

LANDSCAPE CHANGE IN CONTEXT
During the past 100 years, farming activity in the
Delta has resulted in the loss of approximately 2.5 bil-
lion cubic meters of soil—an average of 25 million
cubic meters per year. The amount of anthropogenic

Figure 5. Calculated and simulated Anthropogenic
Accommodation Space and Cumulative Hydrostatic Force for
regions of the Delta shown in Figure 1.

Figure 6. Accommodation Space Index (ASI) and Levee Force
Index (LFI) for the subsided portion of the Delta. See text for dis-
cussion. 
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accommodation space generated from subsidence and
sea level rise is projected to increase to more than
three billion cubic meters in 2050, an annual average
of approximately 10 million cubic meters per year.
Sea level rise accounts for approximately 30% of the
increase in the anthropogenic accommodation space
during this period.

It is important to place the amount of anthropogenic
accommodation space into historic perspective. The
volume of organic-rich sediment that accumulated
within the Delta during the mid- to late Holocene can
be approximated by summing the volume of anthro-
pogenic accommodation space and the volume of
organic-rich soils that underlie the islands. This
underestimates the total volume because it does not
account for material that underlies the current chan-
nel network. Based on this approach, we estimate that
approximately 5.1 billion cubic meters of tidal marsh
sediment filled accommodation space within the Delta
during the past 6000 years. This represents an average
annual rate of accumulation of approximately
850,000 cubic meters. During the past 100 years, oxi-
dation, compaction, erosion and burning have reduced
the volume of accumulated sediment by almost one
half—an annual rate of loss almost 30 times the rate
of historic accretion. Over the next 50 years rates of
anthropogenic accommodation space generation will
decline, but will remain more than an order of magni-
tude greater than historic rates of accretion, substan-
tially increasing the forces acting on the Delta levee
systems.

In his seminal study of the impacts of 19th century
hydraulic mining on the Bay-Delta watershed, G.K.
Gilbert (1917) estimated that mining introduced 1.2
billion cubic meters of sediment into the Sacramento
River system. As noted above, when the hydraulic
mining sediment waves entered the Delta in the late
1800s, there was little accommodation space and the
material by-passed the Delta. The volume of sediment
created by hydraulic mining, considered one of the
most destructive land use practices in the history of
the Bay-Delta watershed (Mount 1995), is less than
half of the volume of accommodation space created
by subsidence to date, and approximately one-third of
the projected total volume in 2050.

Alternatively, levee and dam construction throughout
the Bay-Delta watershed limits the current sediment
inputs into the Delta. Wright and Schoellhamer (2004)
estimate that approximately 6.6 million metric tons of
sediment enter the Delta annually, with 2.2 million
metric tons leaving the Delta and 4.4 metric tons
deposited within the Delta. Assuming a bulk density of
850 kg/m3, annual deposition in the Delta is approxi-
mately 1.7 million cubic meters. This volume is less
than 7% of the rate of historic anthropogenic accom-
modation space generation and only 17% of future
rates. If sea level remained unchanged, subsidence in
the Delta were stopped, and current rates of inorganic
deposition in the Delta were maintained, it would take
1470 years to restore elevations to mean sea level.
However, projected annual accommodation space creat-
ed by sea level rise alone is roughly twice the amount
that could be filled by inorganic sedimentation.

The goal of these comparisons is to illustrate that sub-
sidence and associated anthropogenic accommodation
space generation is the dominant landscape-forming
process in the Delta during the past 100 years and will
remain so for the indefinite future. All CALFED pro-
grams that relate to the Delta are being affected in
some manner by this process, yet, with the exception
of the Levee System Integrity Program (CALFED
2004), no programs appear to fully recognize the
potential impacts and implications.

PUNCTUATED LANDSCAPE CHANGE
The above discussion illustrates that the landscapes of
the Delta are dynamic, with change occurring incre-
mentally. However, change in the Delta is not limited to
gradual shifts. Punctuated, or sudden landscape change
has a high probability of occurring within the Delta
during the period simulated here, posing a considerable
policy challenge for the CBDA and its member agen-
cies. Punctuated change can be derived from two
sources: seismicity and extreme flood events.

The levees of the Delta are at significant risk of failure
due to seismicity. This stems from poor foundation
soils prone to settling or liquefaction, or poor-quality
engineering and construction materials (DWR 1995).
Although there have been no significant quakes in or
closely adjacent to the Delta since high levees were
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originally constructed, there are at least five major
faults within the vicinity of the Delta capable of gener-
ating peak ground acceleration values that would like-
ly lead to levee failures. A preliminary analysis of the

risk of levee failure due to seismicity was prepared for
the CALFED Levee System Integrity Program (Torres et
al. 2000). Based on standard methods and local expert-
ise, Torres et al. (2000) estimated the magnitude and

recurrence intervals of peak ground
accelerations throughout the Delta.
Two competing fault models were
evaluated for this study, producing a
wide range of potential accelera-
tions. Then, based on local knowl-
edge and limited geotechnical infor-
mation, Damage Potential Zones
were established for the Delta
(Figure 7). The zones of highest risk
lie in the central and west Delta
where tall levees are constructed on
unstable soils that are at high risk of
settling or liquefaction during an
earthquake. This also coincides with
areas of the Delta that have the
highest cumulative hydrostatic force
and anthropogenic accommodation
space.

Torres et al. (2000) estimated recur-
rence intervals for ground accelera-
tions and the number of potential
levee failures in each Damage
Potential Zone. It is useful to exam-
ine their estimates of the number of
failures that might occur during a
100-year event, or an event with a
0.01 probability of being equaled or
exceeded in any given year (Figure 8).
As in any probabilistic analysis of
this sort, the range of potential
responses to this kind of earthquake
are broad and difficult to predict
with precision. Based on their esti-
mates, it is a roughly 50-50 chance
that 5 to 20 levee segments (equal to
one standard deviation around a
mean of seven) will fail during a
100-year event in the Delta. This
does not imply that 5 to 20 islands
will flood, but just that 5 to 20 levee
segments will fail. The loss of 5 to
20 levee segments in the Delta con-

Figure 7. Zones of varying potential damage due to seismically-induced liquefaction and
levee collapse. Modified from Torres et al. (2000).
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stitutes considerable and abrupt landscape change,
since island flooding is likely to be widespread and, as
discussed below, persistent for a long period of time.

The high likelihood of abrupt change during seismic
events is compounded by the potential for change dur-
ing and immediately following major winter runoff
events. Following the 1986 flood event, the State legis-
lature developed target elevations and cross sections
for levees throughout the Delta. Under Senate Bill 34,
the State established the Subventions Program to sup-
port maintenance and levee upgrades. Under this pro-
gram, the elevation of the levee crowns were to be
upgraded to one foot above the U.S. Army Corps of
Engineers’ estimated 100-year flood stage (DWR 1995).
Although this target elevation is tied to the 100-year
flood stage, it does not imply that there is 100-year
flood protection for Delta levees. There is insufficient
freeboard or levee cross section to withstand sustained
flows of this stage. The National Flood Insurance
Program maps of the Delta reflect this vulnerability,
indicating that all the major islands have less than
100-year flood protection. It is reasonable to assume,
therefore, that a flood of 100-year recurrence interval
will produce substantial, widespread, and as discussed
below, possibly permanent flooding of islands in the
Delta comparable to that associated with seismic
events.

The risk of abrupt change in the Delta during the 50-
year simulation period can be evaluated probabilistical-
ly using standard methods (review in Mount 1995). In
any year, the probability that a flood with a 100-year
recurrence interval will occur is 0.01. However, the
probability that such a 100-year event will occur some-
time in the next 50 years is 0.40, or a two-in-five

chance. Since either a 100-year flood or 100-year seis-
mic event can produce significant change in the Delta,
it is more appropriate to estimate the probability that
either event would occur in the 50-year time interval.
When evaluated this way, the odds of either event
occurring is 0.64: a roughly two-in-three chance. This
discussion is meant to highlight the fact that punctuat-
ed landscape change in the Delta is not a remote,
hypothetical possibility, but is highly likely during the
simulated period of 50 years. This is especially perti-
nent to the risk of seismicity where continued accumu-
lation of strain on local fault zones may increase the
risk of an earthquake with time.

DISCUSSION: FUTURE TENDENCIES
The approach used here to assess historic and projected
changes in the Delta does not offer the resolution nec-
essary for island-by-island assessments or prediction of
future levee failure. Thus, this paper is not intended to
be used as a planning tool. Rather, this approach offers
a landscape-scale assessment of processes that are
increasing the overall consequences of, and potential
for island flooding in the Delta over the next 50 years.
However, given the relative magnitude of increases in
the ASI and LFI and the high probability of seismic or
flood events that will result in levee failure, it is rea-
sonable to assume that there will be an increasing ten-
dency for island flooding events, with the consequences
of any flooding event also increasing.

Local island flooding events are a relatively common
occurrence in the Delta (Figure 5). Since the 1930s
there have been more than 15 such flooding events
(DWR 1995). Several State and federal programs,
including the Subventions and Special Projects
Programs (DWR) and the Base Level Protection and
Special Improvements Programs (ACOE) have
improved maintenance of many private levees within
the Delta and have upgraded multiple at-risk levee
segments. Although improvements have been made
within the Delta and reduced the risk of flooding, the
current level of risk is largely unknown. Levee pro-
grams are focused principally on maintaining current
levels of protection, set in 1986, rather than assessing
and planning for future conditions. The Levee System
Integrity Program Plan (CALFED 2000) notes that 

Figure 8. Figure 8. Probabilities of number of levee failures expect-
ed in 100-year recurrence interval event impacting Delta. Modified
from Torres (2000). 
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885 km of levees will require upgrading to meet
Federal PL 84-99 standards at a cost of more than 
$1 billion in today’s dollars. Recently signed federal
legislation authorizing the CALFED Bay-Delta Program
includes $90 million for levee projects in the Delta for
the next five years. However, this represents less than
10% of the current backlog and is unlikely to address
future needs. Levee upgrades to meet existing stan-
dards typically cost $1.0 to 1.7 million/km, with costs
rising to near $3.4 million/km where extensive recon-
struction is required (DWR staff, personal communica-
tion, 2004). Given the high costs and historic trends in
funding, the Delta levee system, which is already well
behind in maintenance, repairs and upgrades, will con-
tinue to fall behind under future, business-as-usual
landscape change scenarios.

Although maintenance and upgrade of levees repre-
sents a significant, on-going cost in the Delta, island
flooding events have the potential to dramatically
impact local and government resources. The June 3,
2004, flooding of Jones Tract in the south Delta creat-
ed substantial costs for repair, flood fighting, emer-
gency services, and island pumping. According to
DWR staff, costs to government alone for this break
exceeded $44 million. This does not account for crop
losses, job losses, farm infrastructure repair or carriage
water releases to maintain water quality. Estimates of
total costs of the Jones Tract failure reported in the
Sacramento Bee and Contra Costa Times approach $90
million (quoted from California Office of Emergency
Services sources): a figure equal to the total amount
allocated for levees in the 2004 federal authorization
of CALFED.

Limited funding for levee maintenance and upgrades,
high costs of emergency levee repairs, and projected
increasing instability of the Delta indicate that local
island flooding will impact the Delta significantly dur-
ing the next 50 years. Climate change and changes in
runoff conditions (which are, for the most part, beyond
the scope of this report) may exacerbate these condi-
tions. There are multiple potential policy responses to
this projected trend. However, to date, there has been no
comprehensive assessment of the effects of increased
island flooding on CALFED programs. Rather, current
policies appear to be predicated upon the unlikely
prospect of maintaining fixed hydraulic conditions.

The impact of regional flooding associated with seismic
events or large floods poses an additional challenge to
CALFED programs. These events have the capability to
significantly and permanently change conditions within
the Delta over a very short period of time. To illustrate,
currently there is one contractor, Dutra Corporation,
with the equipment necessary for repairing levee breaks
in the Delta. According to DWR staff, this contractor is
capable of restoring two to three levee breaches in a
single season. If regional island flooding results in
numerous levee breaches, it is unlikely that levee
integrity can be restored for many years, with protract-
ed disruption of water supply and loss of farm income.
Moreover, if a seismic event leads to levee failures in
the Delta, it is likely to be associated with significant
damage to infrastructure in the San Francisco Bay Area,
creating competition for resources necessary for restor-
ing levee integrity.

To our knowledge, the California Bay-Delta Authority
and its member agencies have not articulated a policy
regarding regional flooding in the Delta and the possi-
bility of permanent, abrupt change. It is important to
note, however, that the Levee System Integrity Program
has initiated a comprehensive, multi-year study of the
risks due to seismicity in the Delta (CALFED 2003). This
program, which is being run by DWR, is in its nascent
stage, but will address some of the key issues raised
here and provide more precision on estimates of risk.

CONCLUSIONS
The results of the simulations conducted for this report
indicate that microbial oxidation and compaction of
organic-rich soils in the Delta have led to significant
regional subsidence in the Delta. Although slowing
substantially, subsidence is likely to continue into the
indefinite future, particularly in the central and west
Delta. When coupled with rising sea level over the
next 50 years, continued subsidence will magnify the
instability of the Delta levee network, leading to
increased potential for and consequence of island
flooding. Additionally, there is significant likelihood of
regional flooding in the Delta during the next 50 years
due to earthquake-induced levee failures or sustained
large floods. These events are likely to result in dra-
matic change in the Delta.
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The implication of future Delta landscape change is,
at present, largely unknown and speculative. Outside
of initial efforts by the Levee System Integrity
Program, there are no systematic assessments of risk
to CALFED program elements. There have been efforts
to assess methods of subsidence reversal in the Delta,
but these have been stalled by on-going contract
issues at DWR. In our view, there is no comprehensive
scientific effort to address this issue and to provide
the necessary information to inform policymakers.
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Abstract

Background: Accumulating evidence shows that the planet is warming as a response to human emissions of greenhouse
gases. Strategies of adaptation to climate change will require quantitative projections of how altered regional patterns of
temperature, precipitation and sea level could cascade to provoke local impacts such as modified water supplies, increasing
risks of coastal flooding, and growing challenges to sustainability of native species.

Methodology/Principal Findings: We linked a series of models to investigate responses of California’s San Francisco
Estuary-Watershed (SFEW) system to two contrasting scenarios of climate change. Model outputs for scenarios of fast and
moderate warming are presented as 2010–2099 projections of nine indicators of changing climate, hydrology and habitat
quality. Trends of these indicators measure rates of: increasing air and water temperatures, salinity and sea level; decreasing
precipitation, runoff, snowmelt contribution to runoff, and suspended sediment concentrations; and increasing frequency
of extreme environmental conditions such as water temperatures and sea level beyond the ranges of historical
observations.

Conclusions/Significance: Most of these environmental indicators change substantially over the 21st century, and many
would present challenges to natural and managed systems. Adaptations to these changes will require flexible planning to
cope with growing risks to humans and the challenges of meeting demands for fresh water and sustaining native biota.
Programs of ecosystem rehabilitation and biodiversity conservation in coastal landscapes will be most likely to meet their
objectives if they are designed from considerations that include: (1) an integrated perspective that river-estuary systems are
influenced by effects of climate change operating on both watersheds and oceans; (2) varying sensitivity among
environmental indicators to the uncertainty of future climates; (3) inevitability of biological community changes as
responses to cumulative effects of climate change and other drivers of habitat transformations; and (4) anticipation and
adaptation to the growing probability of ecosystem regime shifts.
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Introduction

Planet Earth is warming at an accelerating rate. The latest

assessments show the 2000s to be the third consecutive decade of

record high global-average surface temperature [1], and 2010 tied

with 2005 as the warmest year since records began in 1880

(http://www.ncdc.noaa.gov/sotc/global/2010/13). This warming

is attributed with high probability to increasing human emissions

of greenhouse gases [2]. Global warming has altered water

supplies through changes in precipitation, evapotranspiration,

runoff and river discharge [3]. Risks to coastal communities and

infrastructure are growing as the rate of sea level rise accelerates

[4] and as the intensity of tropical storms is projected to increase

[5]. Surface temperatures of inland water bodies [6], rivers [7] and

oceans [1] have all increased significantly. Warming of streams

and rivers contributes to local species extinctions and facilitates

colonization by introduced species [7]. Spring warming of

temperate lakes disrupts the synchrony between zooplankton

and their phytoplankton food supply [8]. Warming of the world

oceans strengthens thermal stratification and has contributed to a

1% per year loss of oceanic primary production over the past

century [9]. Therefore, evidence is accumulating on a global scale

of strong links between climate warming and changes in

availability of fresh water, risks to humans from coastal flooding

and storms, and altered biological diversity and productivity of

aquatic ecosystems.
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Simulations with global climate models (GCMs) under a

plausible range of greenhouse gas emissions scenarios all project

substantial warming through the 21st century [2]. Continued

warming will have important consequences for social and natural

systems, but these consequences will not be felt uniformly across

the planet [1,3,6]. Therefore, strategies for adaptation to climate

change require quantitative projections of how altered global

patterns of temperature, precipitation and sea level will cascade to

regional and local scales. We illustrate here one approach for

developing quantitative projections by linking models of processes

computed at sequentially smaller scales, from global to regional to

local.

Our study is focused on California’s San Francisco Estuary-

Watershed (SFEW), which includes San Francisco Bay, the

Sacramento-San Joaquin Delta (Delta) and the Sacramento and

San Joaquin river drainages (Fig. 1). The SFEW has social and

economic significance as the source of runoff that provides

drinking water to 25 million people [10] and irrigation water to a

million hectares of farmland producing crops valued at $36 billion

per year [11]. It also has large ecological significance because the

river system is habitat for native fishes including Pacific salmon

and steelhead trout. San Francisco Bay is the largest estuary on the

US west coast, providing habitat for endemic species (e.g. delta

smelt, salt marsh harvest mouse) and marine species supporting

fisheries (e.g. English sole, Dungeness crab). Fourteen species of

migratory or Delta-resident fishes are imperiled, and their

population declines motivate ambitious and costly programs of

environmental conservation [12] and habitat rehabilitation [13].

On the shores of this estuary, 270,000 people and $62 billion of

development are at risk of flooding as sea level continues to rise

[14]. Regional planning and conflicts of resource allocation in the

SFEW are already great challenges. These challenges are likely to

grow as the regional effects of global climate change and other

changes accumulate through this century. Here we develop

integrated scenarios of the future SFEW by projecting a suite of

environmental responses to climate change and assessing their

implications for sustainability of native biota, water supplies, and

risks of coastal flooding.

Regional setting
The San Francisco Estuary-Watershed is composed of an

interconnected airshed, watershed, river network, estuary and

coastal ocean (Fig. 1). The 163,000-km2 watershed is bounded by

the Sierra Nevada and Cascade mountains. Regional climate is

characterized by a winter wet season and summer-autumn dry

season. An average of forty percent of annual runoff to the river

network is produced from snowmelt [15]. Reservoirs are managed

to capture this late-season runoff as a resource, while water

reaching the reservoirs during the earlier rainy season is managed

as a hazard and allowed to pass through the reservoirs to maintain

flood control space. Runoff and reservoir outflows collect in the

Sacramento and San Joaquin Rivers, which converge in the Delta

(Fig. 1). Tides propagate through the Golden Gate to the Delta,

and the extent of salinity intrusion into northern San Francisco

Bay is determined primarily by sea level height and river inflow.

California’s hydrology has followed the climate-driven patterns of

change observed across the western United States and attributed

to human-induced warming [16]. These patterns include trends of

increasing winter and spring air temperatures and lengthened

growing seasons [17], decreasing contributions of snow to annual

precipitation [18], and advancement of spring snowmelt by 5 to 30

days [19]. Mean sea level at the entrance to San Francisco Bay has

increased about 2.2 cm decade21 since the 1930s, and the

frequency of extreme tides has increased 20-fold since 1915 [20].

Future climates have been evaluated for the California region,

where air temperatures are projected to increase 1.5 to 4.5uC this

century in a range of scenarios [21]. Projected responses to

warming include further declines of snow accumulation, decreas-

ing hydropower generation, reduced viability of many species of

fruit trees, high susceptibility of alpine and subalpine forests to

warming, and increasing fire frequency [22]. Global sea level rise,

expected to be a close index for that in California [20], is projected

to be 70–185 cm above the present-day level [23]. Climate-driven

changes in the California region are therefore expected to increase

risks to the sustainability of native plant and animal communities

and to human health, infrastructure, water supply and food

production [24]. Here, we build from these past regional

assessments to investigate how the combined effects of rising sea

level and hydroclimatic changes could transform California’s large

watershed-river-estuary-ocean system through the 21st century.

Our projections suggest that climate-driven changes to the SFEW

could require adaptations to an interconnected suite of responses

including: a diminishing water supply, continued shifts toward

wetter winters and drier summers, sea level rising to higher levels

than were projected only a few years ago, salt water intrusion,

reduced habitat quality for native aquatic species, and expanding

envelopes of environmental variability into regimes we have not

experienced. Adaptations to these responses would require

integrated and flexible planning to cope with growing risks to

humans and the increasingly difficult challenge of meeting

demands for fresh water and sustaining native biota and their

supporting ecosystem functions.

Methods

We chose to evaluate two very different scenarios selected from

the GCM projections used in the IPCC Fourth Assessment Report

[2]. The PCM-B1 climate scenario portrays the B1 emissions

scenario (representing a future where GHG emissions are curtailed

by mid-century) as modeled by the Parallel Climate Model (PCM),

a model with relatively low sensitivity to GHG emissions [25]. The

GFDL-A2 climate scenario represents the A2 emissions scenario

(corresponding to a future of continually increasing atmospheric

greenhouse gases) as modeled by the medium-sensitivity NOAA

Geophysical Fluid Dynamics Laboratory (GFDL) CM2.1 model

[26]. These model-emissions scenario combinations were chosen

to span a wide range of possible futures with regard to amount of

warming and precipitation change, providing a comparison

between a projection of a warmer future with little change in

precipitation (PCM-B1) and that of a much warmer and drier

future (GFDL-A2).

Our approach was to use linked models, each representing a

different component of the system, to propagate the effects of the

climate scenarios described above through the watershed-river-

estuary system. Ultimately we portrayed these effects with a series

of environmental indicators representing multiple components.

These indicators were developed for the current century (2010–

2099) and for a baseline period, defined as 1970–1999 to capture

recent historical behavior (1999 is the end year of the ‘‘historical’’

GCM runs—see below). For all indicators, observation-based and

model-based indicators were produced for the historical period to

allow for model evaluation and to provide a baseline for assessing

scenario projections.

For those indicators calculated directly from GCM output (air

temperature, precipitation, and sea level), ‘‘historical’’ GCM

simulations (driven by historical GHG forcings but otherwise

unconstrained by observations) from the PCM and GFDL models

were used to produce ‘‘model-based’’ historical indicators. Since
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the GCMs are freely running atmosphere-ocean-land models

constrained only by observed GHG concentrations, these

indicators will not agree on a year-to-year basis with the

corresponding observation-based indicators (Fig. 2). Thus, the

GCMs should be evaluated based on their statistical agreement

with the observations, including model bias and variance. The

model historical measures are essential to provide a baseline

against which to compare the corresponding projections.

For indicators derived from the chain of models downstream

from the GCMs, the model-based historical indicators are

ultimately based on observed meteorological forcings, but they

also reflect errors introduced by the linked models used to produce

them. As such, these indicators allow for direct model evaluation

by comparison with the corresponding ‘‘observation-based’’ time

series, as well as providing a model-based baseline against which to

compare the projections.

Figure 1. Spatial domains of environmental indicators. Shaded or hatched areas represent spatial domains of indicators representing areal
averages or pertaining to a broad area, and blue dots represent locations of indicators corresponding to specific sites. Key shows geographic
descriptions, and legend on lower-right shows corresponding indicators; compare to Figs. 2–3 and Table 1.
doi:10.1371/journal.pone.0024465.g001
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The trend slope for each indicator time series (Fig. 3) was

calculated using the approach of Theil [27] and Sen [28]. Trend

significance was determined using the modified Mann-Kendall

approach of Yue and Pilon [29] which corrects for serial

correlation. The confidence interval on the trend was calculated

using the method described by Sen [28].

Descriptions of the individual component methods follow. An

expanded methods section is in Supporting Information (Methods

S1).

Meteorology
Daily values of the climate variables for the GFDL-A2 and

PCM-B1 climate scenarios, and for historical PCM and GFDL

model runs (forced using historical GHG concentrations) were

obtained from the Program for Climate Diagnosis and Intercom-

parison at the Lawrence Livermore National Laboratory ([30];

www-pcmdi.llnl.gov). The GCM simulations were made on global

grids with about 2 to 3u latitude and longitude resolution (about

250 km at the latitude of the Delta), and thus the original GCM

Figure 2. Projected 2010–2099 changes in annual mean values of nine environmental indicators for the A2 (red lines) and B1 (blue
lines) scenarios compared to modeled and observed values during the 1970–1999 baseline period (left panels). The indicators
measure changes in regional climate, regional hydrology, and habitat quality in the San Francisco Estuary-Watershed system. The GFDL-A2 and PCM-
B1 ‘‘historical’’ data represent simulated realizations of possible climates constrained only by historical GHG forcing, and thus are not expected to
track observed historical variability on a year-to-year basis.
doi:10.1371/journal.pone.0024465.g002
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scenarios were too spatially coarse for the purposes of this study.

The GCM temperatures and precipitation values were downscaled

onto a 1/8u latitude-longitude grid over the study area by a

method called Constructed Analogs [31]. This method is designed

to ensure that daily weather simulated by the GCM is consistently

carried down to the 12-km scale, and also to yield realistic

temperatures across areas with sharp geographic gradients, as in

California. The method was applied to climate simulations

spanning the period from 1970–2099 to obtain daily, gridded

temperature and precipitation patterns over California, from

which watershed- and Delta-average (see Fig. 1) values were

extracted. The corresponding averages based on historical

observations were derived from the gridded meteorological dataset

of Maurer et al. [32].

Sea level
A model [20] was adopted to investigate sea level trends and

extremes. The model was trained from historical data and used to

project future water levels at the San Francisco Golden Gate tide

gage location (Fig. 1). The model consists of four components:

predicted astronomical tides, synoptic meteorologically-forced sea

level fluctuations (based on local sea-level pressure and regional

wind stress), ENSO-related monthly-to-interannual fluctuations,

and long-term sea level rise associated with global warming. The

synoptic and ENSO components were produced with regression

models based on historical data [20] and applied to GCM outputs.

The climate-change component was based on the method of

Vermeer and Rahmstorf [23]. Simulated sea level at the Golden

Gate was constructed by superposing these four components,

yielding a time series of hourly sea levels from 1970 through 2099

for each climate scenario. Historical observations for 1970–1999

were obtained for the Golden Gate tide gage from NOAA

(tidesandcurrents.noaa.gov).

Hydrology and management
A combination of models was used to simulate the watershed’s

hydrologic behavior. Downscaled meteorological fields (see

‘‘Meteorology’’ above) were used to drive the VIC watershed

model [33,34], configured for the Sacramento River and San

Joaquin River watersheds using the same parameters applied in

several prior studies of the area [16,21,35]. This resulted in daily

estimates of unimpaired reservoir inflows for each scenario. A

simulation was also performed for the baseline period, driven using

historical meteorology [32] to produce the model-based historical

hydrological indicators. Estimates of unimpaired flow at major

reservoirs throughout the watershed were obtained from the

California-Nevada River Forecast Center (www.cnrfc.noaa.gov)

and the California Data Exchange Center (CDEC, cdec.water.ca.

Figure 3. Projected 2010–2099 changes in nine environmental indicators, expressed as median trend per decade, for the A2
scenario (red) and B1 scenario (blue). Statistically significant (p,0.05) trends are indicated with solid circles; horizontal lines show 95%
confidence limits of the trend estimates.
doi:10.1371/journal.pone.0024465.g003
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gov). Data covering the period 1970–1986 were available, allowing

total watershed unimpaired runoff and snowmelt fraction of

annual runoff to be calculated for this period, providing the

observation-based historical time series for those indicators.

These inflows were used to drive a model of freshwater

management operations—the California Department of Water

Resources’ CALSIM II model [36]. CALSIM is a management

optimization model in which, given inputs of reservoir inflows, a

set of freshwater management decisions is determined at each time

step that optimally satisfy operational goals and constraints. The

results are estimates of managed freshwater flows at points

throughout the watershed. CALSIM has been applied in other

climate-change studies [37,38,39,40,41]. In this study, a new

configuration of CALSIM II was used to produce projections for

the coming century, and an existing configuration (configured for

runs only up to 1994) was used to produce historical estimates

(1970–1994). Finally, monthly historical and projected stream

temperatures were simulated throughout the watershed using the

U.S. Bureau of Reclamation’s CALSIM-driven stream-tempera-

ture model. This model has also been applied in other climate-

change studies (e.g., [40]).

Estuarine salinity
Two complementary models were used to project changes in

estuarine salinity due to climate change. The Uncles-Peterson (U-

P) model, a 2D box model of San Francisco Bay (Fig. 1), accurately

reproduces salinities at weekly to interannual time scales over a

wide range of flow regimes [42,43]. Importantly, the U-P model is

very economical computationally, enabling the 90-year runs

needed to evaluate estuarine variability under the climate

scenarios. The U-P model was driven using daily freshwater

inflows derived from CALSIM outputs described above, produc-

ing daily salinities along the estuary’s axis for the historical baseline

period and for each future scenario. A simulation was also

performed for the baseline period using observed inflows (www.

water.ca.gov/dayflow) to derive ‘‘observation-based’’ historical

salinity values.

While the U-P simulations provide a representation of the

influence of changing upstream hydrology on estuarine salinities,

the U-P model does not capture the effects of sea level rise on

salinity. The Delft3D model of San Francisco Bay [44] is a 3D

process-based model that is sophisticated enough to capture these

effects. Delft3D is, however, too computationally demanding to

evaluate full 90-year scenarios, and was thus applied in a

complementary manner with the U-P model. Multiple runs of

Delft3D were used to develop a regression model of salinity

changes based on amount of sea level rise (see Supporting

Information, Methods S1 for details), which was then driven by

historical values of mean sea level for the baseline period, and by

sea level projections through the end of this century (see ‘‘Sea

level’’ above). The changes were added to the corresponding U-P

salinities, and the final results represent our estimate of salinity

changes throughout the estuary due to the combination of

upstream hydrologic forcing and sea level rise.

Suspended sediment
To evaluate suspended sediment changes under the climate-

change scenarios, we developed a rating curve of suspended

sediment concentration (SSC) at Rio Vista (Fig. 1) versus

Sacramento River discharge (Fig. S1). For each scenario, daily

discharges (see ‘‘Hydrology and management’’ above) were used to

calculate the daily median SSC, which was then annually

averaged. Sediment delivery from the Sacramento River water-

shed to San Francisco Bay has decreased by about one-half

between 1957 and 2001 [45]. As these changes in sediment

delivery have occurred, the turbidity and associated SSC within

the Delta have also decreased by approximately 40% (Fig. S2).

Because it is unclear whether this trend will continue, we

developed two sediment-supply scenarios (Fig. S3). The first

scenario assumes that the historical rating curve applies in the

future, and the second assumes that SSC decreases at 1.6% yr21,

the Delta-wide average rate of SSC decrease from 1975–2008

(data from the Interagency Ecological Program’s Environmental

Monitoring Program at www.water.ca.gov/bdma; Seasonal Ken-

dall test [46]). Since little observed SSC data exist for the baseline

period, the rating curve was applied to produce a hindcast of SSC,

using observed discharges (www.water.ca.gov/dayflow) and the

historical trend in sediment delivery. This is presented in Fig. 2 as

the ‘‘observation-based’’ time series of SSC during the baseline

period. The historical ‘‘model-based’’ indicator was produced by

applying the rating curve to the CALSIM-based daily discharge

estimates (see ‘‘Hydrology and management’’ above), and using

the historical trend in sediment delivery.

Delta water temperature
Water temperature data were obtained from the Interagency

Ecological Program for the Sacramento River at Rio Vista, where

water temperatures were collected from May 1983 through

September 2002 (1984–1999 annual averages of these data

constitute the observation-based historical baseline). Historical

air temperature and insolation data were also acquired (www.

cimis.water.ca.gov, www.calclim.dri.edu/data.html). A regression

was developed to relate the daily-averaged water temperature to

the air temperature and insolation from the same day and water

temperature from the preceding day [47]. To project water

temperatures for the coming century, the model was applied to the

downscaled climate data (see ‘‘Meteorology’’ above), using the

mean annual insolation cycle. Similarly, to hindcast water

temperatures for 1970–1999, the model was forced with the

long-term historical air temperatures and the mean annual

insolation cycle, providing the ‘‘model-based’’ historical indicator

for Delta water temperature. Annual averages were calculated

from the daily model output (see Methods S1 for additional

discussion).

Biological indicators
Delta smelt (Hypomesus transpacificus) is endemic to the San

Francisco Estuary [48,49]. It is listed as endangered by the state of

California, and a change in status from threatened to endangered

has been deemed warranted under the US Endangered Species

Act. Thus, maintaining the population of delta smelt has become a

key goal in managing the estuary [50]. To assess the effects of

climate change on delta smelt, the frequency of mean daily water

temperatures above 25uC was determined from modeled water

temperatures at Rio Vista (see ‘‘Delta water temperature’’ above),

a location within one tidal excursion of a large portion of delta

smelt habitat in the Sacramento River. Multiple studies indicate

that mean daily temperature of 25uC is a threshold for high

mortality of delta smelt [48,51,52].

Winter-run Chinook salmon (Oncorhynchus tshawytscha) is endemic

to the Sacramento River system of California and is listed as

endangered under both state and US endangered species

legislation [49]. Most of the population is subject to water

temperature regulation by Shasta Reservoir. Winter-run Chinook

salmon begin spawning in the spring. Developing embryos and

pre-emergent fry are expected to be in the gravel from May

through October. The effects of climate change on winter-run

Chinook salmon were assessed by comparing projected mean
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monthly water temperatures (see ‘‘Hydrology and management’’

above) for the period May–October against a threshold of 16uC,

which would result in high mortality of eggs and pre-emergent fry.

This is likely a conservative comparison since in a month with a

mean of 16uC, approximately half the days would have higher

temperatures. Comparisons were made for the Sacramento River

at Balls Ferry (Fig. 1), which is at the lower end of the spawning

reach. Historical temperature data were obtained for 1991–1999

from CDEC and were used to produce the corresponding

observation-based historical indicator. Stream temperature data

from the historical run of the stream temperature model (1970–

1994; see ‘‘Hydrology and management’’ above) were used to

produce the model-based historical indicator.

Sacramento splittail (Pogonichthys macrolepidotus) is a large

cyprinid, endemic to the San Francisco estuary and watershed

[49,53]. Splittail are true floodplain spawners and production of

strong year-classes is associated with flooding of Sutter and Yolo

bypasses, floodways designed to protect urban areas from flooding.

Yolo Bypass (Fig. 1) provides benefits to native fishes, including

Chinook salmon and splittail [54]. Floodplains must remain

continuously flooded for a minimum of about 30 days [55] for

splittail to successfully spawn, and longer inundation periods result

in greater production of young splittail [53]. Yolo Bypass provides

appropriate spawning conditions at flows above about 113 m3 s21.

Therefore, for each scenario we counted the number of floods

each year in which flows continuously exceeded 113 m3 s21 for at

least 30 days.

Results

Projected responses to climate change in the 21st

Century
Our objective was to develop quantitative visions of the SFEW

system in two contrasting future climates and to communicate

those visions in a way that makes them useful for planning

adaptation strategies. Therefore, from the many outputs of models

described above we selected nine (Table 1) to use as indicators of

changing climate, hydrology and habitat quality. The climate

indicators are air temperature over the Delta, precipitation over

the Sacramento-San Joaquin River basin, and water elevation at

the entrance to San Francisco Bay (Fig. 1). Hydrologic indicators,

modeled using the climate projections as inputs, are unimpaired

runoff from the headwater basins of the Sierra Nevada and

Cascade ranges and the snowmelt contribution to runoff. Habitat

indicators, modeled using the climate and hydrologic projections

as inputs, are salinity in northern San Francisco Bay, water

temperature in the upper Sacramento River, and water temper-

ature and suspended sediment concentration (SSC) in the Delta

(Fig. 1). We show future visions of the SFEW as yearly mean values

of each environmental indicator for the period 2010–2099 and

compared to the 1970–1999 baseline period (Fig. 2). To simplify

presentation of results we use ‘‘B1 scenario’’ to denote projections

from the PCM model using B1 GHG emissions, and ‘‘A2

scenario’’ to denote projections from the GFDL model using A2

emissions.

Most indicators show good agreement between historical

model-based and observation-based time series (Fig. 2, left panels).

The climate indicators are not necessarily expected to agree in this

sense because the ‘‘historical’’ GCM runs do not correspond to

actual historical variations, but instead reflect a realization of

climate given historical GHG forcings. Of the remaining

indicators, Sacramento River water temperature has only three

years of overlap between observations and simulations, though

agreement is good during that time. Annually averaged Delta

water temperature shows poor agreement (r = 0.41) during the

period shown. This is a result of three high-flow years near the end

of the comparison period, which cause errors in the annual

averages (see Methods S1 for more details). The effect of high flow

on Delta temperatures (Fig. S4) does not create significant biases in

the projections because unimpaired runoff changes little (B1) or

declines (A2) for the climate scenarios presented. At the daily

timescale, which is critical to fish survival, the comparison of

modeled and observed temperatures yielded very high correlations

(r = 0.98). Unimpaired runoff, snowmelt fraction of annual runoff,

north Bay salinity, and suspended sediment concentrations all

have high correlations (r = 0.99, 0.87, 0.98, and 0.997, respective-

ly) that are strongly statistically significant (p,0.00001).

Air temperature increases steadily in both future scenarios

(Fig. 2), but the rate of change is faster in the A2 scenario

(maximum annual temperature reaches 21uC) than in the B1

scenario (maximum annual temperature of 18.6uC). Annual

precipitation declines steadily in the A2 scenario and is persistently

below the modeled 1970–99 baseline by the latter part of the

century. There is no apparent secular trend of precipitation

change in the B2 scenario, but this projection has large

interannual variability that includes years of extreme high

precipitation and a simulated multi-year drought in the 2070

decade (Fig. 2). These two future climates span much of the range

of temperature and precipitation projections made within a larger

ensemble of climate models and GHG emissions [21]. Our

projections of sea level rise are within the range of global sea level

rise developed in recent studies [4] and reach 125 cm (A2) and

96 cm (B1) above the observed and modeled baselines by the end

of this century (Fig. 2).

The hydrologic indicators reflect combined effects of changing

air temperature and precipitation. Projections of unimpaired

runoff largely reflect changes in precipitation. Runoff in the A2

scenario is 11–12% below the baseline during the first two–thirds

of the century. Then, coincident with the simulated end-of-century

drought, runoff drops another 16% and persists at this low level for

nearly 15 years. Runoff in the B1 scenario exhibits the same large

interannual variability of precipitation, including an extremely wet

year in 2023 and two very wet years and large droughts between

2065 and 2085. The snowmelt contribution to annual runoff

declines steadily in the A2 scenario, but it shows no obvious trend

in the B1 scenario until the last two decades when runoff is

consistently below the historical mean (Fig. 2). These changes

imply continuing shifts toward earlier runoff as a declining fraction

of annual runoff occurs during the snowmelt season.

We used these climate and hydrologic projections to develop the

first quantitative assessments of how habitat quality in the SFEW

will be altered by climate change. As a response to both sea level

rise and reduced runoff, computed salinity in northern San

Francisco Bay increases 4.5 (A2 scenario) and 2.2 psu (B1 scenario)

above the 1979–1999 baseline during the last third of the century.

Mean annual water temperature in the upper Sacramento River

approaches or exceeds 14uC regularly toward the end of the A2

scenario, and also during the projected 2070s drought in the B1

scenario. Delta water temperatures also increase steadily in both

future climates, most rapidly in the A2 scenario. Suspended

sediment concentrations in the Delta were calculated as a function

of river inflow, assuming that either (a) the supply of erodible

sediments in the river system remains constant, or (b) supply

decreases as the declining trend of recent decades [56] continues.

Sediment concentrations decline slightly under assumption (a), but

rapidly under assumption (b) in both climate scenarios (Fig. 2).

We emphasize that such model-based projections are not

predictions but instead are plausible depictions of how this
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complex landscape might respond to prescribed model- and

emissions-specific future climates. Importantly, we have not

considered potentially confounding effects of changing water

resource management objectives, rules or infrastructure. We also

have not considered changes in land use or infrastructure that

might occur through planned actions or catastrophic events such

as major levee breaks. However, even considering these constraints

and caveats, our projections from two different climate scenarios

include years with mean air and water temperature, sea level

height and estuarine salinity well above observed and modeled

values in the 1970–99 baseline period (Fig. 2). They also include

years with annual precipitation, snowmelt contribution to runoff

and suspended sediment concentrations well below modeled and

observed historical values.

Trends of the environmental indicators
Indicators of climate-driven environmental change will be most

useful to policy makers and resource managers if they measure

rates of change and indicator sensitivity to different climate

scenarios. We extracted this information from the time series of

each indicator shown in Fig. 2 by calculating an overall trend for

the period 2010–2099 and measuring its statistical significance.

The trends represent median rates of change over the 90-year

series, and are expressed as rates of change per decade. Results in

Fig. 3 present an integrated view of how the SFEW system will

respond to global climate change as realized in two future

scenarios. Among the climate indicators, air temperature and sea

level increase significantly in both scenarios. Air temperature

increases 0.42uC decade 21 in the A2 scenario, but only 0.14uC
decade21 in the B1 scenario (Fig. 3). Sea level increases 12.3 and

9.9 cm decade21 in the A2 and B1 scenarios, respectively.

Precipitation declines significantly (228 mm decade21) in the

A2 scenario, but does not have a significant trend in the B1

scenario. The hydrologic indicators respond to these changes in

precipitation and air temperature. Unimpaired runoff, like

precipitation, has a significant negative trend in the A2 scenario

(20.80 km3 decade21) but not in the B1 scenario (Fig. 3).

However, the snowmelt contribution to runoff declines signifi-

cantly in both scenarios, at 21.1% decade21 (A2 scenario) and

20.4% decade21 (B1 scenario).

Water temperatures in the Sacramento River respond to two

factors, both of which trend significantly: 1) increasing air

temperature, and 2) decreasing snowmelt runoff reducing the

amount of cold water in the upstream reservoirs available to

manage downstream temperatures. Water temperatures in the

Delta, well removed from the effects of the major reservoirs,

respond primarily to increasing air temperature. Sacramento and

Delta water temperatures increase significantly, and at roughly the

same rate, in both scenarios (Fig. 3). Salinity in northern San

Francisco Bay (Fig. 3) also increases significantly in both scenarios

(+0.46 psu decade21 for A2, +0.33 psu decade21 for B1), due to

sea level rise in both scenarios and the added effect of declining

runoff in A2. Suspended sediment concentrations in the Delta

change only slightly if sediment supply in the river system remains

constant, but they fall rapidly (22.7 and 22.9 mg L21 decade 21)

in both climates if sediment supply continues to decline.

Therefore, projections of suspended sediment concentrations in

the Delta, and consequently sediment transport to San Francisco

Bay, are driven more by prescribed changes in sediment supply

than by climate-driven changes in river discharge (Fig. 3).

Increasing frequency of extreme events
Some important ramifications of climate change are not

captured in annual mean indices because these don’t depict

changes in the frequency of extreme events [3]. We computed four

environmental indicators as exceedence frequencies of threshold

values chosen to measure risks to humans or native biota.

Projected water levels at the Golden Gate were compared to the

Table 1. Environmental indicators analyzed directly (top 10; see Figs. 2–3) or exceedences of thresholds (bottom 4; see Fig. 4), with
corresponding spatial domains (see Fig. 1), units of measurement, and social/ecological significance.

Indicator Spatial Domain Metric Significance

Air temperature Sacramento-San Joaquin Delta uC (annual mean) Water supply; water & habitat quality; human health

Precipitation Sacramento-San Joaquin
watershed

mm yr21 Water supply; water & habitat quality

Sea level height San Francisco Bay entrance cm Flood risk; water & habitat quality

Unimpaired runoff Sacramento-San Joaquin
headwaters

km3 yr21 Water supply; flood protection; reservoir operations; water &
habitat quality

Snowmelt contribution Sacramento-San Joaquin
headwaters

percent (of annual runoff) Seasonal hydrology; flood protection; water & habitat quality

Salinity Northern San Francisco Bay psu (April–June mean) Estuarine habitat quality; drinking-water quality

Water temperature Upper Sacramento River uC (annual mean) Habitat quality

Water temperature Sacramento-San Joaquin Delta uC (annual mean) Habitat quality

Suspended sediment - constant
supply

Delta, Lower Sacramento River mg L21 (annual mean) Habitat & water quality; estuary geomorphology; wetland
sustainability

Suspended sediment -
decreasing supply

Delta, Lower Sacramento River mg L21 (annual mean) Habitat & water quality; estuary geomorphology; wetland
sustainability

Extreme water level San Francisco Bay entrance h yr21.99.99th percentile Flood risk

Lethal water temperature Upper Sacramento River months yr21.16uC Sustainability of winter-run Chinook salmon

Lethal water temperature Sacramento-San Joaquin Delta days yr21.25uC Sustainability of delta smelt

Floodplain inundation Yolo Bypass flow.113 m3 s21,
duration.29 d

Ecosystem restoration (floodplain habitat management)

doi:10.1371/journal.pone.0024465.t001
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historical 99.99th percentile of water elevation (141 cm, relative to

the recent historical mean sea level). Both climate scenarios project

marked increases in the frequency of extreme water heights over

the historical rate of approximately 8 hours decade21, amounting

to increases to 2,000 (A2) and 1,200 (B1) hours decade21 by mid

century, and 30,000 (A2) and 15,000 (B1) hours decade21 by the

end of the century (Fig. 4).

As an indicator of habitat quality for delta smelt, we calculated

number of days each decade when projected water temperature in

the Delta exceeds 25uC. The frequency of occurrence of

temperatures greater than 25uC increases gradually in the B1

scenario but rapidly in the A2 scenario (Fig. 4). The frequency of

occurrence of lethal temperatures for Chinook salmon (.16uC)

grows modestly in the B1 scenario, except during the simulated

drought of the 2070-decade when this threshold is exceeded in 17

months (Fig. 4). River temperatures above 16uC become common

(.20 months decade21) after 2080 in the A2 scenario. The final

habitat indicator is number of years each decade in which spring

floods are large enough to inundate the Yolo Bypass (Fig. 1) for at

least 30 consecutive days, a minimum threshold for successful

spawning of Sacramento splittail. Spring flooding continues

through the 21st century in the B1 scenario. But the warmer

and drier climate in the A2 scenario reduces the frequency of

spring floods having duration long enough for successful spawning

and rearing of this species (Fig. 4).

Discussion

California’s San Francisco Estuary-Watershed system is the

focus of continuing policy debates centered around the challenge

of meeting multiple and sometimes conflicting objectives of

resource management [57] . Our projections show how those

conflicts and the challenge of resource management could intensify

as the water supply, sea level, and habitats are transformed by

global climate change. We highlight five conclusions that emerge

from our study, and end with general lessons to guide strategies of

climate-change adaptation in this and other coastal landscapes.

Uncertainty about how SFEW will evolve in the future
The two scenarios used in this study were chosen to explore

possible futures and, at the same time, illustrate uncertainty.

Different projected futures arise from differences among GCMs in

their sensitivity to greenhouse gas emissions and from a range of

possible GHG emissions trajectories. Propagation of this uncer-

Figure 4. Projected 2010–2099 changes in the occurrence of extreme environmental conditions in the San Francisco Estuary-
Watershed system for the A2 (left) and B1 (right) scenarios. The indicators count projected exceedences each decade of threshold values
based on historical extreme water elevation or having significance for sustainability of native species of fish (lethal water temperatures) or habitat
restoration through management of floodplain habitats.
doi:10.1371/journal.pone.0024465.g004
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tainty into the physical and biological systems in SFEW varies

among environmental indicators that fall into two classes. First are

those with non-significant trends in the B1 scenario, but with large

and significant trends in the A2 scenario: precipitation and

unimpaired runoff (Fig. 3). Future changes of these indicators will

depend on how much climate change is realized and thus on how

sensitive the climate system proves to be to greenhouse gases and

how future emissions evolve—neither of which can be predicted

yet. If realized, the significant trends toward reduced precipitation

and runoff in the A2 scenario would have important implications

for California’s future water supply. The second class of indicators

includes those with significant trends in both scenarios, indicating

that these represent likely regional responses to global warming.

Within this class are two subclasses having different sensitivities to

the uncertainty of climate projections. The projected trends of

salinity increase, snowmelt decline, and SSC with decreasing

supply have comparable magnitudes (overlapping confidence

intervals) in the A2 and B1 scenarios (Fig. 3). Therefore, changes

in these indicators are relatively insensitive to the uncertainty

arising from differences among GCMs and emissions trajectories.

The other subclass includes trends of air and water temperature

and sea level, which have non-overlapping confidence intervals in

the two scenarios. Therefore, changes in these indicators are likely,

but the rates of change are strongly tied to projected rates of global

warming, so these indicators are particularly sensitive to model-

and emissions-specific scenarios.

This classification of projected responses to climate change

suggests that regional planners and resource managers should

consider: (a) strategies for adaptation to progressively increasing air

and water temperature, sea level and salinity intrusion in the

SFEW, and further shifts toward more runoff in winter and less in

spring-summer; but (b) planning for a broad range of future water

supply because GCMs differ widely in their projections of

precipitation trends. Effective strategies will be flexible and

responsive to new data and assessments of climate change as they

emerge [58]. For example, projections of global sea level rise are

evolving rapidly [4,23] and are likely to undergo further revisions

in the future. Therefore, our projections of environmental change

are best viewed as a starting place; each will be modified as new

information and tools emerge for assessing regional responses to

global change [3].

Today’s extremes could become tomorrow’s norms
These projections highlight an important manifestation of

climate change: changes in mean values of hydroclimatic variables

can induce relatively large changes in the frequency of extreme

events [3]. As examples, we show projections of increasing

frequency of exceptional sea level and water temperature in both

scenarios, and of decreasing floodplain inundation in the A2

scenario (Fig. 4). These imply growing risks of coastal flooding,

extinction of native fishes, and decreasing feasibility of some

ecosystem restoration actions. Therefore, regional resource

planning and risk assessments should anticipate shifts into regimes

of environmental conditions unprecedented in the period of our

social and economic development. This challenge is daunting

because of large uncertainty reflected in the variability among

indicators in their sensitivity to climate scenario (Fig. 4), and

because changing frequency of extreme conditions implies that the

indicators will fluctuate within new envelopes of variability over

time – i.e., their underlying drivers become non-stationary.

Today’s resource-management tools are grounded in the assump-

tion of stationary processes of natural variability. Climate change

undermines that assumption [3], so adaptation will require

development of new probabilistic models to assess environmental

changes and their uncertainty in a nonstationary world.

It’s not just climate change
Our projections illustrate how responses to climate change

could transform the SFEW into a very different system by mid-

century (Fig. 2). Transformative change is not new to this

ecosystem, which has been altered over the past 150 years by

massive landscape modifications, water development, pollutant

inputs and introductions of alien species [59]. We selected SSC as

one example of an environmental indicator that is more sensitive

to landscape change than to climate change. Cessation of

hydraulic mining, flood management, and damming the large

rivers have decreased sediment delivery to the estuary by about

half [56]. Whether this decline continues or abates will have a

much greater effect on the future trajectory of SSC than climate

change (Fig. 2). This trajectory has important ecological

implications because further reductions in sediment supply will

increase vulnerability of tidal marshes and mudflats to sea level rise

[60], reduce habitat quality for some native fishes, and might

promote blooms of toxic cyanobacteria [61] that will be

increasingly favored as nutrient-enriched Delta waters warm

[62]. Assessments of climate-change impacts must therefore be

placed in the broad context of all the drivers that will continue to

transform coastal ecosystems [60], including population growth

and urbanization, nutrient enrichment, catastrophic levee failures

from storms or earthquakes, modified reservoir operations and

water conveyances, and implementation of ecosystem restoration

plans. Planning will be most challenging with regard to

environmental indicators, such as sediment supply, which contain

uncertainties in their responses to both climate change and these

other drivers of change.

Biological community changes are inevitable
Programs of biodiversity conservation will face an increasingly

difficult challenge as environmental conditions in the SFEW

diverge from those to which its native species are adapted [13].

Expected outcomes include increasing extinction risk of native

species and continuing emergence of nonnative species as

dominant components of biological communities. Fishes endemic

to the Delta, such as delta smelt, are adapted to cool, turbid, low-

salinity habitats [63]. Sustaining populations of these species will

become increasingly difficult as Delta waters warm, clear and

become more saline (Fig. 2). Of the four runs of Chinook salmon

that spawn in the Sacramento-San Joaquin drainage, the winter

run is at exceptional risk because its spawning is timed such that

eggs develop in summer, when projected river temperatures reach

lethal levels (Fig. 4). Communities of fish and their zooplankton

prey in the Delta have become increasingly dominated by

nonnative species whose successful invasions have been facilitated

by synergistic effects of climate anomalies (extended drought) and

flow management [64]. Our projections include significant

departures from the contemporary climate and flow regimes in

the future, so environmental conditions might continue to move

toward those that select for nonnative biota.

We have learned from other studies that small perturbations can

trigger ecosystem regime shifts. A recent example occurred in

Denmark’s Ringkøbing Fjord, where mean salinity increased 1.6

psu after actions were taken to enhance water exchange with the

North Sea. This small salinity change was followed by sudden and

unanticipated reorganization of biological communities at all

trophic levels, from phytoplankton to macrobenthos and water-

birds [65]. We project larger salinity increases in San Francisco

Bay by the end of the 21st century (Fig. 2). Therefore, conservation
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plans should expect surprises and include monitoring to detect and

contingencies for adapting to unexpected shifts in habitats and

their biological communities. And, they should be designed to

accommodate a range of future climates. Feasibility and outcomes

of proposed habitat restoration actions, such as creation of

seasonal floodplain habitat (Fig. 4), low-salinity aquatic habitats

and thermal refugia for native species [13], will be very different as

seasonal hydrology and water temperature change.

The challenge of meeting California’s water demands will
intensify

California’s water supply (annual unimpaired runoff) is projected

to decline or remain steady (Fig. 3), and demands are likely to

increase as populations and temperatures rise. Deficits of surface

runoff are now met with groundwater pumping. However, pumping

between 1998 and 2010 depleted 48.5 km3 of water from the

Central Valley groundwater system, and continued groundwater

depletion at this rate is unsustainable [66]. Future strategies of water

management will require adaptations such as aggressively increas-

ing water-use efficiency, reducing surface water deliveries, capturing

more runoff in surface storage or groundwater recharge, and

implementing programs of integrated regional water management

[67]. Model results suggest that the inherent large annual variability

of precipitation will persist (Fig. 2), even as longer-term trends of

warming and possibly drying take hold. Therefore, water-resource

planning should also include contingencies for longer dry seasons,

extended droughts, and extreme floods due to shifts from snow to

rain. Diminishing snow packs result in earlier reservoir inflow, so

reservoir operations must adapt to a shift toward more water being

managed as a hazard (flood control) and less as a resource (reservoir

storage). Additional freshwater releases to mitigate increased salinity

intrusion into the estuary will be required to maintain quality of

drinking water to communities that use the Delta as their municipal

water supply. These adaptations to maintain water supply for

human consumptive uses will potentially constrain availability of

water to meet objectives of habitat conservation plans, such as

restoring natural flow and salinity variability to promote recovery of

native biota in the Delta [13].

General lessons to guide climate-change adaptation
planning

To our knowledge, this is the first attempt at an integrated

quantitative assessment of how global signals of climate change

would cascade to modify runoff, river discharge, water tempera-

ture, sea level, salinity intrusion and suspended sediments in a

large watershed-river-estuary-ocean system. Although our projec-

tions of climate-driven change are specific to SFEW, lessons from

this place-based study can be used as a starting place to guide

adaptation strategies elsewhere:

1. Outputs from complex models can be explored by simplifying

into a small set of environmental indicators chosen to develop

an integrated view of how climate change will be manifested

across landscapes.

2. Climatic, hydrologic and habitat indicators vary in their

sensitivity to uncertainty about the future; measures of that

sensitivity provide important information for assigning prior-

ities and including contingencies in adaptation planning.

3. Results from climate simulations and resulting assessments of

climate-change impacts will continue to evolve as the

underlying science improves, so adaptation planning must be

responsive to the continuing emergence of new models,

analyses and insights.

4. Assessments of climate-change impacts are best placed in the

broader context of all the drivers of change because some

environmental indicators are more sensitive to other drivers

such as landscape transformations, species introductions,

pollution and water development.

5. Biological community changes are inevitable, and programs of

ecosystem rehabilitation and biodiversity conservation will be

most likely to meet their objectives if they are designed from

projections of the future climate rather than today’s climate.

6. Environmental planning should anticipate and adapt to

ecosystem regime shifts; monitoring is essential for detecting

and responding to regime shifts.

7. Warming in regions such as the western United States implies

that sustainability of reliable water supplies will require changes

in water management. These adaptations will potentially

exacerbate conflicts of water allocation to meet human

demands and goals of biological conservation plans.

Finally, our results are consistent with other model-based

projections that California’s climate will continue to warm through

the 21st century. There is uncertainty about how much global

temperature will rise in response to increases in greenhouse gases, but

it is clear that the rate of warming will increase with higher

greenhouse gas emissions [21,24]. Environmental indicators consid-

ered here respond more rapidly and more strongly to the A2 scenario

than to the B1 scenario (Figs. 2, 3). Collectively, these indicators

depict climate-driven changes in the reliability of California’s water

supply, in risks to humans and ecosystems due to coastal flooding, and

in likely outcomes of ecosystem restoration programs. Contrasting

futures in the A2 and B1 scenarios show that mitigation steps that

slow greenhouse gas emissions in the first half of the 21st century

would reduce the requirements for adaption to climate-change

impacts through the end of the century. However, regardless of the

greenhouse gas emissions trajectory, substantial global and regional

warming is likely, so successful climate-change adaptation will require

other near-term mitigation actions aimed at buffering some of the

long-term climate-change effects depicted by our indicators.

Supporting Information

Figure S1 Sediment rating curve for the Sacramento
River at Rio Vista, 1998–2002.

(TIF)

Figure S2 Mean annual turbidity, declining throughout
the Sacramento-San Joaquin Delta from 1975–2008. From

monthly data provided by California Department of Water

Resources, Environmental Monitoring Program.

(TIF)

Figure S3 GFDL and PCM scenarios for suspended
sediment concentration (SSC) in the Sacramento River
at Rio Vista for constant and decreasing sediment
supply. Each band represents the interquartile range of SSC.

(TIF)

Figure S4 Effects of high river flows on errors in modeled
annual average Delta water temperatures. Difference

between modeled and observed yearly average water temperature

is compared to the annually averaged Sacramento River flow; model-

observation deviations occur in years with high river flow.

(TIF)

Methods S1 Expanded description of methods with
supporting references.

(RTF)
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Preface 

This panel’s review of the draft Bay Delta Conservation Plan (BDCP) has 
occurred alongside myriad activities in the Delta to facilitate a secure water fu-
ture for California, including an environmental future, and alongside related 
activities of the National Research Council (NRC). I particularly want to make 
clear the distinction between the Delta Plan and the BDCP, and between this 
panel’s report and two related NRC reports, one already published, one still in 
preparation. 

The Delta Plan (formally the Delta Stewardship Plan) is a comprehensive 
umbrella plan mandated by the California Delta Protection Act of 2009 to ad-
vance the goals of improving the reliability of California’s water supply and 
restoring, protecting, and enhancing the Delta ecosystem. It is overseen by the 
state of California and a broadly represented council of stakeholders as autho-
rized by statute.  Although the Delta Plan was not part of this review and is men-
tioned only incidentally in this report, it is related to the BDCP to some degree 
by intent and to some degree by statute (those relationships are briefly discussed 
in the body of this report). Readers should understand from the outset, however, 
that it is the BDCP, and only the BDCP that is reviewed in this report. 

The related NRC activities are being conducted by the Committee on Sus-
tainable Water and Environmental Management in the California Bay-Delta.  
The NRC appointed that committee in response to a request from Congress and 
the Department of the Interior to provide advice on two topics: (1) the scientific 
basis of actions identified in two biological opinions by the National Marine 
Fisheries Service and the U.S. Fish and Wildlife Service to protect threatened 
and endangered species in the Delta, and (2) how to most effectively incorporate 
science and adaptive management into a holistic program for managing and res-
toring the Delta.  Advice on the first topic was provided in a report published in 
March 2010 titled A Scientific Assessment of Alternatives for Reducing Water 
Management Effects on Threatened and Endangered Fishes in California’s Bay-
Delta.  The committee expects to release its advice on the second topic late in 
2011. 

While the committee was working on its second report, the U.S. Secretaries 
of Interior and Commerce asked the NRC to review the draft BDCP in terms of 
its use of science and adaptive management. In response, the NRC established a 
separate Panel to Review California’s Draft Bay Delta Conservation Plan, which 
is the author of this report. Although there is considerable overlap between the 
membership of the committee and this panel, the two groups were appointed 
separately, have separate statements of task, and have worked independently of 
each other. 

This report was reviewed in draft form by individuals chosen for their di-
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verse perspectives and technical expertise in accordance with the procedures 
approved by the NRC’s Report Review Committee.  The purpose of this inde-
pendent review is to provide candid and critical comments that will assist the 
NRC in making its published report as sound as possible, and to ensure that the 
report meets NRC institutional standards for objectivity, evidence, and respon-
siveness to the study charge.  The review comments and draft manuscript remain 
confidential to protect the integrity of the deliberative process. 

We thank the following for their review of this report: Frank Davis, Univer-
sity of California, Santa Barbara; Holly Doremus, University of California, 
Berkeley; Peter Gleick, Pacific Institute for Studies in Development, Environ-
ment, and Security; George Hornberger, Vanderbilt University; Cynthia Jones, 
Old Dominion University; Jay Lund, University of California, Davis; Judy Mey-
er, University of Georgia; and Lynn Scarlett, Resources for the Future. 

Although these reviewers provided constructive comments and suggestions, 
they were not asked to endorse the report’s conclusions and recommendations, 
nor did they see the final draft of the report before its release.  The review of this 
report was overseen by Michael Kavanaugh, Geosyntec Consultants, who was 
appointed by the NRC’s Report Review Committee and by Paul Risser, Univer-
sity of Oklahoma, who was appointed by the NRC’s Division on Earth and Life 
Studies. They were responsible for ensuring that an independent examination of 
this report was conducted in accordance with NRC institutional procedures and 
that all review comments received full consideration.  Responsibility for this 
report’s final contents rests entirely with the authoring committee and the NRC. 
 

Henry J. Vaux, Jr. 
Chair 

Panel to Review California’s Draft Bay Delta Conservation Plan  
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Summary 
 

The San Francisco Bay Delta Estuary (Delta, for short) is a large, complex 
estuarine ecosystem in California (Figure 1). It has been substantially altered by 
dikes, levees, channelization, pumps, human development, introduced species, 
dams on its tributary streams, and contaminants. The Delta supplies water from 
the state’s wetter northern regions to the drier southern regions and also serves 
as habitat for many species, some of which are threatened and endangered. The 
restriction of water exports in an attempt to protect those species together with 
the effects of several dry years have exacerbated tensions over water allocation 
in recent years, and have led to various attempts to develop comprehensive plans 
to provide reliable water supplies and to protect the ecosystem. 

  One of those plans is the Bay Delta Conservation Plan (BDCP), the focus 
of this report.  The BDCP is technically a habitat conservation plan (HCP), an 
activity provided for in the federal Endangered Species Act that protects the 
habitat of listed species in order to mitigate the adverse effects of a federal 
project or activity that incidentally “takes”1 (includes actions that “harm” wild-
life by impairing breeding, feeding, or sheltering behaviors) the listed species. It 
similarly is a natural community conservation plan (NCCP) under California’s 
Natural Community Conservation Planning Act (NCCPA).  It is intended to 
obtain long-term authorizations under both the state and federal endangered spe-
cies statutes for proposed new water operations―primarily an “isolated con-
veyance structure,” probably a tunnel, to take water from the northern part of the 
Delta for export to the south, thus reducing the need to convey water through the 
Delta and out of its southern end. 

The U.S. Secretaries of the Interior and Commerce requested that the Na-
tional Research Council (NRC) review the draft BDCP in terms of its use of 
science and adaptive-management (see Appendix A for the full statement of 
task).  In response, the NRC established the Panel to Review California’s Draft 
Bay Delta Conservation Plan, which prepared this report. The panel reviewed  
 

  
 

                                                 
1
 Take means  “to harass, harm, pursue, hunt,  shoot, wound,  kill,  trap,  capture, or  collect, or  to 
attempt to engage in any such conduct.” ESA, Section 3, 16 U.S.C. 1532. 
Harm, within  the statutory definition of “take” has been  further defined by  regulation: “Harm  in 
the definition of take in the Act means an act which actually kills or injures wildlife.  Such act may 
include significant habitat modification or degradation where  it actually kills or  injures wildlife by 
significantly impairing essential behavioral patterns, including breeding, feeding, or sheltering.” 50 
C.F.R. 17.3. 
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FIGURE 1. The Sacramento‐San Joaquin Delta in California. San Francisco Bay, an integral 
part of the system, is just to the west.  SOURCE:  Reprinted, with permission, from Lund 
et al. (2010). Copyright by Public Policy Institute of California. 
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the draft BDCP, which was posted on the BDCP website: (http://www.re-
sources.ca.gov/bdcp/) on November 18, 2010. 2 The panel determined that the 
draft BDCP is incomplete in a number of important areas and takes this oppor-
tunity to identify key scientific and structural gaps that, if addressed, could lead 
to a more successful and comprehensive final BDCP. Yet science alone cannot 
solve the Delta’s problems. Water scarcity in California is very real, the situa-
tion is legally and politically complex, and many stakeholders have differing 
interests. The effective management of scarcity requires not only the best 
science and technology, but also consideration of public and private values, 
usually through political processes, to arrive at plans of action that are scientifi-
cally based but also incorporate and reflect the mix of differing personal and 
group values. 

 
 

CRITICAL GAPS IN THE SCOPE OF THE DRAFT BDCP 
 

At the outset of its review, the panel identified a problem with the geo-
graphical and hydrologic scope of the draft BDCP. The BDCP aims to address 
management and restoration of the San Francisco Bay Delta Estuary, an estuary 
that extends from the Central Valley to the mouth of San Francisco Bay. Thus, 
given that the BDCP describes a bay delta conservation plan, the omission of 
analyses of the effects of the BDCP efforts on San Francisco Bay (aside from 
Suisun Bay) is notable. 
 
 

The Lack of an Effects Analysis 
 

The draft BDCP describes an effects analysis as:  
 

“the principal component of a habitat conservation plan.  .  .  . The analysis 
includes the effects of the proposed project on covered species,  including 
federally and state listed species, and other sensitive species potentially af‐
fected by the proposed project.  The effects analysis is a systematic, scien‐
tific  look at  the potential  impacts of a proposed project on  those  species 
and  how  those  species would  benefit  from  conservation  actions.”  (draft 
BDCP, p. 5‐2)    

 
Clearly, such an effects analysis, which is in preparation, is intended to be the 
basis for the choice and details of those conservation actions. Its absence in the 
draft BDCP, therefore, is a critical gap in the science in the BDCP and the cor-
responding conservation actions. Nevertheless, the panel takes this opportunity 

                                                 
2
  BDCP  (Bay  Delta  Conservation  Plan  Steering  Committee).  2010.   Bay  Delta  Conservation  Plan 
Working Draft. November  18.   Available  online  at:  http://www.resources.ca.gov/bdcp/.   Last  ac‐
cessed April 26, 2011. 
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to present its vision of a successful effects analysis, which includes an integrated 
description of the components of the system and how they relate to each other; a 
synthesis of the best available science; and a representation of the dynamic re-
sponse of the system.  

The term “effects analysis” also applies to an analysis of what is causing the 
listed (and other ecologically important) species to decline. In such a case, the 
logical sequence would be to perform the effects analysis on the causes of the 
species’ declines, then design a proposed alternative to current operations to 
help reverse those declines, and then perform a second effects analysis on the 
probable effects of the proposed alternative.  This aspect of an effects analysis is 
not mentioned in the current draft of the BDCP, and its absence brings the panel 
to a second critical gap in the scope of the draft BDCP, namely, a lack of clarity 
of the BDCP’s purpose. 
 
 

The Lack of Clarity as to the BDCP’s Purpose 
 

The legal framework underlying the BDCP is complex, as are the chal-
lenges of assembling such a large habitat conservation plan. Nonetheless, the 
BDCP’s purpose or purposes need to be clearly stated, because their nature and 
interpretation are closely tied to the BDCP’s scientific elements.  The lack of 
clarity makes it difficult for this panel and the public to properly understand, 
interpret, and review the science that underlies the BDCP. 

The central issue is to what extent the BDCP is only an application for a 
permit to incidentally take listed species, and to what extent it also is designed to 
achieve the two co-equal goals of providing for a more reliable water supply for 
the state of California and protecting, restoring, and enhancing the Delta ecosys-
tem specified in recent California water legislation. To obtain an incidental take 
permit, it is logical to identify a proposed project or operation and design con-
servation methods to minimize and mitigate its adverse effects.  But if the BDCP 
were largely a broader conservation program, designed to protect the ecosystem 
and provide a reliable water supply, then a more logical sequence would be to 
choose alternative projects or operating regimes only after the effects analysis 
was complete.  Under that scenario, choosing the alternative first would be like 
putting the cart before the horse, or post hoc rationalization; in other words, 
choosing a solution before evaluating alternatives to reach a preferred outcome.  

A related issue is the lack of consideration of alternatives to the preferred 
proposal (i.e., the isolated conveyance system). To the degree that the reasons 
for not considering alternatives have a scientific (as opposed to, for example, a 
financial) basis, their absence makes the BDCP’s purpose less clear, and the 
panel’s task more difficult.  
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THE USE OF SCIENCE AND SYNTHESIS IN THE BDCP 
 

Many scientific efforts are and have been under way to understand and 
monitor hydrologic, geologic, and ecological interactions in the Delta, efforts 
that constitute the BDCP’s scientific foundation. But overall it is not clear how 
the BDCP’s authors synthesized the foundation material and systematically in-
corporated it into the decision-making process that led to the plan’s conservation 
actions. For example, it is not clear how the Delta Regional Ecosystem Restora-
tion Implementation Plan has been incorporated into the draft BDCP (see Ap-
pendix F of the draft BDCP). It also is not clear whether and how the draft 
BDCP incorporated the analyses for the Delta Risk Management Strategy and 
the framework developed by the Interagency Ecological Program related to fac-
tors affecting pelagic organism decline. 

Furthermore, some of the scientific efforts related to the BDCP were in-
complete at the time of this review. For example, warming, sea level rise, and 
changes in precipitation patterns and amounts will play a central role in Delta 
water allocation and its effects. Although the draft BDCP does mention incorpo-
ration of climate variability and change and model uncertainty, such information 
was not included in the draft BDCP that was provided. 

Several other conservation efforts have been undertaken in the Delta in re-
sponse to consultations with the National Marine Fisheries Service and the U.S. 
Fish and Wildlife Service concerning the potential for project operations (e.g., 
pumping) to jeopardize the listed species. The link between the BDCP and these 
other efforts is unclear. For example, the Delta Plan is a comprehensive conser-
vation, restoration, and water-supply plan mandated in recent California legisla-
tion. That legislation also provided for potential linkage between the BDCP and 
the Delta Plan, but the draft BDCP does not make clear how this new relation-
ship will be operationalized.   

Much of the analysis of the factors affecting the decline of smelt and sal-
monids in the Delta has focused on water operations there, in particular, the 
pumping of water at the south end of the Delta for export to other re-
gions.  However, a variety of other significant environmental factors (“other 
stressors”) have potentially large effects on the listed fishes.  In addition, there 
remain considerable uncertainties surrounding the degree to which different as-
pects of flow management in the Delta, especially management of the salinity 
gradient, affect the survival of the listed fishes.  Indeed, the significance and 
appropriate criteria for future environmental flow optimization have yet to be 
established, and are uncertain at best. The panel supports the concept of a quan-
titative evaluation of stressors, ideally using life-cycle models, as part of the 
BDCP.  

The lack of clarity concerning the volume of water to be diverted is a major 
shortcoming of the BDCP. In addition, the BDCP provides little or no informa-
tion about the reliability of supply for such a diversion or the different reliabili-
ties associated with diversions of different volumes. It is nearly impossible to 
evaluate the BDCP without a clear specification of the volume(s) of water to be 
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diverted, whose negative impacts the BDCP is intended to mitigate. 
The draft BDCP is little more than a list of ecosystem restoration tactics and 

scientific efforts, with no clear over-arching strategy to tie them together or to 
implement them coherently to address mitigation of incidental take and 
achievement of the co-equal goals and ecosystem restoration. The relationships 
between scientific programs and efforts external to the BDCP and the BDCP 
itself are not clear. Furthermore scientific elements within the BDCP itself are 
not clearly related to each other. A systematic and comprehensive restoration 
plan needs a clearly stated strategic view of what each major scientific compo-
nent of the plan is intended to accomplish and how this will be done. The sepa-
rate scientific components should be linked, when relevant, and systematically 
incorporated into the BDCP. Also, a systematic and comprehensive plan should 
show how its (in this case, co-equal) goals are coordinated and integrated into a 
single resource plan and how this fits into and is coordinated with other conser-
vation efforts in the Delta, for example, the broader Delta Plan.  

 
 

ADAPTIVE MANAGEMENT 
 

Numerous attempts have been made to develop and implement adaptive 
management strategies in environmental management, but many of them have 
not been successful, for a variety of reasons, including lack of resources; unwil-
lingness of decision makers to admit to and embrace uncertainty; institutional, 
legal, and political preferences for known and predictable outcomes; the inhe-
rent uncertainty and variability of natural systems; the high cost of implementa-
tion; and the lack of clear mechanisms for incorporating scientific findings into 
decision making. Despite all of the above challenges, often there is no better 
option for implementing management regimes, and thus the panel concludes that 
the use of adaptive management is appropriate in the BDCP. However, the ap-
plication of adaptive management to a large-scale problem like the one that ex-
ists in California’s Bay-Delta will not be easy, quick, or inexpensive.  The panel 
concludes that the BDCP needs to address these difficult problems and integrate 
conservation measures into the adaptive management strategy before there can 
be confidence in the adaptive management program. In addition, the above con-
siderations emphasize the need for clear goals and integrated goals, which have 
not been provided by the draft BDCP. Although no adaptive management pro-
gram can be fully described before it has begun, because such programs evolve 
as they are implemented, some aspects of the program could have been laid out 
more clearly than they have been. 

Adaptive management requires a monitoring program to be in place.  The 
draft BDCP does describe its plan for a monitoring program in considerable 
detail.  However, given the lack of clarity of the BDCP’s purpose and of any 
effects analysis, it is difficult to evaluate the motivation and purpose of the mon-
itoring program.  An effective monitoring program should be tied to the effects 
analysis, its purpose should be clear (e.g., to establish reference or baseline con-
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ditions, to detect trends, to serve as an early-warning system, to monitor man-
agement regimes for effectiveness), and it should include a mechanism for link-
ing the information gained to operational decision making and to the monitoring 
itself.  Those elements are not clearly described in the draft BDCP.   

In 2009, the BDCP engaged a group of Independent Science Advisors to 
provide expertise on approaches to adaptive management. The panel concludes 
that the Independent Science Advisors provided a logical framework and guid-
ance for the development and implementation of an appropriate adaptive man-
agement program for the BDCP.  However, the draft BDCP lacks details to 
demonstrate that the adaptive management program is properly designed and 
follows the guidelines provided by the Independent Science Advisors.  The pan-
el further concludes that the BDCP developers could benefit significantly from 
adaptive management experiences in other large-scale ecosystem restoration 
efforts, such as the Comprehensive Everglades Restoration Program. The panel 
recognizes that no models exactly fit the Delta situation, but this should not pre-
vent planners from using the best of watershed-restoration plans to develop an 
understandable, coherent, and data-based program to meet California’s restora-
tion and reliability goals. Even a soundly implemented adaptive management 
program is not a guarantee of achieving the BDCP’s goals, however, because 
many factors outside the purview of the adaptive-management program may 
hinder restoration. However, a well-designed and implemented adaptive man-
agement program should make the BDCP’s success more likely. 

 
 

MANAGEMENT FRAGMENTATION AND  
A LACK OF COHERENCE 

 
The absence of scientific synthesis in the draft BDCP draws attention to the 

fragmented system of management under which the plan was prepared—a man-
agement system that lacks coordination among entities and clear accountability. 
No one public agency, stakeholder group or individual has been made accounta-
ble for the coherence, thoroughness, and effectiveness of the final product. Ra-
ther, the plan appears to reflect the differing perspectives of federal, state, and 
local agencies, and the many stakeholder groups involved. Although this is not 
strictly a scientific issue, fragmented management is a significant impediment to 
the use and inclusion of coherent science in future iterations of the BDCP. Dif-
ferent science bears on the missions of the various public agencies, and different 
stakeholders put differing degrees of emphasis on specific pieces of science. 
Unless the management structure is made more coherent and unified, the final 
product may continue to suffer from a lack of integration in an attempt to satisfy 
all discrete interests and not, as a result, the larger public interests.  
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IN CONCLUSION 
 

The panel finds the draft BDCP to be incomplete or unclear in a variety of 
ways and places. The plan is missing the type of structure usually associated 
with current planning methods in which the goals and objectives are specified, 
alternative measures for achieving the objectives are introduced and analyzed, 
and a course of action is identified based on analytical optimization of econom-
ic, social, and environmental factors.  Yet the panel underscores the importance 
of a credible and a robust BDCP in addressing the various water management 
problems that beset the Delta. A stronger, more complete, and more scientifical-
ly credible BDCP that effectively integrates and utilizes science could indeed 
pave the way toward the next generation of solutions to California’s chronic 
water problems. 
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1 
Introduction 

The San Francisco Bay Delta Estuary encompasses the deltas of the Sacra-
mento and San Joaquin Rivers as well as the eastern margins of San Francisco 
Bay. Although the area has been extensively modified over the past 150 years, it 
remains biologically diverse while functioning as a central element in Califor-
nia’s water supply system. The Delta system is subject to several forces of 
change, including seismicity, land subsidence, sea level rise, and changes in 
flow magnitudes as well as such societal changes as increased urbanization, 
population growth, growing water demands, and changing agricultural practices. 
These changes threaten the integrity of the Delta and its capacity to function 
both as an important link in the state’s water supply system and as habitat for 
many species, some of which are threatened and endangered.  In anticipation of 
the need to manage and respond to changes that have already and are likely to 
beset the Delta, a variety of planning activities have been undertaken. One such 
activity entails the development of a Bay Delta Conservation Plan (BDCP) by a 
consortium of federal, state, and local government agencies, environmental or-
ganizations, water supply entities, and other interested parties as a habitat con-
servation plan (see Appendix B). The BDCP covers 11 fish, 6 mammal, 12 bird, 
2 reptile, 3 amphibian, 8 invertebrate, and 21 plant species (see Appendix C).  

The present volume is the report of a panel appointed by the National Re-
search Council at the request of the U.S. Secretaries of Interior and Commerce 
to review a working draft of the BDCP, dated November 18, 2010.3 Specifically, 
the panel was charged with providing a short report assessing the adequacy of 
the use of science and adaptive management in the draft BDCP (see Appendix 
A). The panel met on December 8 and 10, 2010 in San Francisco, California. On 
the first day the panel heard presentations from the various authors and sponsors 
of the draft BDCP and commentary from interested stakeholders. The panel 
spent the remainder of the meeting time as well as the intervening weeks ex-
amining, evaluating, and analyzing the draft BDCP. In the course of this review, 
the panel delved into supporting documents such as the Delta Risk Management 
Strategy and other relevant documents. This report refers to and comments on 
those documents in the context of the BDCP; however, this report is not a re-
view of those documents.    

The use of science has been emphasized in recent legislation, and science is 

                                                 
3
  BDCP  (Bay  Delta  Conservation  Plan  Steering  Committee).  2010.   Bay  Delta  Conservation  Plan 
Working Draft. November  18.   Available  online  at:  http://www.resources.ca.gov/bdcp/.   Last  ac‐
cessed April 26, 2011. 
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undoubtedly essential to the development of Delta plans generally. But science 
is only a starting point in the development of an integrated watershed-based 
plan, and it must be broadly applied. Moreover, science by itself cannot generate 
solutions to the myriad problems of the Delta that will satisfy the interests of all 
parties. Water scarcity in California is very real and science is not necessarily 
the sole solution to California’s water problems. There is simply not enough 
water to serve all desired uses. The situation surrounding the Delta is a symptom 
of scarcity. The effective management of scarcity requires not only the best 
science and technology, but also consideration of public and private values, 
usually through political processes, to arrive at plans of action which are scien-
tifically sound but also incorporate and reflect the mix of differing societal val-
ues. 

This review contains a background section describing the geography, hy-
drology, and history of the Delta and more detailed explications of the points 
noted above. Then the discussion is organized according to: (1) critical gaps in 
the scope of the draft BDCP, (2) the use of science in the draft BDCP (3) adap-
tive management in the BDCP, and, (4) the fragmentation of management that 
appears to characterize the effort. 
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2 
Background 

 

The BDCP has been developed in an environment characterized by com-
plexity and uncertainty. Furthermore, the BDCP context is dynamic, with under-
lying conditions themselves in flux. Complexity and uncertainty characterize the 
biophysical environment, including complexities and changes in the hydrologic 
system, such as interactions of altered freshwater discharge regimes of tidal in-
fluences, changes in the composition and numbers of many species, variability 
and changes in precipitation, nutrient and sediment input, and changes in the 
built environment.  They also characterize the human environment, particularly 
with regard to population growth; people’s livelihoods and lifestyles; political, 
financial, and economic conditions; changes in technology; and changes in 
people’s understanding of these systems.  Uncertainty is inherent in many of the 
above factors.  The panel did not consider all of the above factors during its re-
view because to do so would be difficult, time-consuming, and beyond the pan-
el’s charge.  Nevertheless, recognition of the difficult environment in which the 
BDCP is being developed is helpful in gaining an understanding and apprecia-
tion of the difficulties surrounding it and other attempts to improve the reliabili-
ty of water supplies in California and to restore the Delta ecosystem. The panel 
thus briefly summarizes the history and the human and biophysical environment 
of the region.  

The San Francisco Bay Delta Estuary (Delta, for short) includes the lower 
reaches of the two most important rivers in California and the eastern estuary 
and associated waters of San Francisco Bay.  The Sacramento and San Joaquin 
Rivers and their tributaries include all of the watersheds that drain to and from 
the great Central Valley of California’s interior, as shown in Figure 2. The re-
spective deltas of these rivers merge into a joint delta at the eastern margins of 
the San Francisco Bay estuary. The Delta proper is a maze of canals and water-
ways flowing around more than 60 islands that are protected by levees. The isl-
ands themselves were historically reclaimed from marshlands as agricultural 
lands, and most of them are still farmed. 

Today, the Delta is among the most modified deltaic systems in the world 
(Kelley, 1989; Lund et al., 2010). The Sacramento-San Joaquin Delta, as shown 
in Figure 3, is an integral part of the water supply delivery system of California. 
Millions of acres of arid and semi-arid farm lands depend upon the Delta for 
supplies of irrigation water, and approximately 25 million Californians depend 
upon transport of water through the Delta for their urban water supplies. Popula-
tion growth anticipated for the first half of the 21st century is likely to create 
additional water demands despite significant reductions in per capita consump- 
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FIGURE 2.   The Bay Delta Watershed.   SOURCE:   Reprinted, with permission,  from Na‐
tional Resources Defense Council (http://www.nrdc.org). 
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FIGURE 3. The Sacramento‐San Joaquin Delta in California. San Francisco Bay, an integral 
part of the system, is just to the west.  SOURCE:  Reproduced from NRC (2010b), mod‐
ified from FWS (2008). 
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tive uses. In addition, the Delta provides habitat for fish and wildlife, some spe-
ciesof which are listed as threatened or endangered under the federal Endan-
gered Species Act and the California Endangered Species Act. The Delta is also 
an important recreational resource supporting significant boating and fishing 
activities. 

Unimpaired inflows of water to the Delta originate in the watersheds of the 
Sacramento and San Joaquin Rivers. In an average year those flows are esti-
mated to be 40.3 million acre feet (MAF) or 48.8% of California’s average an-
nual total water resource of approximately 82.5 MAF. Of the total unimpaired 
average inflow, 11.4 MAF are diverted upstream of the Delta for agricultural 
(83.8%), urban (15.0%), and environmental (1.2%) uses. Diversions from the 
Delta itself average 6.35 MAF, a little more than a third of all diversions in the 
Sacramento-San Joaquin system. Diversions from the Delta are dominated by 
exports to the irrigation service areas of the federal Central Valley Project 
(CVP) and the State Water Project (SWP) service areas, which include southern 
portions of the San Francisco Bay Area, the western side of the San Joaquin 
Valley, and much of southern California. Significant amounts of water are di-
verted to irrigate Delta lands, and irrigation return flow is discharged into Delta 
channels. The average yearly outflow from the Delta remaining after the diver-
sions equals 22.55 MAF (Lund et al., 2010).  

The quantities of water reported above are for an average year, but hardly 
any year in California is an “average” water year. Moreover, averages mask the 
fact that water supplies are highly variable from one year to another. Thus, for 
example, in the Merced River, which drains the watershed including most of 
Yosemite National Park and is a tributary of the San Joaquin River, the average 
annual flow is 1.0 MAF. Yet the low flow of record for the Merced River is 
150,000 acre feet, only 15% of the average flow, while the high flow of record is 
2.8 MAF, 280% of the average flow. The variability in flows, which is characte-
ristic of all of the state’s rivers, is largely a function of the interannual patterns 
of California’s Mediterranean climate, which has a wet and a dry season with 
precipitation falling mainly in the late fall and winter months.  In addition, there 
is considerable variability in the proportion of the precipitation that falls in the 
mountains as snow, which adds to the variability of the hydrologic regime.  

Until recently, planning for water shortage was based on a five-year dry 
cycle from the 1930s, or on 1977, the driest year of record. However, recent 
analyses of potential precipitation resulting from different anticipated climate 
conditions have changed the criteria employed by the state to project water 
availability. Despite statewide conservation efforts, which are particularly pro-
nounced in the urban sector, increasing restrictions on diversions have reduced 
the amount of water available for delivery under the terms of SWP and CVP 
water supply contracts.  These projects, which export water to regions of the 
state that have experienced persistent water scarcity for many decades, are par-
ticularly important features of the California waterscape.  

The CVP withdraws water from the Delta and conveys it southward into the 
San Joaquin Valley through a system of canals built and operated by the federal 
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Bureau of Reclamation and various water user groups. Most of this water is used 
for agricultural purposes throughout the San Joaquin Valley and the Tulare sub-
basin at the southern end of the Valley. A minor amount is contracted for do-
mestic use. The SWP withdraws water separately from the Delta and conveys it 
southward to agricultural users on the west side and at the very southern end of 
the San Joaquin Valley and subsequently over the Tehachapi Mountains into the 
conurbation of the South Coast Basin. Los Angeles and San Diego are among 
the water users in the South Coast Basin. The SWP supplies domestic water 
users in southern California (and a minor amount of domestic use in the south-
ern San Francisco Bay Area) as well as Central Valley agriculture in proportions 
that are determined in any given year by climatic factors and the availability of 
alternative sources of supply. Total available supplies have been constrained in 
recent years by drought and court decisions.  

Changes in the hydrologic and physical integrity of the Delta would con-
strain and threaten the ability of state and federal water managers to continue 
exporting water in accustomed quantities through the two major projects. This is 
a concern because the structure of the Delta is changing and will continue to 
change. Lund et al. (2010) identify several factors that today pose significant 
threats to the Delta, including: (1) continued subsidence of the agricultural lands 
on the Delta islands; (2) changing inflows of water to the Delta, which appear to 
increase flow variability and may skew flows more in the direction of earlier 
times in the water year in the future; (3) sea level rise that has been occurring 
over the past 6,000 years and is expected to accelerate in the future; and (4) 
earthquakes, which threaten the physical integrity of the entire Delta system. 
There is a long history of efforts to solve these physical problems as well as per-
sistent problems of flood control and water quality (salinity). Salinity intrusion 
from San Francisco Bay now requires a specific allocation of Delta inflows to 
repel salinity and to maintain low salinity water at the Delta’s western margin. 
This is done by monitoring and managing the average position of the contour 
line identifying acceptable levels of salinity, known as “X2”. Controlling salini-
ty requires outflow releases from reservoirs that could be used for other de-
mands. 

Resolution of these problems is complicated by water scarcity generally and 
because alternative solutions impose differing degrees of scarcity on different 
groups of stakeholders.  Additional allocation problems arise from a complex 
system of public and private water rights and contractual obligations to deliver 
water from the federal CVP and California’s SWP. Some of these rights and 
obligations conflict, and in most years there is insufficient water to support all of 
them. This underscores the inadequacy of Delta water supplies to meet demands 
for various consumptive and instream uses as they continue to grow. Surplus 
water to support any new use or shortfalls in existing uses are unavailable, and 
any change in the Delta’s hydrologic, ecological, or physical elements could 
reduce supplies further. The risks of change, which could be manifested either 
by increases in the already substantial intra-seasonal and intra-annual variability 
or through an absolute reduction in available supplies, underscore the existence 
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of water scarcity and illustrate ways in which such scarcity could be intensified.  
In its natural state, the Delta was a highly variable environment. The vo-

lume of water inflows changed dramatically from season to season and from 
year to year. Water quality also varied.  In wet periods both salinity and chemi-
cal inputs (naturally occurring) were diluted. The species that occupied Delta 
habitats historically were adapted to accommodate variability in flow, quality, 
and all of the various factors that they help determine. The history of human 
development of the Delta, both of land use and water development, is a history 
of attempts to constrain this environmental variability, to reduce environmental 
uncertainty and to make the Delta landscape more suitable for farming and as a 
source of reliable water supplies. A full understanding of the historical perva-
siveness and persistence of environmental variability underscores the need to 
employ adaptive management in devising future management regimes for the 
Delta (Healey et al., 2008). 

The history of water development and conflict in California focuses in part 
on the Sacramento-San Joaquin Delta. Beginning with the California gold rush 
in 1848, early settlers sought to hold back the seasonal influx of water and to 
create agricultural lands. The construction of levees played a central role in this 
effort, which was threatened in the late 1800s and early 1900s by the movement 
of hundreds of millions of cubic yards of debris from upstream hydraulic mining 
that passed through the Delta. There followed throughout the first third of the 
1900s further work that helped to stabilize a thriving Delta agriculture (Jackson 
and Patterson, 1977; Kelley, 1989). The CVP, which began operations in the 
1940s (Thompson, 1957), and the SWP of the 1960s required conveyance of 
water from mainstream river channels through the channels and sloughs of the 
Delta to the extraction points located in the southern Delta from where water is 
pumped into the Delta-Mendota Canal (CVP) and the California Aqueduct 
(SWP) for transport south as illustrated in Figure 4. Once these projects became 
operational there was a need to control salinity, which became an issue that was 
decided by the courts (Hundley, 2001; Lund et al., 2010).  

Since the beginning of CVP operations, diversions of water to users outside 
the Delta have been limited to ensure that salinity intrusion does not adversely 
affect local domestic water diverters in the western margins of the Delta. Addi-
tionally, the California’s constitution requires that the waters of the state be put 
to “beneficial use,” and this criterion is subject to judicial review and determina-
tion. The importance of environmental uses of water has been reflected in many 
state regulatory decisions and, more recently, in judicial interpretations of the 
federal Endangered Species Act and the California Endangered Species Act.  
Several species of Delta fishes and anadromous fishes that migrated through the 
Delta have been listed as threatened and endangered. The courts became in-
volved, and specific operational restrictions followed from their findings. The 
maze of federal and state laws as well as the interests of dozens of stakeholder 
groups have combined to create a gridlock, which at times appeared penetrable  
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FIGURE 4. The Sacramento‐San Joaquin Delta in California, highlighting the Delta levees, 
2006. San Francisco Bay, an  integral part of  the system,  is  just  to  the west.   SOURCE:  
Reprinted, with permission, from Lund et al. (2010).  Copyright by Public Policy Institute of 
California. 
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only by the state and federal courts (Lund et al., 2010). As a result, most recent 
water operations have tended to be based on legislative requirements and judi-
cial decisions mandating the protection of individual species rather than the op-
timization of water allocation among all purposes. 

There have been several efforts to resolve differences, find areas of agree-
ment, and identify solutions to the problems of the Delta and the operation and 
allocation of the waters that flow through it.  These efforts assumed particular 
urgency as California was beset by severe droughts in the periods 1987-1992 
and again in the first decade of the 2000s. A collaboration of 25 state and federal 
agencies called the CALFED program was created in 1994 with the mission “to 
improve California’s water supply and the ecological health of the San Francis-
co Bay/Sacramento-San Joaquin River Delta” (http://calwater.ca.gov/calfed/ 
about/index.html).  State and federal agencies quickly developed a proposal for 
water quality standards titled Principles for Agreement on Bay-Delta Standards 
between the State of California and the Federal Government, otherwise known 
as the Bay Delta Accord. State and federal agencies with responsibilities in the 
Delta and stakeholders engaged in a decade-long CALFED process, but they did 
not alter the strategy of relying on the Delta to convey crucial elements of the 
water supply to California. The CALFED process also would be used to attain 
the four main goals of water supply reliability, water quality, ecosystem restora-
tion, and enhancing the reliability of the Delta levees (CALFED, 2000).  

The Bay-Delta Accord, which was signed in 2000, began to unravel mid-
decade as environmentalists and water users came to believe that their interests 
were not being well served (Lund et al., 2010) and as federal resources declined. 
There followed an attempt by the governor to develop a Delta Vision Strategic 
Plan or “Delta Vision” with the aid of an independent Blue Ribbon Task Force. 
The Delta Stewardship Plan, which is referred to in this report as the Delta Plan, 
resulted from this effort. The Delta Plan is a broad umbrella plan mandated by 
the California Delta Protection Act of 2009 (California Water Code, 85300) to 
advance the co-equal goals of providing a more reliable water supply for Cali-
fornia and protecting, restoring and enhancing the Delta ecosystem. The act re-
quires development and implementation of the plan by January 2012 and speci-
fies that a Delta Stewardship Council, whose membership must reflect broad 
California water interests, oversee the effort. Also beginning in mid-decade, 
federal, state, and local water agencies, state and federal fishery management 
agencies, environmental organizations, and other parties began work on the Bay 
Delta Conservation Plan (BDCP), a draft of which is the subject of the present 
report. In addition to the activities already mentioned, many other efforts are 
ongoing in the Delta such as, for example, a recent report of the State Water 
Resources Control Board on flows, recent biological opinions concerning listed 
species, The California Water Plan, The Recovery Plan for Central Valley Sal-
monids, and the Interim Federal Action Plan. 

The BDCP is a habitat conservation plan that can be incorporated into the 
Delta Plan described above if specific criteria specified in California’s water 
legislation are met (draft BDCP, pp. 1-6). The organizations involved in the 
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BDCP process have formed a steering committee that includes representatives 
from the various agencies and interest groups involved in the collaboration (see 
Appendix B). The BDCP planning effort began in 2006 with a completion goal 
of 2013. The completed plan also is intended to be implemented over the next 
50 years (http://baydeltaconservationplan.com/Home.aspx). As of November 
22, 2010 close to $150 million has been spent in developing the plan (Sagouspe, 
2010).  

The BDCP is to be supported by the Environmental Impact Report 
(EIR)/Environmental Impact Statement (EIS) that will evaluate the range of 
alternatives for providing ecosystem restoration, water conveyance and other 
management alternatives identified in the BDCP. The EIR/EIS is currently being 
prepared by the California Department of Water Resources, the U.S. Bureau of 
Reclamation, the U.S. Fish and Wildlife Service, and the National Oceanic and 
Atmospheric Administration’s National Marine Fisheries Service in cooperation 
with California’s Department of Fish and Game, the U.S. Environmental Protec-
tion Agency, and the U.S. Army Corps of Engineers (http://baydeltaconserva-
tionplan.com/Home.aspx).   

The subsequent sections of this report describe and analyze prominent fea-
tures of the BDCP while identifying and discussing the critical gaps in the doc-
ument.  
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3 
Critical Gaps in the Scope of the Draft 

BDCP 

The panel concludes that the draft BDCP is missing critical elements, in-
cluding an effects analysis, a description of how and where scientific informa-
tion was used in the draft BDCP, and a description of the BDCP’s relationship 
to other ongoing efforts.  In addition, the draft has several structural or systemat-
ic problems, including lack of clarity as to the purpose of the BDCP; an unclear 
linkage of various parts of the BDCP to the effects analysis4 and among its other 
components; and lack of detail about analyses of various future scenarios, in-
cluding a lack of analyses of tradeoffs among the BDCP’s goals in various sce-
narios.  The panel offers some guidance on how these systematic problems 
might be addressed and how the draft BDCP might be completed more usefully.  

At the outset of its review the panel identified a problem with the geograph-
ical and hydrologic scope of the draft BDCP. The BDCP aims to address man-
agement and restoration of the San Francisco Bay Delta Estuary, an estuary that 
extends from the Central Valley to the mouth of San Francisco Bay. Thus, given 
that the BDCP purports to describe a Bay Delta Conservation Plan, the omission 
of analyses of the effects of the BDCP efforts on San Francisco Bay (aside from 
Suisun Bay) is notable. This omission should be of concern to all BDCP parties 
because the Bay-Delta system is an estuary, and there are significant physical, 
biogeochemical, and ecological connections between the various sub-
embayments as well as between the Bay-Delta and the Pacific Ocean (e.g., 
Cloern et al., 2010). In particular, changes in outflows and in the tidal prism 
associated with changing water-project operations and restoration actions would 
be expected to cause changes in San Francisco Bay, and not only in the Delta. A 
plan intended to be comprehensive should incorporate these fundamental fea-
tures of the system. Although the statutory basis of the BDCP may argue against 
consideration of the effects outside the statutory Delta, the BDCP’s failure to 
address issues related to San Francisco Bay is a significant flaw that should be 
corrected in subsequent versions of the plan.  

                                                 
4
 Even though the effects analysis is not yet complete, the BDCP’s authors should at least be able to 
describe how the completed parts of the BDCP will be linked to the effects analysis.  

BDCP1673



Copyright © National Academy of Sciences. All rights reserved.

A Review of the Use of Science and Adaptive Management in California's Draft Bay Delta Conservation Plan 

Critical Gaps in the Scope of the Draft BDCP  21 

  

 

THE LACK OF AN EFFECTS ANALYSIS 
 

The draft BDCP describes an effects analysis as:  
 

“the  principal  component  of  a  habitat  conservation  plan  [HCP].  .  .  .  The 
analysis includes the effects of the proposed project on covered species, in‐
cluding federally and state listed species, and other sensitive species poten‐
tially affected by the proposed project.  The effects analysis is a systematic, 
scientific look at the potential impacts of a proposed project on these spe‐
cies  and  how  these  species  would  benefit  from  conservation  actions”  
(draft BDCP p. 5‐2).   

 
Clearly, such an effects analysis, which is in preparation, is intended to be the 
basis for the choice and details of those conservation actions. Its absence in the 
BDCP, therefore, is critical gap in the scope of the science and the conservation 
actions.  Nevertheless, the panel presents its vision of the structure and content 
of a useful effects analysis.  

The above description of the effects analysis to be included in the BDCP is 
rather narrowly cast, because it focuses on the BDCP as a habitat conservation 
plan (HCP), that is, as an application for an incidental take permit.  It thus pre-
supposes the choice of the project to be permitted. By contrast, a broadly fo-
cused conservation strategy, which the draft BDCP also says it is5, requires a 
similarly broadly focused, comprehensive effects analysis.  Such an effects 
analysis would include a systematic analysis of the factors affecting species and 
ecosystems of concern and the likely contribution of human-caused changes in 
the system. Such an analysis would then lead to the informed choice of options 
for reversing the decline of the ecosystem and its components, rather than only 
analyzing a pre-chosen option. What would such an effects analysis look like? 

Effects analyses are used in a range of disciplines to understand complex 
systems.  As noted in the quote above, their main attribute is that they are sys-
tematic scientific analysis. Their precise form is not critical. For example, failure 
mode and effects analysis (FMEA) is commonly applied in the automotive, aer-
ospace, and software industries to understand whether and how the failure of 
individual components impact the reliability of the overall system (Gilchrest, 
1993; McDermott et al., 2009).  In the environmental field, effects analyses are 
used to understand and compare likely responses to alternative management 
schemes (e.g., Marcot et al., 2001).  The National Research Council has re-
viewed the application of effects analysis within the environmental arena (NRC, 
2009).  In addition, several NRC reports have discussed or applied the tech-
niques of effects analysis even though they were not necessarily called “effect 

                                                 
5
 The following statement appears on p. 1‐1 of the draft BDCP:  “The [BDCP] sets out a comprehen‐
sive conservation strategy for the Delta designed to advance the co‐equal planning goals of restor‐
ing ecological functions of the Delta and improving water supply reliability to large portions of the 
state of California.”  
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analysis” (e.g., NRC, 1995, 2002, 2004a, 2004b, 2005; Appendix E of this re-
port provides an example of an effects analysis from NRC 2004b).  Effects ana-
lyses are commonly used because they integrate empirical data and expert opi-
nion to guide management decisions (e.g., NRC, 2004b). The analytical ap-
proaches used in the different types of effects analyses vary from classical risk 
priority numbers, to simulation modeling (e.g., Legault, 2005), to complex 
Bayesian network models (Ellison, 1996; Uusitalo, 2007).  However, certain 
important elements are common to all of these analyses, including the need to 
describe how individual components in the system are connected.  It is an effects 
analysis of this scope that the panel envisions for the BDCP.  Here, the panel 
provides guidance regarding the structure and essential elements that it would 
expect to see in the completed effects analysis for the draft BDCP.  The panel 
draws on a recent paper by Murphy and Weiland (2011) for a description of a 
useful effects analysis, itself based to some degree on NRC (2009), because it 
sets forth specifics for an effects analysis that would be appropriate for the Del-
ta.  The panel agrees with Murphy’s and Weiland’s general approach. 

An effects analysis is an essential element of the final BDCP, because it 
will help meet the legal requirement for a habitat conservation plan to evaluate 
whether the preferred action aids in the recovery of the species (state require-
ment) and does not appreciably reduce the likelihood or the survival and recov-
ery of the listed species in the wild (federal requirement).  These requirements 
are initially triggered because as an HCP/NCCP (natural communities conserva-
tion plan), the BDCP deals with listed species.  However, even if this were not 
the case, an effects analysis provides the framework within which the impacts of 
alternative management options can be compared and thus could be justified 
from a purely logical point of view.  An effects analysis is further justified be-
cause it also may inform the adaptive management process by identifying which 
components or processes are the most sensitive indicators of the status and struc-
ture of the ecosystem (McCann et al., 2006). 

Once the goal of the effects analysis has been defined, the first element of 
any effects analysis must be an integrated description of the components of the 
system and how they relate to one another.  This description should include a 
clear statement of the alternative management actions proposed, including that 
of no action.  The activities in this first section naturally lead to a clear definition 
of the management goal and the temporal and spatial domain of the impacted 
area.  At this introductory level, it is not necessary to quantify the relationships.  
One needs to mainly indicate the connections.  Such a description is essential for 
several reasons.  Most important, it formalizes the understanding of the connec-
tions among processes and components in the system.  It defines which 
processes and components are expected to respond to any perturbation and 
which ones will not.  Secondarily, in formulating the problem, a conceptual dia-
gram can serve to identify and rank in importance data on different processes 
and components within the system.  Finally, the system description provides a 
broader context into which information on the status and trends of species cov-
ered by state and federal statues can be placed―such that the dependencies of 
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these listed species on processes and components of the system are identified.   
The second stage of the effects analysis should be the collection, review and 

critical assessment of the best relevant scientific information available.  The 
determination of which data need to be assembled is guided largely by the con-
ceptual framework identified in the first stage.  It is neither necessary nor helpful 
for the assembled data to be encyclopedic in coverage.  However, it is essential 
that data on those processes and components identified in the first stage are 
compiled, assessed and summarized.  This information may be in the form of 
empirical data or in instances where data are unavailable, in the form of expert 
opinion.  Expert and stakeholder opinion has been successfully used in several 
management questions involving water use or fish stocks (Borsuk et al., 2001; 
Miller et al., 2010).  The objectives of the data assembly phase are to clearly 
describe the baseline or reference condition6 and to quantify the expected rela-
tionships among system processes and components.  An important feature of this 
stage is the need to include information on the uncertainties around estimates of 
processes or component levels.  Additionally, the spatial and temporal scale of 
processes and components under consideration are a vital concern.  Different 
processes and components likely respond at characteristic spatial and temporal 
scales. For example, the response of many chemical or physical variables might 
scale with the residence time of water in the system, whereas the response of 
biological variables might scale with the generation time of the organisms in-
volved.  Similarly, salinity gradients affect much of the central and western Del-
ta, while some organisms like salmon, which spend a portion of their life cycles 
in sea water, occupy much of the North Pacific as well as the Delta and its tribu-
taries. Within the biological realm, rates of primary production, nutrient and 
oxygen cycling, as well as microbial growth may respond rapidly to ecosystem 
conditions whereas the abundance of long-lived animals such as sturgeon is ex-
pected to integrate ecosystem dynamics over extended periods.  The Compre-
hensive Everglades Restoration Plan (CERP) provides a good example of the 
use of measurable outcomes for these purposes (NRC, 2008, 2010c). 

The next stage of the effects analysis is the most challenging–that of 
representing the dynamic response of the system.  For simple systems, this may 
be in the form of a simple model.  For example, decisions regarding quota levels 
in fisheries management are often made with guidance from a single assessment 
model, albeit one with hundreds of parameters (Miller et al., 2010).  However, 
even in simple systems, the level of uncertainty present in individual processes 
and components of the system may be of such magnitude that state-variable 
models are unreliable.  In these cases probabilistic models have been developed 
(Legault, 2005).  More recently, Bayesian approaches have been used to guide 
management in the face of uncertainty for complex environmental questions 

                                                 
6
 Large  restoration programs usually  include methods  for assessing  their effects so  that adaptive 
management  can  occur.    The  basic  prerequisite  for  such  assessments  is  the  establishment  and 
characterization of a reference condition against which future conditions and proposed alternatives 
can be compared. 
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(Borsuk et al., 2004; McCann et al., 2006; Rieman et al., 2001). For an example 
of incorporating uncertainty into management options, see Box 1. 

In the case of the BDCP, it is unlikely that a single analytical framework, 
even one as flexible as Bayesian network analysis, will be adequate.  Thus, it is 
likely that multiple models will be used to assess the response of different sys-
tem components to each management alternative.  Ultimately a range of inte-
grated scenarios should be developed that link the models’ outputs to an inte-
grated response.  It is particularly important that each set of the models and ana-
lyses be clearly related back to the original conceptual framework generated in 
the first stage of the effects analysis.  Analysts should be explicit about the mod-
el inputs and assumptions for each stage of the process.  One of the risks of this 
approach is error propagation, that is, that uncertainty inherent in the forecasts 
made for one component are not fully carried forward to models of other com-
ponents.   

It would be highly advantageous if outcomes in the effects analysis were 
quantifiable empirically and could thus become components of the BDCP’s 
Monitoring and Evaluation Program (e.g., NRC, 2000, 2008; Orians and Poli-
cansky 2009).  As noted above, the CERP has considered and described these 
issues in considerable detail (NRC, 2008 and references therein). This informa-
tion, when gathered in the BDCP’s Monitoring and Evaluation Program, could 
then be used to conduct statistical analyses and calibrate models and the model-
ing framework to inform the adaptive management phase over the decades fol-
lowing implementation of the BDCP actions.   

BOX 1
The 2008 Federal Columbia River Power System Biological Opinion

A suitable example of an attempt to incorporate uncertainty is evidenced
in the 2008 Federal Columbia River Power System (FCRPS) Biological Opinion
(NOAA, 2008) and in the 2010 Supplemental FCRPS Biological Opinion (NOAA,
2010) prepared after the 2008 opinion was voluntarily remanded. The com
prehensive analysis in this biological opinion focused on determining the ef
fects of different dam operation alternatives, on key ESA listed anadromous
salmonid populations in the Columbia River Basin. In that analysis, water
delivery and dam operation models create conditions that route juvenile sal
mon through different routes at eight dams in the FCRPS, resulting in net
smolt survival downstream of the last dam (Bonneville). Changes in smolt
system survival associated with different operation alternatives are then
linked to a broader life cycle analysis to assess the potential for population
level responses to selected management actions.
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During the meeting on December 8, 2010, in San Francisco, presenters in-
dicated that the effects analysis that will be included in the BDCP will be only a 
first step, that is, that it would be iteratively updated as empirical data from the 
operation of the approved alternatives become available.  This approach is cer-
tainly compatible with the use of the effects analysis framework as the founda-
tion of the adaptive management framework.  If this is indeed how the BDCP 
developers intend to use the effects analysis, the panel recommends that the final 
version of the plan articulate a clear vision of how the effects analysis will be 
updated and how these results will be used to generate the ranges that will be the 
foundation for subsequent adaptive management. 

As an example, much of the recent discussion of changes in the Delta eco-
system has focused on declining planktonic primary production in the Delta and 
Northern San Francisco Bay (Jassby et al., 2002) as driving food-web changes, 
notably declines in planktonic grazers (secondary producers), that may underlie 
to some extent the decline of pelagic fish species like delta and longfin smelt 
(Baxter et al., 2008).  Accordingly, significant elements of the BDCP involve 
efforts to enhance primary and secondary production through creation of addi-
tional tidal wetlands mostly around the edges of the Delta, a plan that strongly 
echoes CALFED’s earlier focus on the creation of shallow water habitat (c.f. 
Brown, 2003). The bases for this strategy are twofold: (1) in the face of light 
limitations, shallow water habitats for which the photic zone is a greater fraction 
of the water column should have higher rates of primary production than deeper 
waters, e.g., channels (Cloern, 2007); and (2) empirically it is observed that the 
periodically flooded shallow waters of the Yolo Bypass can support high rates of 
export of phytoplankton biomass (Schemel et al., 2004). 

However, if an effects analysis is indeed “the principal component of a ha-
bitat conservation plan” (draft BDCP p. 5-2), then it is difficult to see how these 
and other conservation strategies described in the BDCP can be scientifically 
justified before the effects analysis is completed.   

 
 

THE LACK OF CLARITY AS TO THE BDCP’S PURPOSE 
 

The legal framework underlying the BDCP is extraordinarily complex. In 
attempting to comply with all relevant laws and regulations, the BDCP’s authors 
have undertaken to develop a habitat conservation plan of great importance, 
scope, and difficulty. The panel recognizes that the authors face significant chal-
lenges and that the BDCP is a work in progress. With these caveats in mind, the 
panel observes that it would be helpful for the draft BDCP to clarify and place 
into context a number of legal issues, because their nature and interpretation are 
closely tied to the BDCP’s scientific elements. Any lack of legal clarity makes it 
difficult for the panel and the public to properly understand, interpret, and re-
view the science of the BDCP. 
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Ambiguous Role of Co-Equal Goals and Their Relationship to the BDCP 
 

According to the draft BDCP (p. 1-8), it: 
  

“has  been  prepared  as  a  joint  [habitat  conservation  plan] HCP/  [Natural 
Communities Conservation Plan] NCCP, which will support the  issuance of 
incidental take authorizations from the US [Fish and Wildlife Service] FWS 
and [National Marine Fisheries Service] NMFS pursuant to Section 10 of the 
[federal Endangered Species Act] ESA and take authorizations from the Cali‐
fornia Department of Fish and Game (DFG) under Section 2835 of the [Nat‐
ural  Communities  Conservation  Planning  Act]  NCCPA  to  the  non‐federal 
applicants.  The BDCP has also been designed to meet the standards of Sec‐
tion 2081 of the California Endangered Species Act (CESA).   The BDCP will 
further provide the basis for biological assessments (BA) to support the is‐
suance of incidental take authorizations from USFWS and NMFS to [the Bu‐
reau of] Reclamation pursuant to Section 7 of the ESA, for its actions in the 
Delta.”   

 
Thus, the BDCP is clearly and specifically an application for the incidental take 
of listed species as set forth in federal and state statutes. 

To apply for an exemption from the § 9 “take”7 prohibition of the federal 
Endangered Species Act (ESA), the water users must submit a habitat conserva-
tion plan (here, the BDCP) that will minimize and mitigate the harmful impacts 
of their water usage. HCPs prepared as part of an application for an incidental 
take permit under federal law are not required to help listed species recover, but 
they must demonstrate that “the taking will not appreciably reduce the likelih-
ood of the survival and recovery of the species in the wild” (ESA § 10).8 Under 
state law, the water users must submit a Natural Community Conservation Plan 
(NCCP) that, among other things, “aids in the recovery of the species.” (Natural 
Communities Conservation Planning Act [NCCPA], Cal. Fish and Game Code 
§§ 2800-2835). Neither the ESA nor the NCCPA specifically requires applicants 
to advance the “co-equal goals.” 

Despite this, the first paragraph of the draft BDCP (p. 1-1) states that it 
“sets out a comprehensive conservation strategy for the Delta designed to ad-

                                                 
7 Take means  “to harass, harm, pursue, hunt,  shoot, wound,  kill,  trap,  capture, or  collect, or  to 

attempt to engage in any such conduct.” ESA, Section 3, 16 U.S.C. 1532. 
Harm, within  the statutory definition of “take” has been  further defined by  regulation: “Harm  in 
the definition of take in the Act means an act which actually kills or injures wildlife.  Such act may 
include significant habitat modification or degradation where  it actually kills or  injures wildlife by 
significantly impairing essential behavioral patterns, including breeding, feeding, or sheltering.” 50 
C.F.R. 17.3. 
8
   ESA § 10 also requires successful applicants to demonstrate that (1) “ the taking will be incidental 
[to an otherwise  lawful activity],”  (2) “the applicant will, to  the maximum extent practicable, mi‐
nimize and mitigate the impacts of such taking,” (3) “the applicant will ensure that adequate fund‐
ing for the plan will be provided,” and (4) “[such other measures that the Secretary may require as 
being necessary or appropriate for purposes of the plan] will be met.” 16 USC § 1539(a)(2)(B). 
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vance the co-equal planning goals of restoring ecological functions of the Delta 
and improving water supply reliability to large portions of the state of Califor-
nia.”  This and similar statements throughout the plan make it difficult to under-
stand and evaluate the purposes of HCPs and NCCPs, and the methods of im-
plementing them.  Moreover, the methods of implementation are considerably 
different from the purposes and methods for achieving the two co-equal goals 
specified in California statutes.  Indeed, California has begun to develop a 
broader “Delta Plan” in accordance with a recent state statute (Cal. Water Code 
§§ 85300-85309).  Thus, the question arises as to the degree of importance to the 
BDCP of its purpose as an HCP/NCCP and of its purpose as a broader conserva-
tion plan designed to achieve California’s two co-equal goals.  The BDCP and 
the Delta Plan address the same ecosystem and are somewhat overlapping, but 
their goals and legal requirements are not identical. Unless the BDCP’s relation-
ship to the Delta Plan is clearly described, and its purposes clearly delineated, it 
will be difficult to assess the BDCP’s underlying scientific basis, because the 
purposes of a broad conservation plan like the Delta Plan are not necessarily the 
same as those of a habitat conservation plan.  

The body of the BDCP contains some elements of both purposes, but not in 
a coherent and consistent way.  For example, despite the statement that achiev-
ing the two co-equal goals is one of its purposes, the BDCP focuses on one of 
the goals at the expense of the other. Additional sources of the confusion are 
multiple, but two stand out.  First, the BDCP document lists some eight planning 
goals of which providing a “basis for permits necessary to lawfully take covered 
species” is only one of these eight goals (draft BDCP, p. 1-6). Yet, the remaind-
er of the BDCP appears to focus disproportionately on this goal. As such, much 
of the BDCP appears to be a post-hoc rationalization of the water supply ele-
ments contained in the BDCP.  

A consequence of the lack of clarity is related to this post-hoc rationaliza-
tion. To the extent that the BDCP is simply a request for an incidental take per-
mit then the water users would first identify their desired action (such as con-
struction of a specifically configured “alternative conveyance”), and then ana-
lyze its impacts and to develop measures to minimize and mitigate adverse ef-
fects.  However, to the extent that the BDCP seeks incorporation into the broad-
er Delta Plan, then an effects analysis would precede the choice of all conserva-
tion and alternative-operation options, and only then would an effects analysis of 
those options be performed.  That is, if the proposed conveyance system and 
other measures such as wetlands restoration have been developed as measures to 
further the restoration of the Delta ecosystem, then one would expect that the 
effects analysis would be completed before coming to a conclusion as to the 
preferred type of water delivery system. The absence of an effects analysis and 
of consideration of water supply alternatives (other than the 45 mile tunnel or 
possibly an open canal; see section below on alternatives) suggests that the 
BDCP’s major purpose is to provide the basis for an application for an inciden-
tal take permit. Yet, this is contrary to what is stated throughout the plan with 
respect to the attainment of co-equal goals.  
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Despite these ambiguities, the draft BDCP has concluded that an “isolated 
conveyance facility” should be constructed consisting of a 45-mile tunnel or 
pipeline, capable of conveying 15,000 cubic feet per second (cfs) of Sacramento 
River water around the Delta to the south Delta’s existing water export pumping 
plants, to allow for “dual operation” with the existing south Delta diversion fa-
cilities (draft BDCP, Chapter 4.2.2.1.1 and Table 4-1).  (Again, the “note to re-
viewers” on p. 4-14 of the draft BDCP suggests that the conveyance system 
might be a canal, but there is no analysis of a canal in the draft BDCP or even a 
statement as to whether the findings from the analysis of a canal would differ 
from the analysis of a tunnel system.) 

 
 

Alternative Actions 
 

To support the issuance of an ESA § 10 take permit, the BDCP must specify 
“what alternative actions to such taking the applicants considered and the rea-
sons why such alternatives are not being utilized” (ESA § 10, 16 U.S.C. § 
1539(a)(2)(A)). Even if the proposed action has been decided on, an analysis of 
alternatives is still required. This analysis does not appear prominently in the 
draft BDCP. Not only is the analysis a legal requirement, but it also is important 
scientifically, because to the degree that the reasons for not utilizing the alterna-
tives are scientific reasons, the absence of the analysis hinders the ability to eva-
luate the BDCP’s use of science.  If the BDCP also seeks incorporation into the 
Delta Plan (and thereby qualifying for state funding of public benefits), then it 
should also include an analysis of “conveyance” alternatives. As a prerequisite 
to incorporation, the BDCP must undertake  “a comprehensive review and anal-
ysis of . . . [a] reasonable range of Delta conveyance alternatives, including 
through-Delta, dual conveyance, and isolated conveyance alternatives and in-
cluding further capacity and design options of a lined canal, an unlined canal, 
and pipelines” (Cal. Water Code, § 85320).  Finally, the federal approval 
process also will require an environmental impact statement that considers alter-
natives to the “proposed action,” which includes construction of the alternative 
conveyance (National Environmental Policy Act, 42 U.S.C. § 4332(2)(C)(iii)).  
Once again, this legally required analysis of alternatives is scientifically impor-
tant. Therefore, to permit a complete scientific evaluation of the BDCP, it 
should include an analysis of such alternatives to “take” and to the construction 
and design of the contemplated isolated conveyance. 
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4 
Use of Science in the BDCP 

 

The panel recognizes the body of scientific information available to support 
some actions within the BDCP. For example, the compilation of the Delta Re-
gional Ecosystem Restoration Plan (DRERIP, see Appendix F in the draft 
BDCP) demonstrates that the community has invested considerable effort in 
establishing a scientific foundation for the numerous actions proposed in the 
draft BDCP.  The participation of 50 analysts and scientists in the construction 
and scoring of the scientific evaluation worksheets indicates the large effort de-
voted to identifying ecologically founded actions.  The massive DRERIP re-
flects the collective wisdom and insight of the region’s most knowledgeable and 
respected scientists. 

However, it is not clear how the BDCP’s authors synthesized the foundation 
material and systematically incorporated it into the decision-making process that 
led to the suite of actions selected for implementation. As a unit, the draft BDCP 
combines a catalog of overwhelming detail with qualitative analyses of many 
separate actions that often appear disconnected and poorly integrated.  Thus, 
although the biological descriptions and scenarios reflect a strong understanding 
of the scientific basis for many individual actions by the BDCP authors, there is 
no obvious distillation, synthesis and integration of the material into a cohesive 
decision-making process.  The BDCP’s authors may have performed this critical 
exercise, but it is not described in the BDCP itself.  The panel expects that the 
pending and critical effects analysis document could provide that convincing 
clarifying synthesis, relying on the DRERIP to provide the grist. Importantly, 
the participants who contributed to the DRERIP identified many uncertainties 
and deficiencies that need to be addressed by the community.  Addressing these 
concerns presumably should happen before the plan is accepted as an ecologi-
cally sound path.  The following excerpt from the DRERIP emphasizes these 
points: 

 
“Collectively, the synthesis team concluded that a number of the conserva‐
tion measures have the potential for additional synergistic effects that can 
raise or  lower  the  value of  some  individual  conservation measures when 
implemented  concurrently with  other  actions.  The  complexity  of  various 
trade‐offs between expected positive and negative effects make it difficult 
to predict  the biological  responses  to  concurrent multiple measures. The 
Synthesis Team recommended that refinements could be made to the pro‐
posed modification of the Fremont Weir and Yolo Bypass inundation, North 
Delta diversions with bypass criteria, and Cache slough  restoration  to op‐
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timize ecological benefits and water supply goals. They also  identified the 
need  for  better  information  and modeling  of  the  survival  and  growth  of 
covered  species  and  predators  to  establish  baseline  conditions  against 
which benefits can be assessed…”  (DRERIP, see Appendix F‐1 of  the draft 
BDCP, p. 17). 

 
This is just one example of the strong body of scientific information that is 

available to support specific actions within the plan.  Nevertheless, there is a 
deficiency in the scientific synthesis that is needed to support the collective ac-
tions specified in the BDCP.  Some examples of opportunities for demonstrating 
that scientific synthesis are described below.  
 
 

INCORPORATING RISK ANALYSIS 
 

The analyses for the Delta Risk Management Strategy (DRMS, 2009) have 
been performed to better understand the various risks to the integrity of levees 
and the local and statewide consequences of levee failure. Although there are 
limitations to this analysis, the results can offer guidance for prioritizing actions 
within the BDCP. For example, the DRMS study indicates that the benefits of 
the restorative conservation measures could be lost if levees failed and con-
cludes that current levee management strategies in the Delta are unsustainable 
because of seismic risk, high water conditions, sea level rise and land subsi-
dence. In addition to these broad conclusions, the report offers specific estimates 
of land impacts (e.g., economic costs of more than $15 billion due to earth-
quake-derived levee failures and associated flooding of 20 islands) (DRMS, 
2009).  

California continues to invest in levee restoration, and additional restoration 
is included in the BDCP. However, levee repairs are not prioritized with regard 
to objectives such as habitat restoration, salinity management, drinking water 
protection, and preserving agriculture and historic Delta communities. Thus, any 
effects analysis should explicitly consider the interactions and tradeoffs between 
infrastructure and ecosystem goals. These interactions and tradeoffs may be 
considered in a risk-based framework, which could be complemented by analy-
sis of the system reliability (the likelihood that a hydrosystem will fail to 
achieve some target), resilience (the ability of a system to accommodate, sur-
vive, and recover from unanticipated perturbation or disturbance), and vulnera-
bility (the severity of the consequences of failure) (Fiering, 1982; Hashimoto, 
1982; Moyle et al., 1986).  

Furthermore, decision frameworks have recently been demonstrated in the 
Delta that highlight the economic tradeoffs of levee repair against the value of 
land and assets protected by those levees (Suddeth et al., 2010). The results sug-
gest that, even with doubling of property values, repair of levees is not economi-
cally justifiable for most of the islands within the Delta's Primary 
Zone. Although decisions regarding levees, habitat, land use, and water alloca-
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tions will certainly be based on more than economic motivations, the use of ex-
isting decision analysis tools, and development of new ones to address specific 
needs, may be invaluable in justifying prioritization of actions and geographical 
areas of emphasis within and outside of the Delta.  

In developing such risk-based approaches, BDCP partners may also identify 
unacceptable outcomes and evaluate their likelihood, a task that would be valua-
ble in comparing the ability of various management strategies to reduce the like-
lihood of hydrosystem deterioration, as has been suggested for climate change 
adaptation (NRC, 2010a).  Therefore, the panel recommends that the BDCP 
partners select and apply a formal analytical framework to investigate the out-
comes of proposed activities, including quantitative projections and existing 
science. Such an analysis―the effects analysis described in some detail 
above―should occur in advance of selecting the conservation and management 
actions, and should link specific restoration goals and undesirable system out-
comes to the costs, benefits, and reliability of the proposed actions. To do so 
will require use of the extensive science developed in the basin, recognizing the 
limitations of its application and the implications of scientific uncertainty in 
prioritizing actions.  
 
 

INTEGRATION OF CLIMATE CHANGE ANALYSIS 
 

Climate change has been and will continue to be a major driver of hydrolog-
ic and landscape changes in the Delta. Projected changes in the primary drivers 
of climate change―namely rising temperatures, changing patterns of precipita-
tion, and sea level rise―are expected to result in significant impacts to the eco-
systems of both the Delta region and its tributary watersheds and will adversely 
impact the water supplies that are critical to both urban and agricultural users 
who depend on the Delta, the major reservoirs and the water conveyance sys-
tems (Chung et al., 2009). Therefore, climate change could pose significant 
threats to the success of the BDCP’s ecological goals and could increase the 
need for additional conservation measures such as construction of additional 
surface and aquifer storage facilities, demand management such as conservation 
programs and pricing, and changes in operating strategies (Lund et al., 2010), 
and it could affect economic factors and water operations (for example, Tanaka 
et al., 2008).  

California’s climate change research has generated a wealth of information 
(Franco et al., 2008), which indicates potential impacts of climate change in the 
Delta region (e.g., Cayan et al., 2000; Climate Action Team, 2010; DWR, 2010; 
Field et al., 1999). The work to date has included a systems approach to under-
standing natural variability including (1) the potential global interconnections to 
the region’s climate (Gershunov et al., 2000; Redmond and Koch, 1991); (2) 
detection and attribution of historical change in climate (Bonfils et al., 2008); (3)  
quantification of potential changes in primary stressors of climate through ana-
lyses of general circulation model (GCM) predictions (Cayan et al., 2009) and 
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statistical downscaling (Hidalgo et al., 2008; Maurer and Hidalgo, 2008); (4) 
impacts of projected sea level rise (Knowles, 2008) and effects of rising temper-
atures on Delta water temperatures (Wagner et al., 2011); and (5) the sensitivity 
of the water resource system to climate change and sea level rise (USBR, 2008). 

Although significant research on climate change vulnerabilities exists in the 
literature and in various reports produced by numerous agencies and institutions, 
the panel could not find evidence that such information has been used effective-
ly in the development of the BDCP.  Climate change analysis is legally required 
to obtain an incidental take permit, per NRDC vs. Kempthorne, 506 F.Supp.2d 
322 (E.D. Cal. 2007). Yet the draft BDCP’s treatment of the topic of climate 
change, including warming and sea level rise, is fragmented: climate change is 
addressed only in the descriptions of existing biological conditions (Chapter 2), 
and sparsely in the Conservation Strategy section (Chapter 3).  Furthermore, 
these discussions are limited to qualitative assessment of potential vulnerabili-
ties and how the conservation strategy might be able to accommodate such im-
pacts. The panel could not find a quantitative analysis of the specific hydrologi-
cal and biological consequences of potential changes in the primary drivers and 
consequent changes in the tributary watersheds, aquifers, demands, risks of le-
vee failure, and ecology of the BDCP plan area.  Neither could the panel find a 
statement indicating that such analyses are not available or feasible at this scale. 
In spite of the brief quantitative summary of potential changes described in Sec-
tion 2.3.3.2 (pp. 2-36-2-37), there is no evidence that such estimates have been 
incorporated into the effects analysis and the design of conservation strategy 
elements.  Chapter 5 of the draft BDCP (p. 5-3) says:  

 
“The effects of climate change (e.g., sea level rise, temperature, and hydrolo‐
gy) were evaluated for early and  late points  in time of BDCP  implementation 
based on climate change  scenarios developed by  the consultant  team,  tech‐
nical  staff  from  the  lead  agencies,  and  outside  climate  change  experts  (see 
Appendix K, Climate Change Evaluation Methods, for a discussion of this anal‐
ysis),”  

 
which appears to address some of the panel’s concerns.  However, such informa-
tion was not included in the draft BDCP that was provided.   

In the presentation (“Incorporating Climate variability, Change, and Model 
Uncertainty in Scenarios for California Water Planning”) to the panel during its 
open session on December 8, 2010, Armin Munevar, a consultant from the firm 
CH2M HILL, did include the aforementioned analysis.  A summary of this work 
appears in a December 2010 report entitled Climate Change Characterization 
and Analysis in California Water Resources Planning Studies (DWR, 2010, pp. 
58-67).  The climate change study of the BDCP is summarized in the above re-
port and constitutes a reasonable approach for incorporating the current informa-
tion regarding future climate projections, as predicted by the climate models, 
and the corresponding hydrologic impacts. Recognizing that precipitation pro-
jections are more uncertain (p. 2-36, draft BDCP) than temperature projections, 
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the BDCP’s approach includes five scenarios: (1) drier, less warming; (2) drier, 
more warming; (3) wetter, more warming; (4) wetter, less warming; and (5) a 
central tendency scenario, which aggregates the majority of model projections 
(DWR, 2010, p. 62). A further addition to this approach is the concept of the 
“nearest neighbor” method to select subgroups of models that represent the 
above five scenarios. Groups of GCM predictions and the corresponding down-
scaled information demonstrate a significant spread in both precipitation and 
temperature, and the above approach of using five scenarios to select a set of 
model runs bracketing the potential changes in precipitation and temperature 
appears to be adequate until better methods become available.  

The above scenarios for climate change and sea level rise have been com-
bined with a variety of hydrologic, operational, and hydrodynamic models to 
investigate the performance of numerous BDCP scenarios with respect to such 
metrics as changes in the timing and magnitude of watershed run-off, reservoir 
storage, flows in the southern part of the Delta, and seasonal variations in the 
salinity gradient (the position of X2).  This analysis appeared to address the hy-
drologic and hydrodynamic impacts of climate change, incorporating a sequence 
of linked models to propagate the effects throughout the system.  

The panel did not see clear evidence of the use of these hydrologic and hy-
drodynamic effects to assess the corresponding impacts on ecological processes 
in the BDCP plan area.  According to the DWR 2010 report, the operational 
simulations of the BDCP using DWR’s CALSIM II model have not been com-
pleted.  Such an analysis is extremely important for investigating the feasibility 
of meeting future demands associated with the environmental, agricultural, and 
urban subsystems connected to the greater Bay Delta system.  The panel could 
not find a clear discussion of the extent to which such demands may or may not 
be met under future climate change scenarios.  In addition, there were no quan-
titative estimates of trade-offs between the co-equal goals of the plan under cli-
mate change scenarios, which is discussed below.  

Incorporation of the following key elements would strengthen the BDCP’s 
treatment of climate change: (1) Provide a detailed documentation of the ap-
proach, analysis, and conclusions, with emphasis on uncertainties and their im-
plications. The lack of discussion in the material provided to the panel of the 
plan’s approach to climate change makes it difficult to more definitively eva-
luate the scientific basis for climate change projections. (2) Continue efforts to 
select models with better skills, including models with the ability to reproduce 
ocean-atmosphere teleconnections, including regime shifts, in the California 
region (Brekke, 2008, 2009); (3) Quantify the impacts of warming, changes in 
watershed hydrology and sea level rise on the ecology of the Delta system 
though the use of ecological models (e.g., CASCaDE, 2010) and quantify the 
effects on the plan’s co-equal goals; and (4) clearly address the role of climate 
change in the adaptive management strategy.  Considering the length of the 
planning horizon and the importance of climate change to the plan’s success, the 
panel concludes that the BDCP should include a separate chapter on this subject.  
In view of the importance of the climate change implications in the planning and 
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implementation of the BDCP, the panel recommends that this work be reviewed 
in detail by an independent expert panel assembled by the Delta Science Pro-
gram or the Interagency Ecological Program. 
 
 

A FRAMEWORK FOR LINKING DRIVERS AND EFFECTS 
 

The comprehensive conceptual framework developed by the Interagency 
Ecological Program related to the drivers of pelagic organism decline in the Del-
ta is an important example of supporting science (Mueller-Solger, 2010). This 
framework identifies and links, in the context of both ecosystem structure and 
functioning, the key stressors that help to explain the decline of pelagic organ-
isms. The “drivers of change” (Figure 5) are quantifiable, “suitable for model 
evaluation” and directly linked to hydrologic, biogeochemical and biotic 
changes that accompany diversion of freshwater from the Delta and parallel in-
creases in nutrient and other pollutants resulting from upstream anthropogenic 
activities. This is an example of how the individual components could be func-
tionally and conceptually linked and of how climate-change modeling should be 
integrated into other aspects of the BDCP, including regime shifts.   
 

 
FIGURE 5.   Conceptual  framework, providing example of supporting science  for  linking 
drivers of ecological change to fish community responses.  This figure could be a starting 
point for establishing and rationalizing these linkages. SOURCE:  Reprinted, with permis‐
sion,  from  Interagency  Ecological  Program  (2010)  as  modified  from  Sommer  et  al. 
(2007).  Available  online  at:  http://www.water.ca.gov/iep/docs/FinalPOD2010Work 
plan12610.pdf. 
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The types of stressors identified are integrative, reflecting co-occurring 
physical, chemical, and biotic changes. They also apply to multiple structural 
(food web structure, biodiversity) and functional (food transfer changes, biogeo-
chemical cycling) changes taking place in the Delta. The framework and asso-
ciated detail are both comprehensive and useful in terms of linking these drivers 
to changes taking place at multiple levels of the food web. This type of concep-
tual approach will also be useful for examining other drivers and impacts of eco-
logical change, including observed changes in fish community structure and 
production; specifically, how these changes are affected and influenced by 
changes in physico-chemical factors (e.g., salinity, temperature, turbidity, nu-
trients/contaminants) and at lower trophic levels (phytoplankton, invertebrate 
grazers, and prey). 

Such a conceptual framework is a necessary precursor to the more holistic 
integrated analyses for which this panel has identified a need.  It may well be 
impossible to develop a single, integrated model that simultaneously addresses 
all sources of uncertainty.  However, the panel identifies the need for clearer 
connections among the currently disparate analyses as part of a more synthetic 
BDCP.   

 
 

SIGNIFICANT ENVIRONMENTAL FACTORS  
AFFECTING LISTED SPECIES 

 
Much of the analysis of factors affecting the decline of smelt and salmonids 

in the Delta has focused on water operations, in particular, the pumping of water 
at the south end of the delta for export to other regions.  This is in part because 
the pumping can be shown to kill some fish and in part because proposed 
changes in water operations were the focus of biological assessments and bio-
logical opinions developed by NOAA and USFWS (NRC, 2010b).  However, 
many scientists and others in the region have recognized that other significant 
environmental factors (“other stressors”) have potentially large effects on the 
listed fishes (e.g., NRC, 2010b).  Recent studies have suggested that some of 
these other factors might be of critical importance to fish (e.g., Baxter et al., 
2010; Baxter, 2010; Glibert, 2010).  In addition, there remain considerable un-
certainties regarding the degree to which different aspects of flow management 
in the Delta, especially X2 management, affect the survival of the listed fishes 
(e.g., NRC, 2010b).  Indeed, the significance and appropriate criteria for future 
environmental flow optimization have yet to be established, and are uncertain at 
best.  

The panel supports the concept of a quantitative evaluation of the signific-
ance of stressors, ideally using life-cycle models, as part of the BDCP, but such 
a quantitative evaluation is not part of the draft of the BDCP.  The panel con-
cludes that in addition to being incomplete, the absence of a data-based, quantit-
ative assessment and analysis of stressors, ideally using life-cycle models, that 
supports the effects analysis and adaptive management, is a significant scientific 
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flaw in the current version of the BDCP.  A sound, data-supported, quantitative 
analysis of stressors should be one part of the planning process and should pro-
vide the foundation for the effects analysis, adaptive management, and ultimate-
ly the choice of conservation measures. 

 
 

SYNTHESIS 
 

The panel finds the BDCP to be a long list of ecosystem management tac-
tics or incomplete scientific efforts with no clear over-arching strategy to inte-
grate the science, or implement the plan.  Furthermore, the BDCP does not tie 
proposed actions together, in terms of addressing the co-equal goals in a unified 
way or in terms of ecosystem restoration.  On the ecosystem side alone, the plan 
lists more than 100 restoration actions but provides no guidance on which ac-
tions are most important, which actions are more or less feasible, which species 
are more or less susceptible to extinction, which restoration efforts are most dif-
ficult, and which actions might be most easily and immediately addressed.  In 
other words, there is a list but not a synthesized plan for the restoration activi-
ties.  A systematic and comprehensive plan needs a clearly stated strategic view 
of what each major component of the plan is trying to accomplish, how it is 
going to do it, and why it is justified.  Also, a systematic and comprehensive 
plan would show how the co-equal goals are coordinated and integrated into a 
single resource plan.    

 
 

THE RELATIONSHIP OF THE BDCP TO  
OTHER SCIENTIFIC EFFORTS 

 
A cohesive conservation plan should provide a clear picture of how the dif-

ferent efforts in the Delta fit together.  Indeed, such a synthesis could be valua-
ble not only to the BDCP but also to other conservation efforts in the region. As 
noted above, the BDCP does not provide adequate perspective on how it fits 
into, for example, the broader Delta Plan, or on how documents such as the Del-
ta Risk Management Strategy fit into the BDCP. Also, aspects of the BDCP 
fundamental to understanding how and what science was applied are not yet 
developed. The inadequacies of ingredients such as the effects analysis, or the 
details of adaptive management or monitoring, lead the panel to ask, how will 
these tools be employed to assure effective implementation of the BDCP?  How 
specifically will they be tied to the proposals for conservation and infrastructure 
change? Evidence of a coordinated conservation and water management strate-
gy is the first step in establishing public trust that this is a scientifically credible 
effort.    

Clarification of the volume of water to be diverted or mention of how it will 
be diverted is crucial to a scientific analysis. Moreover, it is unclear how the 
upper capacity limit of the isolated conveyance structure of 15,000 cfs (draft 
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BDCP Chapter 4.2.2.1.1 and Table 4-1) was established. The BDCP cannot be 
properly evaluated if it does not clearly specify the volume of water deliveries 
whose negative impacts are to be mitigated. The draft BDCP suggests that the 
water requirements are based on the amount of acreage and crops that contrac-
tors have grown, or on the maximum deliveries specified by the SWP con-
tracts―up to 4.173 MAF/year by 2021 (draft BDCP, Chapters 4.3.1 and 5.1). 
There is no mention that quantities diverted may be constrained by various pro-
visions of California water law, by possible changes in the extent of irrigated 
agriculture south of the Delta, and by potential changes in cropping patterns 
fueled by globalizing forces of supply and demand for food. The draft BDCP 
also fails to identify and integrate demand management actions with other pro-
posed mitigation actions. A conservation plan should address issues of water use 
efficiency and should account for future trends in other variables that drive the 
demand for agricultural and urban water supplies. These issues are directly per-
tinent to the establishment of a water use strategy and they bear importantly on 
the costs of restoration actions intended to minimize adverse ecological effects. 
The BDCP’s lack of attention to these issues constitutes a significant omission, 
given the intensifying scarcity of water in California. 

In short, synthesis at all levels is a key ingredient in converting a document 
into a plan.  The lack of synthesis constitutes a systemic problem in the draft 
BDCP.  The panel recognizes that the challenge of linking tactics and strategy 
with a problem this complex is great, but no plan is either complete or likely to 
point the way toward success without meeting that challenge.   
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5 
Adaptive Management in the BDCP 

 

Adaptive management is a formal, systematic, and rigorous program of 
learning from the outcomes of management actions, accommodating change, 
and thereby improving management (Holling, 1978; NRC, 2003).  It has been 
recommended as part of the solution to many environmental problems (e.g., 
NRC, 2004a), and it is quite appropriately an important part of the draft BDCP.  
Adaptive management was developed in response to the difficulty of predicting 
the outcome of management alternatives in natural systems, because of the many 
uncertainties involved.  Current models, typically used for formulating restora-
tion plans, often lack predictive power.  Adaptive management, at least in 
theory, provides resource managers with an iterative strategy to deal with uncer-
tainties and use science, with a heavy emphasis on monitoring, for planning, 
implementation, and assessment of restoration efforts (Williams et al., 2009).  
The BDCP has correctly recognized the importance of adaptive management in 
its various conservation measures and its developers should be commended for 
emphasizing this aspect of the plan.   

Despite numerous attempts to develop and implement adaptive environmen-
tal management strategies, many of them have not been successful (Gregory et 
al., 2006; Walters, 2007).  Walters (2007) concluded that most of more than 100 
adaptive management efforts worldwide have failed primarily because of institu-
tional problems that include lack of resources necessary for expanded monitor-
ing; unwillingness of decision makers to admit and embrace uncertainties in 
making policy choices; and lack of leadership in implementation.  Thus many 
issues affecting the successful implementation of adaptive management pro-
grams are attributable to the context of how they are applied and not necessarily 
to the approach itself (Gregory et al., 2006).  In addition, the aims of adaptive 
management often conflict with institutional and political preferences for known 
and predictable outcomes (e.g., Richardson, 2010) and the uncertain and varia-
ble nature of natural systems (e.g. Pine et al., 2009). The high cost of adaptive 
management, and the large number of factors involved also often hinder its ap-
plication and success (Lee, 1999; NRC, 2003).  Thus, adaptive management, 
although often recommended, is not a silver bullet and it is not easy, quick, or 
inexpensive to implement.   

In addition to the above difficulties, Doremus (forthcoming) has advocated 
an analysis of conditions to determine whether adaptive management is an ap-
propriate strategy before it is undertaken.  This is good advice, and by implica-
tion it could be followed as a method of evaluating existing adaptive manage-
ment programs.  Doremus argues that three conditions favor the use of adaptive 
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management:  the existence of information gaps, good prospects for learning at 
an appropriate time scale compared to management decisions, and opportunities 
for adjustment.  This panel has not performed a formal analysis of the BDCP’s 
situation in regard to these three conditions, and is not aware of any such analy-
sis, but it does draw some preliminary conclusions.  Clearly, the first condition 
(the presence of information gaps) exists, and the second condition (good pros-
pects for learning) seems likely to exist if the program is designed well.  The 
third condition (opportunities for adjustments) is more problematic.  There are 
pressures for management guarantees; for example, the draft BDCP makes clear 
that one of its aims is a reliable water supply, and Sagouspe (2010) points out 
that the Planning Agreement that led to the BDCP provides assurances that “no 
additional restrictions on the use of land, water, or financial resources” beyond 
the agreed-on amounts will be required without the agreement of the water users 
(c.f. Richardson, 2010, cited above).  Such agreements on their face seem to 
reduce opportunities for adjustments, although they do not necessarily preclude 
them altogether.   

All of the above considerations lead as well to a reminder of the need for 
clear goals, cited in many appraisals of adaptive management (e.g., Milon et al., 
1998), and this returns the panel to its earlier concern, namely, that the goals of 
the BDCP are multiple and not clearly integrated with each other.  Despite all of 
the above challenges, there often is no better option for implementing manage-
ment regimes, and thus the panel concludes that the use of adaptive management 
is appropriate for the BDCP. 

In light of the above, this panel further concludes that the BDCP needs to 
address these difficult problems and integrate conservation measures into the 
adaptive management strategy before there can be confidence in the adaptive 
management program. In addition, an important step in adaptive management 
that is often given less attention than the others is the need for a mechanism to 
incorporate the information gained into management decision-making (e.g., 
NRC, 2003, 2006, 2008).  This matter is critical; it also was raised by the Bay 
Delta Conservation Plan Independent Science Advisors (draft BDCP, Appendix 
G) and is discussed further below. 

In 2009, the BDCP’s developers engaged a group of Independent Science 
Advisors to provide expertise on approaches to adaptive management in the 
BDCP (draft BDCP, Appendix G-3). Their advice has been incorporated into the 
adaptive management program presented in Section 3.7 of the draft BDCP.  The 
Independent Science Advisors’ report to the BDCP Steering Committee identi-
fied key missing elements in the available documentation at the time, including 
the formal setting of goals based on problems; more effective use of conceptual 
or simulation models; a properly designed monitoring strategy to evaluate the 
effectiveness of conservation measures; and more effective assessment, synthe-
sis, and assimilation of information collected during the implementation. Fur-
ther, their report recommended an adaptive management framework for the 
BDCP (Bay Delta Conservation Plan Independent Science Advisors’ Report on 
Adaptive Management, 2009, Figure 1, p. 3). The panel concludes that the Inde-
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pendent Science Advisors have provided a logical framework and guidance for 
the development and implementation of an appropriate adaptive management 
program for the BDCP. 

Much of the information on the adaptive management program is contained 
in Section 3.7 of the draft BDCP. A brief description of the management of the 
adaptive management program is presented in Section 7.35. Identification of 
uncertainties, a critical step in any adaptive management program, is discussed 
under each of the Conservation Measures (Section 3.4) and adaptive manage-
ment considerations are shown in Table 3-20, which is part of Section 3.6, Mon-
itoring and Research Program. Because the details of the adaptive management 
program are fragmented and occur throughout the BDCP without clear linkages 
of critical components in one section of the document, it is difficult to obtain an 
overall assessment of the promise of the adaptive management program.  The 
information is not sufficient to demonstrate that the adaptive management plan 
is properly designed and follows the guidelines provided by the Independent 
Science Advisors.   

Although the adaptive management framework provided by the Indepen-
dent Science Advisors recommended a logical, stepwise approach for flow of 
information (Bay Delta Conservation Plan Independent Science Advisors’ Re-
port on Adaptive Management, 2009, Figure 1, p. 3), the adaptive management 
framework shown in Figure 3-63 of the BDCP (also shown in Appendix E of 
this report) is significantly different and is missing some key elements.  It is not 
clear how the monitoring and “targeted research” programs were designed using 
goals and objectives, desired outcomes, and performance metrics to select and 
evaluate steps outlined in the Independent Science Advisors’ report. More im-
portant, clearly defined uncertainties at various scales starting with the ecosys-
tem level are not presented adequately in the BDCP.  In particular, the role of 
models is not clearly identified in the adaptive management framework, except 
in Figure 3-63.  Box 5b of that figure simply suggests a refinement of models 
without identifying them.  Also, the BDCP does not make clear whether adap-
tive management applies to broad, ecosystem goals or narrower goals related to 
specific natural communities or specific conservation measures, or both.  With-
out this distinction and a clear discussion of the role of adaptive management at 
the ecosystem level, the draft BDCP does not provide assurance that it will suc-
cessfully use adaptive management to make adjustments during the planning, 
design, and operational stages of the project. 

The Independent Science Advisors correctly pointed out the need for an 
emphasis on when and where the active versus passive approaches should be 
used during the design phase.  A passive approach is used when the projects are 
irreversible in nature, as in the case of a dual conveyance facility whereas an 
active approach involves experiments to test competing hypotheses in cases of 
significant uncertainties in ecosystem response.  The BDCP lacks details of the 
types of adaptive management approaches and the specifics of the experimental 
testing that would be conducted to reduce uncertainties.  Passive adaptive man-
agement is used when there is a high confidence regarding the anticipated eco-
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system response, often predicted by reliable models. However, the BDCP does 
not explicitly rationalize the particular selections in the adaptive management 
framework, for example, with regard to proposed creation of wetlands, levee 
restoration, and conveyance options.   

The lack of detail about the adaptive management program’s details makes 
evaluating it difficult. Many details of adaptive management are needed to per-
form a thoughtful review of it, and in some cases, those details emerge only as 
the plan is implemented.  For these reasons, the panel is unable to provide a de-
tailed review of the adaptive management plan at this stage.  However, some 
comments and suggestions are in order. 

First, as mentioned above, an adaptive management program requires clear 
goals.  This point often is overlooked.  If the project’s management goals are not 
clear, then it will not be evident how to adapt management in the face of new 
information.  The BDCP does not explain how its multiple goals are to be inte-
grated, but the problem goes deeper: some agreed-on goals, such as sustainabili-
ty of the ecosystem or having a healthy ecosystem, may no longer be acceptable 
to all parties when they become more specific or when it becomes clear that not 
all aspects of the ecosystem can be rehabilitated simultaneously.  This problem 
is not unique to the Delta: it affects other large restoration efforts as well, for 
example, the Everglades (e.g., Milon et al., 1998; NRC, 2010). 

Second, adaptive management requires a monitoring program to be in 
place.  The draft BDCP describes its monitoring plan in considerable de-
tail: Table 3-20, which describes the monitoring for effectiveness of conserva-
tion actions, runs more than 80 pages, implying a large amount of monitoring 
activity.  However, because there is no effects analysis, it is difficult to evaluate 
the scientific basis or to justify the appropriateness of individual elements of the 
monitoring program, elements which clearly should be tied to the results of the 
effects analysis.  In addition, the panel questions the availability of resources 
necessary to accomplish the all monitoring described in Table 3-20, especially 
because additional baseline, compliance, and other monitoring also are de-
scribed in the BDCP as being necessary.  

 Third, although all of the elements of an adaptive management program are 
present in the draft BDCP, some of them are not described in detail and some do 
not appear to be incorporated into the framework in Figure 3-63 (shown in Ap-
pendix E of this report). The panel emphasizes again how important it is for a 
meaningful adaptive management program to be tied to the results of the effects 
analysis, or at least related to the same issues being addressed by the effects 
analysis.  If it is not, then it is difficult to see how the monitoring and adaptive 
management program can inform the implementation of the plan and inform 
decision makers.   
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The draft BDCP appropriately cites the Independent Science Advisors’ Re-
port on Adaptive Management conclusion that: 

 
“the weakest aspect of most adaptive management plans is in the sequence of 
steps required to link the knowledge gained from implementation monitoring 
and research and other sources to decisions about whether to continue, modi‐
fy, or  stop actions,  refine objectives, or alter monitoring”  (draft BDCP, p. 3‐
577).   

 
This issue has been addressed by NRC reports on the Everglades restoration 
(e.g., NRC, 2006, 2008), and it is taken seriously by the Comprehensive Ever-
glades Restoration Program.  The panel recognizes the difficulty of understand-
ing from the outside how decisions actually are made, and those elements of the 
BDCP’s adaptive management program that require publication of scientific 
results and provision of the resulting scientific advice to program managers are a 
good step in that direction. However, a clearer description of the mechanisms 
that will enable the scientific results to inform management decisions would be 
helpful. 

Details of two other aspects of adaptive management, stakeholder engage-
ment and interagency coordination, are vague. The way that agencies coordinate 
their activities and that stakeholders participate in the process can have signifi-
cant consequences.  For example, Linkov and his colleagues (Linkov et al., 
2006a,b) have described the use of multicriteria decision analysis to enhance 
adaptive management, and the NRC (2004b) has provided worked examples of 
such an approach applied to restoring Atlantic salmon in Maine.  Those ap-
proaches all depend on input from stakeholders.  The concepts of a stakeholder 
committee to receive public input and a “Decision Body” to adjust water opera-
tions are too vague and their functions appear to be too limited to provide guid-
ance.  The panel recommends that the BDCP take advantage of the literature on 
this topic—beginning, but not ending, with the material cited above—to inform 
its processes. 

Finally, the importance of action-related triggers related to environmental 
conditions or the status of covered species is briefly mentioned in the draft 
BDCP (draft BDCP, Section 3.7.4, pp. 3-586-3-587), but there is no discussion 
of their importance and role in the adaptive management program and their rela-
tion to the effects analysis.   

The essence of adaptive management is to identify major uncertainties 
about the efficacy of policy actions, then to design field tests or management 
experiments to directly measure efficacy.  Such tests can include field evaluation 
of alternative feedback decision rules that do or do not include thresholds or 
triggers for action.  Initial adaptive management modeling exercises may screen 
out policies that require triggers by illustrating the challenges associated with 
uncertainty about the best triggering conditions. In some cases, however, trig-
gers for action can and have been used, often in conjunction with multi-
objective structured decision analysis that includes the values and alternatives 
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preferences of the various stakeholders involved (e.g., Karl et al., 2007; Kiker et 
al., 2008; Miller et al., 2010).     

One such example is a recent effort on the Colorado River, where managers 
are seeking to establish flow releases to control non-native fish below Glen 
Canyon Dam9 (Runge et al., 2011). Through the decision-analysis process, ob-
jectives were identified (e.g., manage resources to protect tribal sacred sites and 
spiritual values, maintain and promote local economies and public services, op-
erate within the authority, capabilities, and legal responsibility of the Bureau of 
Reclamation). In addition, management strategies were evaluated against the 
objectives, and tradeoffs between strategies were considered. The process identi-
fies specific triggers (e.g. following High-Flow experimental floods, abundance 
of native or introduced fish species, flow and sediment load) for management 
actions (e.g., removal of non-native species, fine sediment slurry, release of 
stranding flows), while other actions (e.g., mechanical or chemical disruption of 
fish spawning areas, augmentation of fine sediment) are recommended without 
triggers. The value of triggers is in the efficiency of managing the system, mi-
nimizing expensive actions to when and where they are  thought to be necessary 
for and beneficial to species recovery.  Such triggers also would help to design a 
more-focused monitoring program. However, the challenge of using triggers is 
in the uncertainty in establishing thresholds for triggering actions. Thus, (Runge 
et al., 2011) caution that their results do not provide the final decision but in-
stead provide guidance for further consultation by the decision makers. That 
consultation is likely to require experimentation, modeling, and continued adap-
tive management. 

In summary, the BDCP’s adaptive management program is not fully devel-
oped. In addition, there remain significant scientific, policy, and management 
uncertainties about the BDCP’s purpose and organization. The panel concludes 
that the BDCP’s developers can benefit significantly from experiences in adap-
tive management attempted in other large-scale ecosystem restoration efforts.  
One such example is the CERP, where adaptive management has been a key 
component since its inception in 1999 (USACE & SFWMD, 1999).  As recog-
nized by the NRC (2006), the CERP adaptive management strategy provides a 
sound organizational model for the execution of a passive approach.  More re-
cent activities also include examples of active approaches where field tests have 
played a major role in the early phases of selected projects (RECOVER, 2010).  
Key components of the CERP adaptive management program are: 

 
 CERP Adaptive Management Strategy (RECOVER, 2006a); 
 Monitoring and Assessment Plan and an Assessment Strategy designed 

to monitor system-wide responses to determine how well CERP is achieving its 
goals (RECOVER, 2004; 2006a,b; 2009); and 
 

                                                 
9
 The panel provides this example as a good use of action‐related triggers.  The success of adaptive 
management in Glen Canyon in general has been questioned (Susskind et al., 2010). 
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 CERP Adaptive Management Integration Guide (available in draft 
form) (RECOVER, 2010). 

 
The above documents detail more than five years of progress in implement-

ing adaptive management in the CERP.  The CERP’s program includes nine 
activities, which have been effectively integrated into the standard practice of 
project planning and life-cycle analysis (NRC, 2006).  The integration guide 
describes how to apply adaptive management concepts to the CERP program 
and related projects through the identification of key uncertainties and the incor-
poration of activities into the existing CERP planning and implementation 
process. Even a soundly implemented adaptive management program is not a 
guarantee of a successful restoration effort, however.  As described in several 
NRC reports and other documents, several factors outside the purview of the 
adaptive-management teams and even the program managers have hindered res-
toration progress in the Everglades.  They include financial, political, bureau-
cratic, legal and other obstacles (e.g., NRC 2006, 2008, 2010), factors certain to 
influence the implementation of the BDCP as well.  But a well-designed and 
implemented program should improve the likelihood of success in implementing 
the BDCP. 
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6 
Management Fragmentation and a Lack of 

Coherence 
 

The management of any science-based process has profound impact on the 
use of science and adaptive management within that process. The panel was 
charged with evaluating the use of science and adaptive management, and there-
fore management of the enterprise falls appropriately within this charge. The 
absence of any synthesis in the draft BDCP draws attention to the fragmented 
system of management under which it was prepared―a management system that 
lacks coordination among entities and clear accountability. No one public agen-
cy, stakeholder group, or individual has been accountable for the coherence, 
thoroughness, and scientific integrity of the final product. Rather, the plan ap-
pears to reflect the differing perspectives of federal, state and local agencies, and 
the many stakeholder groups involved, as noted in the introduction to this report. 
This is not strictly a scientific issue, but fragmented management is a significant 
impediment to the use and inclusion of coherent science in future iterations of 
the BDCP. Different science bears on the missions of the various public agen-
cies; different stakeholders put differing degrees of emphasis on specific pieces 
of science; and different geographical entities require different kinds of science. 
The panel concludes that without more coherent and unified, the BDCP’s final 
product, like the current draft, will rely on bits and pieces of science that are not 
well integrated. Moreover, the lack of coherence in the management of the prep-
aration of the BDCP helps to explain the fragmentation of science and the lack 
of synthesis.  

The discussion of the implementation structure in Chapter 7 of the draft 
BDCP suggests that the fragmented management that characterizes the prepara-
tion of the draft plan is also likely to be a feature of the implementation of the 
plan that finally emerges. The appointment of a single program manager and 
creation of an Implementation Office, as envisioned in the draft BDCP, are un-
likely―even taken together―to result in a well-integrated, coherent implemen-
tation program.  The public agencies that are involved in the planning and im-
plementation of the BDCP are a mix of operating and regulatory state and feder-
al agencies. Moreover, their interests are intertwined with those of the stake-
holder groups, most obviously water-using and environmental groups. These 
agencies and stakeholders have differing missions and agendas that are almost 
certain to conflict from time to time and yet the BDCP has no formal mechanism 
to deal with such conflicts.  

Indeed, the BDCP appears to carve out territorial boundaries that make 
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fragmented, and even perhaps antagonistic, management of the plan’s imple-
mentation more likely.  Thus, for example, the BDCP states, “The [Implementa-
tion Office] will not be involved in the development or operation of the [State 
Water Project] and/or [Central Valley Project] facilities” (draft BDCP, p. 7-5).  
Further, the plan states, “No general delegation of authority by [the California 
Department of Water Resources] or the [Bureau of] Reclamation to the Program 
Manager or one of their employees assigned to the [Implementation Office] will 
occur” (draft BDCP p. 7-7). The plan also proposes that agency personnel be 
assigned to populate various BDCP implementation committees. This seems to 
further ensure that inter-agency conflicts and traditional turf battles will be 
strongly internalized in the management arrangements. The plan, then, envisions 
that traditional agency missions and turf will be protected, leaving the program 
manager to navigate through a maze of conflicting interests without any real 
authority or capacity to resolve conflicts and otherwise ensure that the manage-
ment approach is integrated.  

There is an important literature on the problem of management fragmenta-
tion in the planning and operations management of large water schemes (Conca, 
2005; Feldman, 2011; Scholz and Siftel, 2005). There is additional helpful lite-
rature on network governance (Kettl and Goldsmith, 2004) and collaborative 
federalism (Emerson and Murchie, 2010). This work underscores the importance 
of collaboration, the sharing of authority and power, and acknowledgment of the 
interests of all stakeholders if the large-scale management of water is to be inte-
grated and successful. The panel recommends that the BDCP’s authors give this 
matter careful attention. 

Development and implementation of large restoration and conservation 
programs such as the BDCP often require a complex structure to incorporate 
technical, political, and legal realities and the evolving dynamics of both the 
physical and organizational environments.  The panel recommends that the 
agencies responsible for implementing the BDCP review other examples of 
large scale restoration programs that have been developed and implemented. 
One such example is the Boston Harbor Islands National Recreation Area where 
management coordinates through a General Management Plan executed with 
several cooperative agreements. Although CalFed dissolved, the former CalFed 
institutional structure dealt with some of the same management issues. The 
CalFed experience and associated body of literature could be a useful source of 
positive and negative lessons.  

Another example is the Everglades restoration program (CERP; 
www.evergladesplan.org), with which several committees of the National Re-
search Council have been involved for many years (NRC, 2006, 2008, 2010c).  
Since its authorization in the Water Resources Development Act of 2000, the 
CERP has necessitated the development of a number of coordination processes, 
agreements, and carefully designed planning and implementation efforts (Figure 
6 in  Box 2 of this report) to incorporate the unprecedented scope and complexi-
ty of the final plan, regulations of the federal and state governments, and stake-
holder interests.  However, unlike the BDCP, the CERP’s focus was more on 
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ecosystem restoration than on concerns about endangered and threatened spe-
cies.

Unlike the seemingly fragmented structure for the BDCP implementation, 
the authority for implementing the Everglades program lies with both federal 
and state agencies with a carefully designed planning process and inter-agency 
agreements in each step.  The Everglades management system has accountabili-
ty in that the federal and state agencies have a formal agreement on cost-sharing 
of the entire restoration program and the authority to execute the restoration 
plan. Furthermore, they have coordination mechanisms, such as the South Flori-
da Ecosystem Restoration Task Force which is a coordination mechanism for 
many entities involved in the restoration. Specifically, the U.S. Army Corps of 
Engineers (USACE) and the U.S. Department of the Interior (DOI), in partner-
ship with the lead state agency, the South Florida Water Management District 
(SFWMD), are responsible for undertaking the CERP’s implementation.  A con-
tinuously evolving Integrated Delivery Plan sets the priority projects that must 
be implemented.  Central to the planning and implementation of a particular 
project is the Project Implementation Report (PIR) developed by a Project Deli-
very Team, which constitutes a multi-agency team with strong stakeholder par-
ticipation (Box 2). Active participation by all agencies with authority and pre-
approved CERP Guidance Memoranda (CGMs) ensure agreement on the plan, 
scientific basis, and the expected benefits in the PIR before it is submitted for 
approval and authorization for funding (see Figure 3-3 of NRC, 2006).  The PIR 
includes an evaluation of alternative designs and operations for environmental 
benefits, the costs, and the engineering feasibility (NRC, 2006).  Once a project  

BOX 2
Implementation of Everglades Restoration:

Structure for Inter agency Collaboration and Stakeholder Involvement

The U.S. Army Corps of Engineers (USACE), Department of the Interior
(DOI), and the South Florida Water Management District (SFWMD) are current
ly implementing a planning process that provides significant opportunity for
local, state, federal and tribal governments, as well as public and non
governmental stakeholders to participate in the projects that are being de
signed and implemented. For each project, an interagency, interdisciplinary
Project Delivery Team (PDT) is established. The PDT is led by the USACE and
SFWMD Project Managers and includes members from various local, state, fed
eral and tribal governments. Figure 6 illustrates the typical composition and
entities that provide input and feedback to the PDTs. Although much work is
accomplished in a PDT, additional agency stakeholder and public in

box continues
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BOX 2 Continued 
 
put are received at scheduled points in the planning process.  Specifically, such 
advice is sought as development of project objectives, identification of perfor‐
mance measures, selection of evaluation models, and development and evalua‐
tion of alternative plans.   Additional opportunities for governmental agencies, 
stakeholders, and the public to provide input and feedback during the planning 
process are provided at publicly noticed meetings of the following established 
groups (a) Governing Board of the SFWMD; (b) South Florida Ecosystem Resto‐
ration  Task  Force  (SFERTF);  (c)  South  Florida  Ecosystem Restoration Working 
Group; and (d) The Water Resources Advisory Commission (WRAC). 

To  ensure  that  the  development  and  implementation  of  CERP  is  
based on  the best and most  recent  science available, and  to ensure  that  the 
restoration program  is  implemented with an adaptive management approach, 
a  multiagency,  multidisciplinary  science  team  called  RECOVER  has  been 
formed.    In addition, the USACE and SFWMD have established an  Interagency 
Modeling Center (IMC) to function as a single point of service for the modeling 
needs of CERP.   As the primary organization responsible for regional and sub‐
regional modeling  for CERP modeling,  the  IMC conducts  system‐wide evalua‐
tions of CERP  implementation plans and updates, and provides modeling sup‐
port for PDTs. 
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FIGURE 6. Agency and stakeholder involvement in the project delivery teams (PDT).  Figure 
courtesy of the South Florida Water Management District 
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is authorized, depending on the funding, a series of technical refinements begin-
ning with detailed designs and ending with construction occurs prior to its op-
eration.  Project Cooperation Agreements between the federal and the state part-
ner are obtained prior to the initiation of construction.  The current progress of 
CERP has demonstrated the need for formal agreement among partners.  One 
example of such as agreement is the Design Agreement between the USACE 
and SFWMD (http://www.evergladesplan.org).  Implementation of the agree-
ment is ensured by an interagency unit known as the Design Coordination Team 
(DCT), which oversees the schedules and budgets, plans and specifications, and 
contractual work. 

However, no matter how good the management structure may be, it is no 
guarantee of progress; it is a necessary but not a sufficient condition.  Expe-
rience with large restoration projects elsewhere, and especially in the Delta, re-
veals that progress will be affected by lawsuits, economic crises, unexpected 
(and expected) environmental events, cost overruns, political changes, and so 
on.  Yet the literature and examples mentioned here show that management of 
complicated systems, where more than one agency has management responsibil-
ities, can be successful as long as there is adequate coordination and clear ac-
countability. Apparently, the new deputy secretary of the California Natural 
Resources Agency has the BDCP as his major responsibility, which is an en-
couraging development.  The panel recommends that the BDCP’s authors give 
this matter careful attention, because an appropriate system of management is 
necessary but not sufficient for the use of coherent, synthesized science in future 
iterations of the BDCP and a successful adaptive management program.  
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7 
In Conclusion 

The panel finds the draft BDCP to be incomplete or unclear in a variety of 
ways and places. The plan is missing the type of structure usually associated 
with current planning methods in which the goals and objectives are specified, 
alternative measures for achieving the objectives are introduced and analyzed, 
and a course of action is identified based on analytical optimization of econom-
ic, social, and environmental factors.  The lack of an appropriate structure 
creates the impression that the entire effort is little more than a post-hoc rationa-
lization of a previously selected group of facilities, including an isolated con-
veyance facility, and other measures for achieving goals and objectives that are 
not clearly specified. Furthermore, unless goals are not only stated but also pri-
oritized, it is impossible to forecast the effects of projects that would achieve the 
goals because it is impossible to identify the projects or the consequences that 
would be deemed acceptable. One symptom of the absence of appropriate struc-
ture is the systemic lack of synthesis in the BDCP. Frequently, the plan appears 
to be little more than a list of tactics or management options that are not strateg-
ically integrated.  It is unclear how these tactics would be knitted together to 
achieve the objectives of the plan which are themselves not always clear; and 
there is no indication of how the various tactics and elements in the plan could 
be implemented in a logical and strategic fashion.  

Several errors of omission also complicate this review. First, there is no ef-
fects analysis that describes the impacts of the proposed project or alternatives 
on target species, even though the BDCP notes that the effects analysis would be 
“...the principal component of a habitat conservation plan...” Without an effects 
analysis it is exceedingly difficult to evaluate alternative mitigation and conser-
vation actions. In addition, the plan remains silent on the probable effects of 
proposed actions on target species. Second, the descriptions of the BDCP’s pur-
pose lack clarity. The confusion arises because it is unclear to what extent or 
whether the BDCP is exclusively a habitat conservation plan, which is to be 
used as an application for a permit to “take” listed species incidentally, or to 
what extent or whether it is also intended to be a plan to achieve the co-equal 
goals of providing reliable water supply and protecting and enhancing the Delta 
ecosystem. Third, the proposed adaptive management plan is incomplete. Any 
adaptive management plan requires a monitoring program and, although one is 
described, it is unclear what purposes it is intended to achieve. The proposed 
monitoring program has not been linked to the adaptive management plans in a 
way that would allow managers to account for lessons learned from previous 
experience, and more important, it is not linked to the effects analysis.  In short, 
there is no compelling information that would allow the panel to conclude that 
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the adaptive management program has been properly designed.   
The lack of integrated management and coherence in developing the BDCP 

is also a shortcoming.  The plan reflects the perspectives of various public agen-
cies at the federal, state, and local levels and the many stakeholder groups in-
volved. Although this is not strictly a scientific issue, the panel concluded that 
fragmented management is a significant impediment to the use and inclusion of 
coherent science in future iterations of the BDCP. Moreover, the proposed 
BDCP implementation arrangements appear unlikely to result in a well-
integrated, coherent implementation program because of the conflicting agency 
and stakeholder interests and objectives that are built into the structure of the 
proposed Implementation Office.   

The panel underscores the importance of a credible and a robust BDCP in 
addressing the various water management problems that beset the Delta. A 
stronger, more complete, and more scientifically credible BDCP that effectively 
integrates and utilizes science could indeed pave the way toward the next gener-
ation of solutions to California’s chronic water problems. 
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Appendix A 
Statement of Task 

 

At the request of the U.S. Departments of Interior and Commerce, a Nation-
al Research Council panel of independent experts will review the draft Bay Del-
ta Conservation Plan (BDCP), which is being prepared through a collaboration 
of state, federal, and local water agencies, state and federal fish agencies, envi-
ronmental organizations, and other interested parties to restore the California 
Bay-Delta ecosystem and protect water supplies, i.e., provide for both spe-
cies/habitat protection and improved reliability of water supplies.   

Specifically, the panel will provide a short report assessing the adequacy of 
the use of science and adaptive management in the initial public draft of the Bay 
Delta Conservation Plan (BDCP) by April 2011. This draft, which is currently 
scheduled for release on November 24th, 2010, will identify a set of water flow 
and habitat restoration actions to contribute to the recovery of endangered and 
sensitive species and their habitats in California’s Sacramento-San Joaquin Del-
ta while improving water supply reliability. 

The panel’s review will be related to but be conducted separately from the 
on-going, more broadly focused National Research Council Committee on Sus-
tainable Water and Environmental Management in the California Bay-Delta.   
The panel’s report is expected to contribute to the broader study which will be 
completed in late 2011. 
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Appendix B 
BDCP Steering Committee Members and Plan‐

ning Agreement Signature Dates 
 
Entities  Original Signature Date Amendment Signature Date 
State and Federal Agencies 
California Natural Resources 
Agency 

 October 24, 2006  October 27, 2009 

California Department of Water 
Resources 

 November 14, 2006  December 3, 2009 

State Water Resources Control 
Board (ex officio) 

 See Note  See Note 

U.S. Bureau of Reclamation  November 13, 2006 October 30, 2009 
U.S. Army Corps of Engineers 
(ex officio)  

See Note  See Note 

Potential Regulated Entities (PREs) 
Kern County Water Agency  December 6, 2006  January 29, 2010 
Metropolitan Water District of 
Southern California  

November 2, 2006  December 3, 2009 

Mirant Delta, LLC  December 6, 2006  October 5, 2009 
San Luis & Delta-Mendota 
Water Authority  

December 6, 2006  December 6, 2009 

Santa Clara Valley Water Dis-
trict 

November 20, 2006  November 30, 2009 

Westlands Water District  December 6, 2006  December 1, 2009 
Zone 7 Water Agency October 26, 2006  November 30, 2009 
Environmental Organizations 
American Rivers  November 8, 2006  January 21, 2010 
Defenders of Wildlife  March 15, 2007  January 29, 2010 
Environmental Defense Fund  October 30, 2006  January 21, 2010 
Natural Heritage Institute  October 25, 2006  November 3, 2009 
The Nature Conservancy  November 14, 2006  December 1, 2009 
The Bay Institute  July 26, 2007  December 7, 2009 
Other Member Agencies 
California Farm Bureau Federa-
tion 

March 30, 2007  November 11, 2009 

Contra Costa Water District August 3, 2007  January 4, 2010 
Friant Water Authority  March 9, 2009  November 18, 2009 
North Delta Water Agency  March 12, 2009  October 5, 2009 
Fishery Agencies 
California Department of Fish 
and Game (ex officio)  

October 24, 2006  October 5, 2009 

U.S. Fish and Wildlife Service 
(ex officio)  

November 6, 2006  December 3, 2009 

National Marine Fisheries 
Service (ex officio)  

November 14, 2006  December 3, 2009 

Other Ex Officio Member Agencies 
Delta Stewardship Council   
Note: The SWRCB and USACE are not signatories of the Planning Agreement. 

SOURCE: Draft BDCP (November 2010). 
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Appendix C 
BDCP Proposed Covered Species and  

Associated Habitats 
 

No. 
Common Name/ 
Scientific Name 

Status       
(Federal/ 

State/CNPS)1 

Natural Communities Supporting 
Species Habitat 

Fish (11 species) 

1  
Central Valley steelhead       
 Oncorhynchus mykiss  
 DPS 

T/-/- 
DPS Critical  
Habitat,  
Recovery 
Plan11 

Tidal perennial aquatic, tidal mud-
flats, tidal brackish emergent wetland, 
tidal freshwater emergent wetland 

 2  

Sacramento River winter-run 
Chinook salmon 
Oncorhynchus tshawytscha 
Evolutionarily Significant Unit 
(ESU) 

E/E/-  
ESU Critical 
Habitat,  
Recovery 
Plan11, 12 

Tidal perennial aquatic, tidal mud-
flats, tidal brackish emergent wetland, 
tidal freshwater emergent wetland 

3  

Central Valley spring-run Chi-
nook salmon  
  Oncorhynchus tshawytscha 
  ESU 

T/T/-  
ESU Critical 
Habitat,     
Recovery 
Plan11, 13 

Tidal perennial aquatic, tidal mud-
flats, tidal brackish emergent wetland, 
tidal freshwater emergent wetland 

4  
Central Valley fall- and late fall-
run Chinook salmon    
 Oncorhynchus tshawytscha 

-/SSC/- 
 Recovery 
Plan13 

Tidal perennial aquatic, tidal mud-
flats, tidal brackish emergent wetland, 
tidal freshwater emergent wetland 

5 
Delta smelt  
Hypomesus transpacificus 

T/T/-  
Critical     
Habitat, 
Recovery 
Plan13 

Tidal perennial aquatic, tidal mud-
flats, tidal brackish emergent wetland, 
tidal freshwater emergent wetland 

6  
Longfin smelt 
 Spirinchus thaleichthys 

-/T/- 
Recovery 
Plan13 

Tidal perennial aquatic, tidal mud-
flats, tidal brackish emergent wetland, 
tidal freshwater emergent wetland 

7  
Sacramento splittail  
 Pogonichthys macrolepidotus 

-/SSC/-      
Recovery 
Plan13 

Tidal perennial aquatic, tidal mud-
flats, tidal brackish emergent wetland, 
tidal freshwater emergent wetland 

8  
White sturgeon  
 Acipenser transmontanus 

-/-/- 
Tidal perennial aquatic, tidal mud-
flats, tidal brackish emergent wetland, 
tidal freshwater emergent wetland 
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No. 
Common Name/ 
Scientific Name 

Status 
(Federal/ 

State/CNPS)1 

Natural Communities Supporting 
Species Habitat 

9  
North American green sturgeon   
 Acipenser medirostris  
 Southern DPS 

T/SSC/- 
Southern DPS 
Proposed 
Critical Habi-
tat, Recovery 
Plan13 

Tidal perennial aquatic, tidal mud-
flats, tidal brackish emergent wetland, 
tidal freshwater emergent wetland 
 
 

10 
Pacific lamprey  
 Entosphenus tridentatus 

-/-/- 
Tidal perennial aquatic, tidal mud-
flats, tidal brackish emergent wetland, 
tidal freshwater emergent wetland 

11  
River lamprey  
 Lampetra ayresii 

-/-/- 
Tidal perennial aquatic, tidal mud-
flats, tidal brackish emergent wetland, 
tidal freshwater emergent wetland 

Mammals (6 species) 

12 
San Joaquin kit fox  
 Vulpes macrotis mutica  

E/T/-Recovery 
Plan2 

Grassland, Agricultural habitats 

13 
Riparian woodrat  
 Neotoma fuscipes riparia 

E/SSC/-    
Recovery Plan2 

Valley/foothill riparian 

14  
Salt marsh harvest mouse    
 Reithrodontomys raviventris 

E/E,FP/-    
Recovery 
Plan3, 4 

Tidal brackish emergent wetland, 
managed wetlands, grassland 

15 
Riparian brush rabbit  
 Sylvilagus bachmani riparius 

E/E/-Recovery 
Plan2 

Valley/foothill riparian 

16  
Townsend’s big-eared bat  
 Corynorhinus townsendii 

-/SSC/- All natural communities 

17  
Suisun shrew  
 Sorex ornatus sinuosus 

-/SSC/-     
Recovery Plan3 

Tidal brackish emergent wetland, 
managed wetlands 

Birds (12 species) 

18  
Tricolored blackbird  
 Agelaius tricolor 

-/SSC/- 

Tidal brackish emergent wetland, 
tidal freshwater emergent wetland, 
valley/foothill riparian, alkali season-
al wetland complex, managed wet-
lands, other natural seasonal wet-
lands, grassland, agricultural habitats 

19  
Suisun song sparrow  
 Melospiza melodia maxillaries 

-/SSC/- 
Recovery Plan4 

Tidal brackish emergent wetland, 
tidal freshwater emergent wetland, 
managed wetlands 

20  
Yellow-breasted chat  
  Icteria virens 

-/SSC/- Valley/foothill riparian 

21  
Least Bell's vireo 
 Vireo bellii pusillus 

E/E/-  
Recovery Plan5 

Valley/foothill riparian 
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No. 
Common Name/ 
Scientific Name 

Status 
(Federal/ 

State/CNPS)1 

Natural Communities Supporting 
Species Habitat 

22 
Western burrowing owl  
  Athene cunicularia hypugaea 

-/SSC/- 

Grassland, alkali seasonal wetland 
complex, vernal pool complex, ma-
naged wetland, other natural seasonal 
wetlands, agricultural habitats 

23  
Western yellow-billed cuckoo    
 Coccyzus americanus                  
 occidentalis 

C/E/- Valley/foothill riparian 

24  
California least tern  
  Sternula antillarum browni 

E/E/-Recovery 
Plan6 

Tidal perennial aquatic 

25  
Greater sandhill crane  
  Grus canadensis tabida 

-/T,FP/- 

Agricultural habitats, alkali seasonal 
wetland complex, vernal pool com-
plex, managed wetlands, other natural 
seasonal wetlands, grassland 

26  
California black rail  
  Laterallus jamaicensis    
  coturniculus 

-/T,FP/-
Recovery Plan4 

Tidal brackish emergent wetland, 
tidal freshwater emergent wetland, 
nontidal freshwater permanent emer-
gent wetland 

27  
California clapper rail 
 Rallus longirostris obsoletus 

E/E,FP/-  
Recovery 
Plan3, 4 

Tidal brackish emergent wetland 

28 
Swainson’s hawk 
 Buteo swainsoni 

 
-/T/- 

Valley/foothill riparian, agricultural 
habitats, grassland, alkali seasonal 
wetland complex, vernal pool com-
plex, managed wetlands, other natural 
seasonal wetlands 

29 
White-tailed kite 
  Elanus leucurus 

 
-/FP/- 

Valley/foothill riparian, agricultural 
habitats, grassland, alkali seasonal 
wetland complex, vernal pool com-
plex, managed wetlands, other natural 
seasonal wetlands 

Reptiles (2 species) 

30 
Giant garter snake  
 Thamnophis gigas 

 
 
T/T/-Recovery 
Plan6 

Tidal perennial aquatic, tidal freshwa-
ter emergent wetland, nontidal peren-
nial aquatic, nontidal freshwater 
permanent emergent wetland, alkali 
seasonal wetland complex, vernal 
pool complex, managed wetlands, 
other natural seasonal wetlands, 
grassland, agricultural habitats 
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No. 
Common Name/ 
Scientific Name 

Status  
(Federal/ 

State/CNPS)1 

Natural Communities Supporting 
Species Habitat 

31 
Western pond turtle  
  Actinemys (formerly Clemmys   
  and Emys) marmorata 

 
 
-/SSC/- 

Tidal perennial aquatic, tidal freshwa-
ter emergent wetland, tidal brackish 
emergent wetland, nontidal perennial 
aquatic, nontidal freshwater perma-
nent emergent wetland, valley/foothill 
riparian, alkali seasonal wetland 
complex, vernal pool complex, ma-
naged wetlands, other natural season-
al wetlands, grassland, agricultural 
habitats 

Amphibians (3 species) 

32 
California red-legged frog 
 Rana draytonii  

 
 
T/SSC/-Critical 
Habitat,  
Recovery Plan8 

Valley/foothill riparian, nontidal 
freshwater permanent emergent wet-
land, tidal freshwater emergent  wet-
land, nontidal perennial aquatic, 
managed wetlands, grassland, alkali 
seasonal wetland complex, vernal 
pool complex, other natural seasonal 
wetlands, agricultural habitats 

33  
Western spadefoot toad  
  Spea hammondii 

-/SSC/-      
Recovery Plan9 

Grassland, alkali seasonal wetland 
complex, vernal pool complex, other 
natural seasonal wetlands, nontidal  
perennial aquatic 

34 

California tiger salamander    
  Ambystoma californiense 
  Central Valley Distinct  
   Population Segment (DPS) 

T/T/-Central 
Valley DPS  
Critical Habitat 

Vernal pool complex, alkali seasonal 
wetland complex, other natural sea-
sonal wetlands, grassland 

Invertebrates (8 species) 

35 
Lange's metalmark butterfly    
  Apodemia mormo langei 

E/-/-Recovery 
Plan15 

Inland dune scrub 

36  

Valley elderberry longhorn 
beetle  
  Desmocerus californicus    
  dimorphus 

T/-/-Recovery 
Plan14 

Valley/foothill riparian, grassland 
 
 
 
 

37  
Vernal pool tadpole shrimp    
  Lepidurus packardi 

E/-/-Critical 
Habitat Recov-
ery Plan9 

Vernal pool complex 

38  
Conservancy fairy shrimp   
  Branchinecta conservatio 

E/-/-Critical 
Habitat      
Recovery Plan9 

Vernal pool complex 

39  
Longhorn fairy shrimp    
  Branchinecta longiantenna 

E/-/-Recovery 
Plan9 

Vernal pool complex 
 
 

40  
Vernal pool fairy shrimp    
  Branchinecta lynchi 

T/-/-Critical 
Habitat      
Recovery Plan9 

Vernal pool complex 
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No. Common Name/ 

 Scientific Name 
Status (Feder-
al/ 
State/CNPS)1 

Natural Communities Supporting 
Species Habitat 

41 
Midvalley fairy shrimp    
  Branchinecta mesovallensis 

-/-/-  
Recovery Plan9 

Vernal pool complex 

42  
California linderiella  
   Linderiella occidentalis 

-/-/-  
Recovery Plan9 

Vernal pool complex 

Plants (21 species) 

43 
Alkali milk-vetch  
  Astragalus tener var. tener 

-/-/1B  
Recovery Plan9 

Vernal pool complex 

44  
Heartscale 
  Atriplex cordulata 

-/-/1B 
Alkali seasonal wetland complex, 
vernal pool complex, grassland 

45  
Brittlescale 
  Atriplex depressa  

-/-/1B 
Alkali seasonal wetland complex, 
vernal pool complex, grassland 

46 
San Joaquin spearscale 
  Atriplex joaquiniana 

-/-/1B 
Alkali seasonal wetland complex, 
vernal pool complex, grassland 

47  
Slough thistle  
  Cirsium crassicaule 

-/-/1B Valley/foothill riparian 

48  
Suisun thistle  
  Cirsium hydrophilum     
  var.hydrophilum 

E/-/1B  
Critical Habitat 
Recovery Plan4 

Tidal brackish emergent wetland 

49  
Soft bird’s-beak  
  Cordylanthus mollis ssp.   

mollis 

E/R/IB Critical 
Habitat Recov-
ery Plan4 

Tidal brackish emergent wetland 

50 
Dwarf downingia  
  Downingia pusilla 

-/-/2 Vernal pool complex 

51 
Delta button-celery  
  Eryngium racemosum 

-/E/1B 
Alkali seasonal wetland complex, 
vernal pool complex, valley/foothill 
riparian, grassland 

52  
Contra Costa wallflower  
  Erysimum capitatum var.    
  angustatum 

E/E/1B  
Critical Habitat 
Recovery 
Plan15 

Inland dune scrub 

53  
Boggs Lake hedge-hyssop  
  Gratiola heterosepala 

-/E/1B  
Recovery Plan9 

Vernal pool complex 

54 
Carquinez goldenbush 
  Isocoma arguta 

-/-/1B 
Alkali seasonal wetland complex, 
grassland 

55  
Delta tule pea  
  Lathyrus jepsonii var. jepsonii 

-/-/1B  
Recovery Plan4 

Tidal brackish emergent wetland, 
tidal freshwater emergent wetland, 
valley/foothill riparian 

56 
Legenere  
  Legenere limosa 

-/-/1B Recov-
ery Plan9 

Vernal pool complex 

57  
Heckard’s peppergrass  

Lepidium latipes var.           
heckardii 

-/-/1B Vernal pool complex 

58  
Mason’s lilaeopsis  
   Lilaeopsis masonii 

 
-/R/1B 

Tidal mudflats, tidal brackish emer-
gent wetland, tidal freshwater emer-
gent wetland, valley/foothill riparian 
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No. Common Name/ 

 Scientific Name 
Status (Feder-
al/ 
State/CNPS)1 

Natural Communities Supporting 
Species Habitat 

59  
Delta mudwort  
   Limosella subulata 

 
-/-/2 

Tidal mudflats, tidal brackish emer-
gent wetland, tidal freshwater emer-
gent wetland, valley/foothill riparian 

60 
Antioch Dunes evening-

primrose Oenothera deltoides 
ssp. howellii 

E/E/1B Critical 
Habitat Recov-
ery Plan15 

Inland dune scrub 

61  
Side-flowering skullcap  
  Scutellaria lateriflora 

-/-/2 
Valley/foothill riparian 
 
 

62  
Suisun Marsh aster    
  Symphyotrichum (formerly       
  Aster lentus) lentum 

 
-/-/1B 

Tidal brackish emergent wetland, 
tidal freshwater emergent wetland, 
valley/foothill riparian 

63  
Caper-fruited tropidocarpum   
  Tropidocarpum capparideum 

-/-/1B Grassland 

Note: This table provides the current list of proposed covered species. Additional species may be 
added and some of the species presented here may be removed from the covered species list as per 
continuing development of the BDCP. 
1Status: 
Federal 
E = Listed as endangered under ESA 
T = Listed as threatened under ESA 
C = Candidate for listing under ESA 
State 
E = Listed as endangered under CESA 
T = Listed as threatened under CESA 
R = Listed as rare under the California Native Plant Protection Act 
SSC = California species of special concern 
FP = Fully protected under the California Fish and Game Code 
California Native Plant Society (CNPS) 
1B = rare or endangered in California and elsewhere 
2 = rare and endangered in California, more common elsewhere 
2U.S. Fish and Wildlife Service. 1998. Recovery plan for upland species of the San Joaquin Valley, 
California. Region 1, Portland, 
OR. 319 pp. 
3U.S. Fish and Wildlife Service. 1984. Salt marsh harvest mouse and California clapper rail recov-
ery plan. Portland, OR. 
4U.S. Fish and Wildlife Service. 2009. Draft Recovery Plan for Tidal Marsh Ecosystems of Northern 
and Central California. 
Sacramento, California. xviii+636 pp. 
5U.S. Fish and Wildlife Service. 1998. Draft recovery plan for the least Bell’s vireo. U.S. Fish and 
Wildlife Service, Portland, OR. 
139 pp. 
6U.S. Fish and Wildlife Service. 1985. Recovery plan for the California least tern, Sterna antillarum 
browni. U.S. Fish and 
Wildlife Service, Portland, OR. 112 pp. 
7U.S. Fish and Wildlife Service. 1999. Draft Recovery Plan for the Giant Garter Snake (Thamnopsis 
gigas). U.S. Fish and Wildlife 
Service, Portland, Pregon. ix+192 pp. 
8U.S. Fish and Wildlife Service. 2002. Recovery Plan for the California Red-legged Frog (Rana 
aurora draytonii). U.S. fish and 
Wildlife Service, Portland, Oregon. viii+173 pp. 
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9U.S. Fish and Wildlife Service. 2005. Recovery Plan for Vernal Pool Ecosystems of California and 
Southern Oregon. Portland, 
Oregon. xxvi + 606 pages. 
10California Tiger Salamander distinct population segments are federally listed as endangered in 
Sonoma and Santa Barbara 
counties. 
11National Marine Fisheries Service. 2009. Public Draft Recovery Plan for the Evolutionarily Sig-
nificant Units of Sacramento 
River Winter-run Chinook Salmon and Central Valley Spring-run Chinook Salmon and the Distinct 
Population Segment of 
Central Valley Steelhead. Sacramento Protected Resources Division. October 2009. 
12National Marine Fisheries Service. 1997. NMFS Proposed Recovery Plan for the Sacramento 
River winter-run Chinook Salmon. 
NMFS Southwest Region. Long Beach, CA. 
13U.S. Fish and Wildlife Service. 1995. Sacramento-San Joaquin Delta Native Fishes Recovery 
Plan. U.S. Fish and Wildlife 
Service, Portland, Oregon. 
14U.S. Fish and Wildlife Service. 1984. Valley elderberry longhorn beetle Recovery Plan. U.S. Fish 
and Wildlife Service, Portland, 
Oregon. 62 pp. 
15U.S. Fish and Wildlife Service. 1984. Revised recovery plan for three endangered species endem-
ic to Antioch Dunes, California. 
16U.S. Fish and Wildlife Service, Portland, Oregon 
 

 
SOURCE:  BDCP (Bay Delta Conservation Plan Steering Committee). 2010.  
Bay Delta Conservation Plan Working Draft. November 18.  Available online 
at: http://www.resources.ca.gov/bdcp/.  Last accessed April 26, 2011. 
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Appendix D 
Possible Causal Connections in Suppression of 
Populations of Endangered Suckers in Upper 

Klamath Lake 
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Appendix E 
BDCP Adaptive Management  

Process Framework 
 

 
SOURCE: Draft BDCP (November 2010). 
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Appendix F 
Water Science and Technology Board 

 
DONALD I. SIEGEL, Chair, Syracuse University, New York 
LISA M. ALVAREZ-COHEN, University of California, Berkeley 
EDWARD J. BOUWER, Johns Hopkins University, Baltimore, Maryland  
YU-PING CHIN, Ohio State University, Columbus 
OTTO C. DOERING III, Purdue University, West Lafayette, Indiana 
M. SIOBHAN FENNESSY, Kenyon College, Gambier, Ohio 
BEN GRUMBLES, Clean Water America Alliance, Washington, DC 
GEORGE R. HALLBERG, The Cadmus Group, Watertown, Massachusetts 
KENNETH R. HERD, Southwest Florida Water Management District,  

Brooksville 
GEORGE M. HORNBERGER, Vanderbilt University, Nashville, Tennessee 
LARRY LARSON, Association of State Floodplain Managers, Madison,           

Wisconsin 
DAVID H. MOREAU, University of North Carolina, Chapel Hill 
DENNIS D. MURPHY, University of Nevada, Reno 
MARYLYNN V. YATES, University of California, Riverside 
 
Staff 
 
STEPHEN D. PARKER, Director 
JEFFREY JACOBS, Scholar 
LAURA J. EHLERS, Senior Staff Officer 
STEPHANIE E. JOHNSON, Senior Staff Officer 
LAURA J. HELSABECK, Staff Officer 
M. JEANNE AQUILINO, Financial/Administrative Associate 
ELLEN A. DE GUZMAN, Research Associate/Senior Program Associate 
ANITA A. HALL, Senior Program Associate 
MICHAEL STOEVER, Research Associate 
SARAH BRENNAN, Senior Project Assistant 
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Appendix G 
Ocean Studies Board 

 
DONALD F. BOESCH, Chair, University of Maryland Center for Environmen-

tal Science, Cambridge 
EDWARD A. BOYLE, Massachusetts Institute of Technology, Cambridge 
CORTIS K. COOPER, Chevron Corporation, San Ramon, CA 
JORGE E. CORREDOR, University of Puerto Rico, Mayaguez 
KEITH R. CRIDDLE, University of Alaska Fairbanks, Juneau 
JODY W. DEMING, University of Washington, Seattle 
ROBERT HALLBERG, NOAA/GFDL and Princeton University, NJ 
DEBRA HERNANDEZ, SECOORA, Mt. Pleasant, SC 
ROBERT A. HOLMAN, Oregon State University, Corvallis 
KIHO KIM, American University, Washington, DC 
BARBARA A. KNUTH, Cornell University, Ithaca, NY 
ROBERT A. LAWSON, Science Applications International Corporation, San 

Diego, CA 
GEORGE I. MATSUMOTO, Monterey Bay Aquarium Research Institute, Moss 

Landing, CA  
JAY S. PEARLMAN, The Boeing Company (retired), Port Angeles, WA 
ANDREW A. ROSENBERG, Conservation International, Arlington, VA 
DANIEL L. RUDNICK, Scripps Institution of Oceanography, La Jolla, CA  
ANNE M. TREHU, Oregon State University, Corvallis 
PETER L. TYACK, Woods Hole Oceanographic Institution, MA 
DON WALSH, International Maritime Incorporated, Myrtle Point, OR   
DAWN J. WRIGHT, Oregon State University, Corvallis 
JAMES A. YODER, Woods Hole Oceanographic Institution, MA 
Ex-Officio 
MARY (MISSY) H. FEELEY, ExxonMobil Exploration Company, Houston, 
TX 
 
Staff 
SUSAN ROBERTS, Board Director 
CLAUDIA MENGELT, Senior Program Officer 
KIM WADDELL, Senior Program Officer 
DEBORAH GLICKSON, Senior Program Officer 
MARTHA MCCONNELL, Program Officer 
SHUBHA BANSKOTA, Financial Associate 
PAMELA LEWIS, Administrative Coordinator 
SHERRIE FORREST, Research Associate 
JEREMY JUSTICE, Senior Program Assistant 
EMILY OLIVER, Program Assistant 
PETER THOMPSON, Mirzayan Fellow 

BDCP1673



Copyright © National Academy of Sciences. All rights reserved.

A Review of the Use of Science and Adaptive Management in California's Draft Bay Delta Conservation Plan 

 

76 

Appendix H 
Panel Biographical Information 

 
 
HENRY J. VAUX, JR., Chair, is Professor Emeritus of Resource Economics at 
both the University of California in Berkley and Riverside. He is also Associate 
Vice President Emeritus of the University of California system. He also pre-
viously served as director of California’s Center for Water Resources. His prin-
cipal research interests are the economics of water use, water quality, and water 
marketing. Prior to joining the University of California, he worked at the Office 
of Management and Budget and served on the staff of the National Water Com-
mission. Dr. Vaux has served on the NRC committees on Assessment of Water 
Resources Research, Western Water Management, and Ground Water Recharge, 
and Sustainable Underground Storage of Recoverable Water. He was chair of 
the Water Science and Technology Board from 1994 to 2001. He is a National 
Associate of The National Academies. Dr. Vaux received an A.B. from the Uni-
versity of California, Davis in biological sciences, an M.A. in natural resource 
administration, and an M.S. and Ph.D. in economics from the University of 
Michigan. 
 
MICHAEL E. CAMPANA is Professor of Geosciences at Oregon State Uni-
versity (OSU), former Director of its Institute for Water and Watersheds, and 
Emeritus Professor of Earth and Planetary Sciences at the University of New 
Mexico. Prior to joining OSU in 2006 he held the Albert J. and Mary Jane Black 
Chair of Hydrogeology and directed the Water Resources Program at the Uni-
versity of New Mexico, was a research hydrologist at the Desert Research Insti-
tute, and taught in the University of Nevada-Reno’s Hydrologic Sciences Pro-
gram. He has supervised 70 graduate students. His research and interests include 
hydrophilanthropy, water resources management and policy, communications, 
transboundary water resources, hydrogeology, and environmental fluid mechan-
ics, and he has published on a variety of topics. Dr. Campana was a Fulbright 
Scholar to Belize and a Visiting Scientist at Research Institute for Groundwater 
(Egypt) and the IAEA in Vienna. Central America and the South Caucasus are 
the current foci of his international work. He has served on six NRC-NAS com-
mittees. Dr. Campana is Founder, President, and Treasurer of the Ann Campana 
Judge Foundation (www.acjfoundation.org), a 501(c)(3) charitable foundation 
that funds and undertakes projects related to water, sanitation, and hygiene 
(WASH) in Central America. He operates the WaterWired blog and Twitter. He 
earned a B.S. in geology from the College of William and Mary, and M.S. and 
Ph.D. degrees in hydrology from the University of Arizona.  
 
JEROME B. GILBERT is a consulting engineer and founder of J. Gilbert, Inc. 
His interests include integrated water supply and water quality planning and 
management. Mr. Gilbert has managed local and regional utilities, and he has 
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developed basin/watershed water quality and protection plans. He has super-
vised California's water rights and water quality planning and regulatory activi-
ties, chaired the San Francisco Bay Regional Water Quality Control Board, and 
led national and international water and water research associations. Areas of 
experience include: authorship of state and national water legislation on water 
rights, pollution control, water conservation and urban water management; op-
timization of regional water project development; groundwater remediation and 
conjunctive use; economic analysis of alternative water improvement projects; 
and planning of multipurpose water management efforts including remediation. 
He has served on national panels related to control and remediation of ground 
and surface water contamination, and the National Drinking Water Advisory 
Council. Mr. Gilbert is a member of the National Academy of Engineering. He 
received his B.S. from the University of Cincinnati and an M.S. from Stanford 
University. 
 
ALBERT E. GIORGI is President and Senior Fisheries Scientist at BioAna-
lysts, Inc. in Redmond, Washington. He has been conducting research on Pacific 
Northwest salmonid resources since 1982. Prior to 1982, he was a research 
scientist with NOAA in Seattle, Washington. He specializes in fish passage mi-
gratory behavior, juvenile salmon survival studies, and biological effects of hy-
droelectric facilities and operation. His research includes the use of radio tele-
metry, acoustic tags, and PIT-tag technologies. In addition to his research, he 
acts as a technical analyst and advisor to public agencies and private parties. He 
regularly teams with structural and hydraulic engineers in the design and evalua-
tion of fishways and fish bypass systems. He also has served on the NRC Com-
mittee on Water Resources Management, Instream Flows, and Salmon Survival 
in the Columbia River. He received his B.A. and M.A. in biology from Hum-
boldt State University and his Ph.D. in fisheries from the University of Wash-
ington. 
 
ROBERT J. HUGGETT is an independent consultant and Professor Emeritus 
and former Chair of the Department of Environmental Sciences, Virginia Insti-
tute of Marine Sciences at the College of William and Mary, where he was on 
the faculty for more than 20 years. He also served as Professor of Zoology and 
Vice President for Research and Graduate Studies at Michigan State University 
from 1997 to 2004.  Dr. Huggett is an expert in aquatic biogeochemistry and 
ecosystem management whose research involved the fate and effects of hazard-
ous substances in aquatic systems. From 1994 to 1997, he was the Assistant 
Administrator for Research and Development for the U.S. Environmental Pro-
tection Agency (EPA, where his responsibilities included planning and directing 
the agency’s research program. During his time at the EPA, he served as Vice 
Chair of the Committee on Environment and Natural Resources and Chair of the 
Subcommittee on Toxic Substances and Solid Wastes, both of the White House 
Office of Science and Technology Policy. Dr. Huggett founded the EPA Star 
Competitive Research Grants program and the EPA Star Graduate Fellowship 
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program. He has served on the National Research Council’s (NRC) Board on 
Environmental Studies and Toxicology, the Water Science and Technology 
Board, and numerous study committees on wide ranging topics.  Dr. Huggett 
earned an M.S. in marine chemistry from the Scripps Institution of Oceanogra-
phy at the University of California at San Diego and completed his Ph.D. in ma-
rine science at the College of William and Mary. 
 
CHRISTINE A. KLEIN is the Chesterfield Smith Professor of Law at the Uni-
versity of Florida Levin College of Law, where she has been teaching since 
2003.  She offers courses on natural resources law, environmental law, water 
law, and property.  Previously, she was a member of the faculty of Michigan 
State University College of Law, where she served as Environmental Law Pro-
gram Director. From 1989 to 1993, she was an Assistant Attorney General in the 
Office of the Colorado Attorney General, Natural Resources Section, where she 
specialized in water rights litigation.  She has published widely on a variety of 
water law and natural resources law topics. She holds a B.A. from Middlebury 
College, Vermont; a J.D. from the University of Colorado School of Law; and 
an LL.M. from Columbia University School of Law, New York.   
 
SAMUEL N. LUOMA is an emeritus Senior Research Hydrologist in the Water 
Resources Division of the U.S. Geological Survey, where he worked for 34 
years.  Dr. Luoma’s research centers on sediment processes, both natural and 
human-induced, particularly in the San Francisco Bay area.  He served as the 
first lead on the CALFED Bay-delta program and is the Editor-in-Chief of San 
Francisco Estuary & Watershed Science. Since 1992, he has published exten-
sively on the bioavailability and ecological effects of metals in aquatic environ-
ments. He has helped refine approaches to determine the toxicity of marine and 
estuarine sediments.  In 1999, he was invited to discuss how chemical speciation 
influences metal bioavailability in sediments for the European Science Founda-
tion.  He has served multiple times on the EPA’s Science Advisory Board Sub-
committee on Sediment Quality Criteria and on several NRC committees.  Dr. 
Luoma received his B.S. and M.S. in zoology from Montana State University, 
Bozeman, and his Ph.D. in marine biology from the University of Hawaii, Ho-
nolulu. 
 
THOMAS MILLER is Professor of Fisheries and Bioenergetics and Population 
Dynamics at the Chesapeake Biological Laboratory, University of Maryland 
Center for Environmental Science (UMCES-CBL), where he has been teaching 
since 1994.  Prior to UMCES-CBL, he was a postdoctoral fellow at McGill Uni-
versity, Montreal, Canada, and research specialist with the Center for Great 
Lakes Studies, University of Wisconsin, Milwaukee. His research focuses on 
population dynamics of aquatic animals, particularly in understanding recruit-
ment, feeding and bio-physical interactions, and early life history of fish and 
crustaceans.  He has been involved in the development of a Chesapeake Bay 
fishery ecosystem plan, which includes detailed background information on fi-
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sheries, foodwebs, habitats and monitoring required to develop multispecies 
stock assessments. Most recently, he has developed an interest in the sub-lethal 
effects of contamination on Chesapeake Bay living resources using population 
dynamic approaches.  He received his B.Sc. (hons) in human and environmental 
biology from the University of York, UK, and his M.S. in ecology and Ph.D. in 
zoology and oceanography from North Carolina State University. 
 
STEPHEN G. MONISMITH is Professor of Environmental Fluid Mechanics 
and directs the Environmental Fluid Mechanics Laboratory at Stanford Universi-
ty.  Prior to coming to Stanford, he spent 3 years in Perth (Australia) as a re-
search fellow at the University of Western Australia.  Dr. Monismith’s research 
in environmental and geophysical fluid dynamics involves the application of 
fluid mechanics principles to the analysis of flow processes operating in rivers, 
lakes, estuaries and the oceans.  Making use of laboratory experimentation, nu-
merical modelling, and field measurements, his current research includes studies 
of estuarine hydrodynamics and mixing processes, flows over coral reefs, wind 
wave-turbulent flow interactions in the upper ocean, turbulence in density strati-
fied fluids, and physical-biological interactions in phytoplankton and benthic 
systems. He received his B.S., M.S., and Ph.D. from the University of California 
at Berkeley.   
 
JAYANTHA OBEYSEKERA directs the Hydrologic & Environmental Sys-
tems Modeling Department at the South Florida Water Management District, 
where he is a lead member of a modeling team dealing with development and 
applications of computer simulation models for Kissimmee River restoration 
and the restoration of the Everglades Ecosystem. Prior to joining the South Flor-
ida Water Management District, he taught courses in hydrology and water re-
sources at Colorado State University, Fort Collins; George Washington Univer-
sity, Washington, DC; and at Florida Atlantic University, Boca Raton, Florida. 
Dr. Obeysekera has published numerous research articles in refereed journals in 
the field of water resources. Dr. Obeysekera has more than 20 years of expe-
rience practicing water resources engineering with an emphasis on both stochas-
tic and deterministic modeling. He has taught short courses on modeling in the 
Dominican Republic, Colombia, Spain, Sri Lanka, and the United States. He 
was a member of the Surface Runoff Committee of the American Geophysical 
Union and is currently serving as a member of a Federal Task Group on Hydro-
logic Modeling.  He served as member of NRC’s Committee on Further Studies 
of Endangered and Threatened Fishes in the Klamath River.  Dr. Obeysekera has 
a B.S. degree in civil engineering from University of Sri Lanka; M.E. in hydrol-
ogy from University of Roorkee, India; and Ph.D. in civil engineering with spe-
cialization in water resources from Colorado State University. 
 
HANS W. PAERL is Kenan Professor of Marine and Environmental Sciences, 
at the University of North Carolina Chapel Hill Institute of Marine Sciences, 
Morehead City.  His research includes microbially mediated nutrient cycling and 
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primary production dynamics of aquatic ecosystems, environmental controls of 
harmful algal blooms, and assessing the causes and consequences of man-made 
and climatic (storms, floods) nutrient enrichment and hydrologic alterations of 
inland, estuarine, and coastal waters.  His studies have identified the importance 
and ecological impacts of atmospheric nitrogen deposition as a new nitrogen 
source supporting estuarine and coastal eutrophication.  He is involved in the 
development and application of microbial and biogeochemical indicators of aq-
uatic ecosystem condition and change in response to human and climatic pertur-
bations.  He heads up the Neuse River Estuary Modeling and Monitoring Pro-
gram, and ferry-based water quality monitoring program, FerryMon, which em-
ploys environmental sensors and a various microbial indicators to assess near 
real-time ecological condition of the Pamlico Sound System, the nation’s second 
largest estuarine complex.  In 2003 he was awarded the G. Evelyn Hutchinson 
Award by the American Society of Limnology and Oceanography for his work 
in these fields and their application to interdisciplinary research, teaching and 
management of aquatic ecosystems.  He received his PhD from the University of 
California-Davis. 
 
MAX J. PFEFFER is International Professor of Development Sociology and 
senior Associate Dean of the College of Agriculture and Life Sciences at Cornell 
University.  His teaching concentrates on environmental sociology and sociolog-
ical theory.  His research spans several areas including farm labor, rural labor 
markets, international migration, land use, and environmental planning.  The 
empirical work covers a variety of rural and urban communities, including ru-
ral/urban fringe areas.  Research sites include rural New York and Central 
America.  He has been awarded competitive grants from the National Institutes 
of Health, the National Science Foundation, the U.S. Environmental Protection 
Agency, the U.S. Department of Agriculture’s National Research Initiative and 
its Fund for Rural America, and the Social Science Research Council.  Dr. Pfef-
fer has published a wide range of scholarly articles and has written or co-edited 
four books. He recently published (with John Schelhas) Saving Forests, Protect-
ing People? Environmental Conservation in Central America.  He also pre-
viously served as the Associate Director of both the Cornell University Agricul-
tural Experiment Station and the Cornell University Center for the Environment. 
He received his Ph.D. degree in sociology from the University of Wisconsin, 
Madison. 
 
DESIREE D. TULLOS is Assistant Professor in the Department of Biological 
and Ecological Engineering, Oregon State University, Corvallis. Dr. Tullos also 
consulted with Blue Land Water Infrastructure and with Barge, Waggoner, 
Sumner, and Cannon before joining the faculty at Oregon State University. Her 
research areas include ecohydraulics, river morphology and restoration, bioas-
sessment, and habitat and hydraulic modeling. She has done work on investiga-
tions of biological responses to restoration and engineered applications in rive-
rine ecosystems; development and evaluation of targeted and appropriate bioin-
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dicators for the assessment of engineered designs in riverine systems; assessing 
effects of urban and agricultural activities and management practices on aquatic 
ecosystem stability in developing countries.  She received her B.S. in civil engi-
neering from the University of Tennessee, Knoxville, and her MC.E. in civil 
engineering and Ph.D. in biological engineering from North Carolina State Uni-
versity, Raleigh.   
 

STAFF 
 
LAURA J. HELSABECK is a Staff Officer with the National Research Coun-
cil’s Water Science and Technology Board. Her interests include the use of 
scientific information to enhance water policy and management decisions per-
taining to water quality and quantity. Since joining the National Research Coun-
cil, she has directed studies for a variety of topics including the Committee on 
Challenges and Opportunities in the Hydrology Sciences and the Committee on 
U.S. Geologic Survey’s Water Resources Research. Dr. Helsabeck received her 
B.A. from Clemson University, her M.S. from Vanderbilt University, and Ph.D. 
from The Ohio State University in Environmental Science. Her dissertation 
work, Ibuprofen photolysis: Reaction kinetics, chemical mechanism, and bypro-
duct analysis, was awarded the Ellen C. Gonter Environmental Chemistry 
Award by the American Chemical Society.  
 
DAVID POLICANSKY is a Scholar with the Board on Environmental Studies 
and Toxicology at the National Research Council, where he directs studies on 
applied ecology and natural resource management.  He chairs the Advisory 
Council for the University of Alaska’s School of Fisheries and Ocean Sciences 
and was a 2001 Harriman Scholar on the retracing of the 1899 Harriman Alaska 
Expedition.  His research interests include genetics; evolution; and ecology, 
including the effects of fishing on fish populations; ecological risk assessment; 
natural resource management; and how science is used in informing policy.  He 
has directed more than 30 projects at the National Research Council on natural 
resources and ecological risk assessment.  
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