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Abstract
We used an individual-based model, developed previously for the endangered, endemic Delta Smelt Hypomesus

transpacificus, to investigate two factors widely believed to affect its abundance in the San Francisco Estuary: entrain-
ment in large water diversion facilities and declines and species shifts in their zooplankton prey. Previous analyses
suggested that these factors had substantial effects on the Delta Smelt population, although evidence is accumulating
that other factors, such as contaminants and predation, are also having effects. Simulations were performed for 1995–
2005 with either entrainment mortality set to zero or zooplankton biomasses replaced with values sampled from pre-
decline years. The detailed individual-based and spatial model output was summarized as the annual finite population
growth rate (λ). Eliminating entrainment mortality increased the geometric mean λ by 39% through increased survival
of larvae and adults. Substituting historical food for present-day food resulted in variable annual λ values with a geo-
metric mean that was 41% greater than the baseline value (14–81% across 10 alternative food scenarios). Historical
food caused higher juvenile consumption and growth rates, leading to larger recruits, earlier maturity, and higher indi-
vidual fecundity. These results were robust to four sets of simulations using alternative formulations for density depen-
dence, mortality, maturity, and larval growth.

Natural populations are subject to myriad environmen-
tal influences whose effects can be difficult to distinguish
(Gunderson and Leal 2016). Identifying influences on
endangered species is particularly challenging because of
low population size and restrictions on sampling. This
problem is particularly acute with the Delta Smelt
Hypomesus transpacificus, which is endemic to the San
Francisco Estuary (SFE). The Delta Smelt is listed by the
State of California as endangered and is listed by the
federal government (U.S. Fish and Wildlife Service) as

threatened but warranted for endangered status. Abun-
dances of Delta Smelt and three other pelagic fishes
declined sharply around 2002 (Sommer et al. 2007; Thom-
son et al. 2010), and the ensuing conflicts over causes and
remedies have been intense (Hanak et al. 2008).

Various mechanisms for the decline and continued low
abundance of Delta Smelt have been proposed and sup-
ported with evidence (IEP-MAST 2015). Two mechanisms
with substantial statistical support are the focus of this
paper. First, the SFE is atypical in having large quantities
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of freshwater diverted from the tidal freshwater reach, car-
rying organisms (e.g., phytoplankton; Jassby et al. 2002)
entrained with the diverted water. Although salvage facili-
ties are intended to extract fish from the diverted water,
poor survival within the diversion facilities and in water-
ways leading to the facilities produces diversion-related
mortality (Castillo et al. 2012). This mortality has been
partly implicated in the declines of several species, includ-
ing the Delta Smelt (Moyle et al. 1992; Bennett 2005;
Kimmerer 2008, 2011). However, this mortality is difficult
to quantify because of the spatial complexity of the estu-
ary, the temporal variability of the flow field, and the diffi-
culty of tracking abundance of rare fish, even with a
massive sampling effort (IEP-MAST 2015). Though the
degree of entrainment mortality has been disputed (Kim-
merer 2011; Miller 2011; Miller et al. 2012), the intense
management focus on reducing entrainment mortality
(Brown et al. 2008; USFWS 2008) was a key impetus for
using a model to examine the population-level effects of
entrainment mortality.

Second, a sharp decline in abundance of copepods—the
principal prey of Delta Smelt—in the late 1980s (Kim-
merer et al. 1994) was followed by indications of food lim-
itation in Delta Smelt. These included a decline in mean
Delta Smelt size (Bennett 2005), a high frequency of
empty guts (Slater and Baxter 2014), low glycogen content
in livers (Bennett 2005; Hammock et al. 2015), and corre-
lations of survival indices to zooplankton abundance
(Bennett 2005; Kimmerer 2008).

Several studies have applied statistical models to exam-
ine potential causes of the decline in Delta Smelt (Bennett
2005; Mac Nally et al. 2010; Thomson et al. 2010; Feyrer
et al. 2011; Maunder and Deriso 2011). Although infor-
mative, these studies were based on aggregated indices of
population abundance. Delta Smelt and their prey live in
a moving, dispersive frame of reference in which the fac-
tors that are likely to influence the population vary both
temporally and spatially. Spatial patterns of habitat use
and the joint distributions of stressors and mobile organ-
isms (including Delta Smelt and their prey) are important
for understanding population declines and for conserva-
tion (Ward et al. 2012). A rich monitoring data set (e.g.,
>300,000 samples of fish and >21,000 samples of zoo-
plankton; Merz et al. 2011) allows for explicit representa-
tion of the spatiotemporal dynamics of environmental
influences and Delta Smelt distribution, providing for
additional insights into the causes of decline and the
prospects for recovery.

We took advantage of the rich data set on Delta Smelt
to develop (Rose et al. 2013a, 2013b) and apply (this
paper) a spatially explicit individual-based model (IBM).
This modeling effort was intended as a complement to the
more aggregated statistical analysis (e.g., Thomson et al.
2010) and life cycle modeling (Maunder and Deriso 2011)

to assess how losses of Delta Smelt in the water diversion
facilities (entrainment) and declines in food availability
may have affected the population growth rate. Simulations
were performed for 1995–2005 either with entrainment
mortality eliminated or with zooplankton biomass
replaced with values from pre-decline years. Model predic-
tions were compared using the annual finite population
growth rate (λ) and detailed output on individuals to
assess the importance of these two factors in the decline of
Delta Smelt. Although other factors may have contributed
to the decline (e.g., contaminants, predation, and turbid-
ity; see Discussion), the strong scientific and management
interest in entrainment mortality and food limitation led
us to focus on their relative contributions.

METHODS
Study site and species.— The SFE is a highly altered

and managed ecosystem (Nichols et al. 1986; Cloern and
Jassby 2012). The climate is Mediterranean; most precipi-
tation occurs from about November to April, with very
high interannual variability. Freshwater flow is positively
related to the abundance of some species of fish and crus-
taceans (Jassby et al. 1995), while flow effects on lower
trophic levels are mixed (Jassby et al. 2002; Kimmerer
2002). The northern portion of the estuary is mesotidal,
river-dominated, and turbid. This area includes the Cali-
fornia Delta (hereafter, Delta), a network of tidal channels
formed by the confluence of the Sacramento and San Joa-
quin rivers and some smaller rivers. The water diversion
facilities are in the southern Delta, where most of the
water arrives from the Sacramento River via reverse
(southward) net flows in the Old and Middle rivers (Fig-
ure 1). Suisun and San Pablo bays are broad, shallow
(5-m mean depth), brackish, turbid bays with deep,
narrow channels.

Delta Smelt are semi-anadromous, spawning in fresh-
water and rearing mainly in brackish water (Moyle 2002;
Bennett 2005; Sommer et al. 2011). Delta Smelt lay adhe-
sive eggs mainly during March–May in the Delta and Sui-
sun Marsh (Figure 1). Larvae rear in freshwater before
most of them move into water with salinity of approxi-
mately 0.5–6 (Bennett 2005), roughly where osmoregula-
tory stress is minimized (Hasenbein et al. 2013). The
habitat of juvenile Delta Smelt can be described as open
water of low salinity, high turbidity, and temperatures
below about 24°C (Feyrer et al. 2007; Nobriga et al.
2008). A contingent of Delta Smelt remains in tidal fresh-
water within the northern Delta (Sommer and Mejia
2013). Most Delta Smelt reach maturity in 1 year and
undergo a diffuse, protracted spawning migration into
freshwater (Bennett and Burau 2014). A small proportion
of Delta Smelt survive to spawn at an age of 2 years (Ben-
nett 2005). Delta Smelt are planktivorous, feeding mainly
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on copepods, although larger prey (e.g., amphipods and
mysids) are consumed by larger individuals (Slater and
Baxter 2014).

Model description.— The IBM was described in detail
by Rose et al. (2013a); only features central to this analy-
sis are summarized here and described more fully in the
Appendix. The IBM follows the reproduction, growth,
mortality, and movement of “super-individuals” (Scheffer
et al. 1995) over their entire life cycle. The fish are mod-
eled on a spatial grid representing nearly their entire geo-
graphic range by using a one-dimensional channel-node
hydrodynamic model both for the grid and to determine
transport-based movements of larval Delta Smelt. The
grid is nested within a series of 11 spatial boxes (Fig-
ure 1). Daily values of salinity and temperature and the
means and variances of zooplankton biomass are the same
in all channels within a box.

The model is run using historical conditions for 1995–
2005, after a 4-year spin-up in which 1999 baseline condi-
tions are repeated. This time period was selected because
it encompasses the period of sharp decline in Delta Smelt

abundance and because the environmental and biological
data needed for the IBM were relatively complete for this
time period (Rose et al. 2013a). Of the many assumptions
that went into this model, key assumptions for this analy-
sis are that (1) the principal environmental influences on
Delta Smelt are water movement and losses of fish to the
diversion facilities, temperature effects on development,
and feeding; and (2) the spatial behavior of postlarval fish
can be represented by a relatively simple algorithm for
swimming behavior that varies with salinity and season
(see Appendix).

Traits tracked for each super-individual include life
stage, growth rate, weight, length, age, diet, location on
the grid, maturity status, fecundity, and worth. Worth, the
number of identical individuals represented by a super-
individual, is decreased each day to account for mortality
and is used to scale output from super-individuals to the
population. Super-individuals progress through a series of
life stages: egg, yolk-sac larva, larva, postlarva, juvenile,
and adult. Development to the next life stage is based on
temperature for egg to yolk-sac larva to larva; is based on
length for larva to postlarva to juvenile; and is based
on date (January 1) for juvenile to age-1 adult and for age-
1 to age-2 adult. January 1 was used to mark the birthdays
for convenience and because it also corresponded to a low-
growth period prior to any possible spawning.

Daily growth rate is determined using a bioenergetics
model and depends on body weight, temperature, and
feeding rate (Table 1). The feeding rate is a saturating
functional response to the summed biomass densities of
six food groups (see equation 10 in Rose et al. 2013a),
with separate vulnerabilities (0 or 1) and half-saturation
constants for each food group and life stage. Biomass of
each food group is determined from long-term monitoring
data and from available data on carbon per individual.

Movement on the spatial grid is by passive transport
using a particle-tracking model (Kimmerer and Nobriga
2008) for yolk-sac larvae, larvae, and postlarvae; for juve-
niles and adults, movement is modeled as a behavioral
response to salinity. Development, reproduction, growth,
and mortality are updated daily, while movement of all
larval stages is updated hourly and movement of juveniles
and adults is updated every 12 h.

Mortality includes a rate that declines with life stage;
it is constant within each stage and is the same for all
model runs. Daily instantaneous mortality is temperature-
dependent for eggs and is set at 0.035 for yolk-sac larvae
(calibrated), 0.05 for larvae, 0.03 for postlarvae, 0.015 for
juveniles, and 0.006 for adults. Additional mortality
results from (1) starvation of fish whose weight goes below
half that expected from length and (2) entrainment by the
two water diversion facilities (Figure 1). Survival of Delta
Smelt trapped at these facilities is low, and the catch at
the facilities is a poor measure of entrainment mortality

FIGURE 1. Location of the San Francisco Estuary, California, with the
model grid and boxes, color-coded with box names, and the locations of
diversion pumping plants (Sac = Sacramento River; SJ = San Joaquin
River; SWP = State Water Project; CVP = Central Valley Project). Gray
represents the outline of the estuary. Boxes are described in more detail
by Rose et al. (2013a). [Color figure can be viewed at afsjournals.org.]
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(Kimmerer 2008; Castillo et al. 2012). Entrainment mor-
tality was estimated previously from catches of fish in
trawl surveys in the south Delta together with flow in the
Old and Middle rivers that would transport fish toward
the diversion facilities (Kimmerer 2008, 2011).

Entrainment mortality of the three larval stages was
modeled by tracking their movements as passive particles.
Any larval-stage super-individual that arrived in one of
the spatial cells containing a diversion facility was
removed from the simulation. This mortality was therefore
uncalibrated to previous statistical estimates and arose
purely through the transport of particles via the movement
of water as represented by the hydrodynamic model.

Entrainment of juveniles and adults was more compli-
cated because their movement did not correspond to
movement of the water. Juveniles and adults also occa-
sionally arrived at the diversion facilities and were there-
fore removed from the simulation. However, many adult
Delta Smelt are lost to entrainment in years when net flow
is southward toward the diversion facilities (Kimmerer
2008), despite the competence of adult Delta Smelt at
moving against the net flow of water (Bennett and Burau
2014). To account for this additional entrainment mortal-
ity beyond that due to arrival in a model cell with a diver-
sion, an additional increment of daily mortality to fish in
the South Delta model box (Figure 1) was added to their
base daily mortality rate. This mortality increment
depended on the direction of flow in the Old and Middle
rivers (i.e., mortality was incremented when flow was
toward the diversion facilities).

The model was calibrated by adjusting two parameters.
First, the daily natural mortality of yolk-sac larvae was
set so that the mean annual January abundance in the
model across all years was close to the historical mean

based on data for the model period (see Rose et al.
2013a). This calibration step included adult entrainment
due to transport together with an assumed initial value of
the additional mortality rate based on the direction of Old
and Middle River flows. We estimated a provisional value
of the added mortality term that generated annual num-
bers of fish entrained consistent with estimates obtained
under gross assumptions about the typical duration (d) of
pumping and the numbers and fraction vulnerable (i.e., in
the South Delta). Once the yolk-sac larval mortality rate
was set, we then re-adjusted the value of the additional
daily entrainment mortality term so that the mean annual
proportion of adults lost to entrainment over the model
period matched a corresponding literature-based estimate
(Kimmerer 2008; as modified by Kimmerer 2011). This
two-step process minimized the risk that the additional
mortality term for adult entrainment would be inflated by
selecting too low a value of the yolk-sac larval mortality
rate (i.e., both targets had to be met simultaneously). No
year-specific adjustments were used in the calibration;
therefore, the interannual variability in model output was
due entirely to variability in time-specific model inputs
(i.e., hydrodynamics, temperature, salinity, and food) and
the internal dynamics (growth, mortality, reproduction,
and movement) of individuals in the modeled population.
Rose et al. (2013a) reported that the final calibrated ver-
sion resulted in an average January adult abundance of
2.7 × 106 (compared to the data-based target of 2.3 × 106)
and an average fraction of adults lost to diversions of 11%
(the target was 10%). The possible influence of uncertainties
in model assumptions and in entrainment is explored in the
Discussion.

Model corroboration consisted of then simulating the
1995–2005 period and confirming that the model—

TABLE 1. Characteristics of zooplankton groups used in model simulations, with dates of introduction, abundance patterns, and distribution from
the Interagency Ecological Program’s zooplankton monitoring program (Orsi and Mecum 1986; Orsi and Walter 1991; Orsi and Ohtsuka 1999).

Group Taxa Introduced Remarks

1 Limnoithona
tetraspina

1993 Most abundant copepod in the low-salinity zone. Small (<0.5-mm)
cyclopoid not often consumed by fish, including Delta Smelt
(Bryant and Arnold 2007; Slater and Baxter 2014). Most abundant
at salinity ~2–8

2 Calanoid
copepodites

Some native Juveniles of all calanoid copepods

3 Other calanoid
adults

Some native;
others 1978–1993

Includes Acartia spp. and the introduced species Sinocalanus doerri
(1978), Tortanus dextrilobatus (1993), and Acartiella sinensis (1993)

4 Acanthocyclops Presumed native Freshwater cyclopoid, common at times
5 Eurytemora

affinis
Native or
introduced
before 1972

Important food for small fish (Moyle et al. 1992). Common before
1987 at salinity 0.5–6 (Kimmerer et al. 1998); now abundant in
spring but rare in summer–fall

6 Pseudodiaptomus
forbesi

1988 Most common food of Delta Smelt in summer–fall (Moyle et al. 1992;
Slater and Baxter 2014). Population center in freshwater
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calibrated to overall average conditions only—reasonably
generated the year-to-year trend in population abundance
(i.e., the decline; see figure 5 in Rose et al. 2013a). We
consider this corroboration because we did not attempt to
fit to individual years or to the pattern in the time series
of annual abundances.

Simulations of eliminating entrainment mortality and
historical food.—All simulations for this study were con-
ducted for water year 1995 (i.e., October 1994 through
September 1995) to water year 2005. Simulations com-
prised a sensitivity analysis in which the output of a base-
line run, which included the calibrated values of
entrainment mortality and food from the model period,
was compared with output from runs in which either
entrainment mortality was eliminated or food availability
was set to historical (pre-decline) conditions. Model results
were summarized each year by using the information pre-
dicted for individuals to estimate an age-structured matrix
projection model; λ was then estimated from the matrix
model using eigenvalue analysis (Supplement D in Rose
et al. 2013a). All analyses of model output were con-
ducted in R version 3.1.1 (R Development Core Team
2014).

Entrainment mortality in the Delta is the consequence
of the movement of water containing fish toward the
diversion facilities in the southern Delta. Modeling a ces-
sation of diversion would have required modeling Califor-
nia’s complex water management system, in which the
Delta is the hub for water routing (Draper et al. 2004).
This would have required running a system simulation
model under probably unrealistic assumptions about how
water would be stored and routed if diversions from the
southern Delta were to cease. However, our objective was
more modest than this: given today’s system configuration
and operating procedures, how would the population tra-
jectory change if entrainment mortality was entirely elimi-
nated? This approach established an upper limit to the
improvement that would be possible through manipulation
of entrainment mortality alone.

Entrainment mortality was eliminated in two steps.
First, the added mortality related to Old and Middle
River flow was set to zero. Second, super-individuals that
arrived at the diversion facilities were saved and moved to
a location (grid cell) within the Confluence box (Figure 1)
at least a few days’ travel from the diversion facilities.
Model results were insensitive to the box into which indi-
viduals were placed, except that individuals relocated back
into the South Delta were often re-entrained; therefore,
individuals were not relocated to the South Delta box.
In practice, fish that are salvaged from the diversion
facilities are moved to the Confluence region to prevent
re-entrainment.

Investigating the effects of food required simulations
that accounted for movements of fish on the reticulate

spatial grid and for the spatially and temporally variable
food supply—both of which defy aggregation into simple
annual indices. We therefore substituted zooplankton data
from the pre-decline period of 1972–1986 (“historical per-
iod”) for data from the period 1995–2005 (“model per-
iod”). The purpose was to mimic spatially and temporally
variable feeding conditions that existed before the most
substantial declines in abundance and shifts in species
composition of the zooplankton (Winder and Jassby
2011). This substitution was complicated by the fact that
both the Delta Smelt and the zooplankton move with the
water, whereas the model and the data have a spatially
fixed frame of reference. Furthermore, hydrodynamic
model output was not available for the substitute years
from the historical period. Finally, zooplankton species
composition has changed radically from the historical
period to the model period (Table 1). The copepods
Limnoithona tetraspina and Pseudodiaptomus forbesi, each
comprising one of the six zooplankton groups included in
the model, were not yet present during the historical per-
iod. Several other changes in species composition
(Table 1) may have altered the feeding environment in
ways not reflected in our grouping of zooplankton in the
IBM.

To solve the problem of mismatching reference frames,
we used the observation that distributions of zooplankton
species in salinity space are consistent within a given sea-
son and time period and are generally weakly related to
other factors (Kimmerer et al. 1998). Therefore, we used
the spatial response of estuarine salinity to freshwater flow
to determine the historical distributions of zooplankton to
use during the model period. To do this, we matched
years during the model period with years during the his-
torical period by their hydrology, and we substituted the
zooplankton in the model years with zooplankton from
the matched historical years. Our assumption was that this
would place the zooplankton in the correct position rela-
tive to salinity, thereby representing a realistic change rela-
tive to any distributional shifts in Delta Smelt. We used
two metrics of hydrologic conditions to match each of the
model period years to historical years. The first metric
was net Delta outflow (m3/d), defined as the daily flow
from the Delta into Suisun Bay (Figure 1), which is esti-
mated from a daily water budget employing the same data
used as boundary conditions for the hydrodynamic model.
The second metric was the distance (km) up the estuary to
where the tidally and daily averaged near-bottom salinity
is 2 (“X2” of Jassby et al. 1995); this represents a measure
of the physical response of the estuary to freshwater
flow. Originally derived by interpolation from continuous
monitoring data, X2 is now calculated from the log of
outflow by using a time-series model (Jassby et al. 1995).
Although X2 is somewhat redundant to outflow, the
historical years that matched the model years differed
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between the two metrics; because we were unsure which
metric was a more accurate approach to match years for
zooplankton, we used both metrics.

The year 1978 was eliminated from the matching pro-
cess. During winter and spring 1978, zooplankton biomass
was exceptionally low in areas where adult Delta Smelt
were most abundant. This resulted in (1) a simulated mean
feeding rate that was only 14% of the maximum during
January–February and (2) low reproductive rates and
recruitment failure that were not apparent in Delta Smelt
data from 1978. In all other historical years, zooplankton
biomass supported an adult feeding rate greater than 50%
of the maximum. Low food biomass in 1978 appeared to
be an artifact of low sampling coverage for zooplankton
during that year.

We developed a matrix of the sum of squared differ-
ences between the vectors of monthly values of outflow or
X2 from each model year and each historical year. The
first set of substitute years for outflow or X2 were those
with the lowest sum of squared differences, the second set
had the next lowest, and so on for a total of five sets of
historical years. This process gave five sequences of histor-
ical years based on outflow and five sequences based on
X2. Zooplankton biomass from each series of years from
the historical period was then interpolated and sampled as
in the original simulations (Rose et al. 2013a) and was
used to replace the zooplankton in the model years
(Table 2). An example (Figure 2) shows zooplankton bio-
mass in the Northeast Suisun Bay model box for model
year 1999 and for the five historical years with the best
match based on X2.

Model experiments and outputs.— Three numerical
experiments were performed using the IBM to compare
the effects of entrainment mortality and food abundance
on the population growth of Delta Smelt. Experiment 1
was designed to compare the effect of eliminating entrain-
ment mortality with that of substituting historical zoo-
plankton for model period zooplankton. The original
baseline was run along with a corresponding run in which
there was no entrainment mortality; five runs using histor-
ical food based on outflow with each of the five sequences
of year substitutions; and five runs using historical food
based on X2. The analysis focused on comparisons
between each of these model runs and the baseline. Most
of the detailed results are presented for experiment 1 only.

The baseline was developed through model calibration
(Rose et al. 2013a) and is the outcome of decisions about
how to represent key life cycle processes in the model.
Some of these decisions were rather uncertain because we
lacked detailed information. We therefore conducted addi-
tional simulations of the baseline using alternative formu-
lations for these processes, and we call these “alternative
baselines” (Rose et al. 2013b). Each of the alternative
baselines differed from the original baseline by how a

single process was represented (Table 3): (1) mortality rate
during the juvenile life stage was density dependent rather
than independent of population size; (2) daily mortality
rate was inversely related to length instead of constant
within each life stage; (3) larval growth rate was fixed
instead of dependent on food supply; and (4) maturity
was a smooth function of length instead of a step
function.

Rose et al. (2013b) showed that the four alternative
baselines generated key model outputs that were qualita-
tively similar to those from the original baseline. However,
quantitative differences in λ values prompted analyses to
determine whether the conclusions derived from experiment
1 were robust to the alternative baseline formulations.
Experiment 2 repeated the simulations in experiment 1 but
with each of the four formulations (subsets 2.1–2.4) used
in the alternative baselines (Table 3), resulting in a total
of 48 model simulations. These results were compared
with those from experiment 1 to determine how model
results were affected by the alternative formulations
(Table 3). Experiment 3 combined historical food condi-
tions (based on X2 only) with the elimination of

TABLE 2. Years from 1972–1986 used to substitute zooplankton bio-
mass for each year of the model period 1995–2005 (see Methods for defi-
nition of X2).

Model year Year 1 Year 2 Year 3 Year 4 Year 5

Substitutes based on outflow
1995 1980 1983 1982 1974 1973
1996 1975 1973 1980 1979 1986
1997 1980 1973 1974 1984 1982
1998 1986 1980 1982 1973 1983
1999 1975 1973 1979 1980 1981
2000 1975 1979 1973 1981 1980
2001 1981 1977 1976 1979 1985
2002 1981 1985 1976 1979 1977
2003 1979 1981 1985 1976 1977
2004 1979 1975 1981 1985 1973
2005 1979 1981 1975 1985 1976

Substitutes based on X2
1995 1982 1980 1986 1983 1975
1996 1975 1980 1986 1982 1973
1997 1973 1980 1982 1974 1984
1998 1982 1983 1980 1975 1986
1999 1975 1973 1980 1974 1982
2000 1986 1979 1980 1981 1975
2001 1981 1979 1985 1986 1976
2002 1979 1981 1985 1980 1976
2003 1980 1979 1981 1986 1973
2004 1980 1979 1986 1981 1973
2005 1980 1979 1986 1975 1981
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entrainment mortality to confirm that the effects of histor-
ical food and elimination of entrainment mortality were
additive (i.e., could be examined separately).

Model comparisons.— The principal metric for compar-
ison among simulations was the annual time series of λ
(10 values for the period 1995–2004). The temporal
dynamics of λ values showed the same general interannual
pattern as adult abundances in January of each year; Rose
et al. (2013a; their figure 5) depict and discuss the general
agreement between simulated and observed adult abun-
dances. Each simulation was further summarized using the
geometric mean of the 10 annual λ values, since these are
multiplicative. Several additional model outputs were
examined to investigate why the λ values differed among
treatments within experiments (Table 4). Most of these
results are presented for experiment 1 using historical food
based on X2 only, since values using outflow gave broadly
similar results. Mean length and weight of recruits (new
age-1 fish on January 1) were computed as measures of
individual growth during the first year of life. Length is
positively related to reproductive success in the model
because both maturity and fecundity depend on length

and because larger fish are more likely to spawn a second
time. Stage-specific survival fractions and average dura-
tions provide information on which life stages responded
to elimination of entrainment mortality and substitution
with historical food. Average stage duration is a measure
of growth rate for feeding stages whose durations are
defined by length (i.e., larvae and postlarvae).

We examined growth responses by calculating the pro-
portion of maximum consumption rate (C/Cmax; hereafter,
“P-value”) realized by individuals in each of the feeding
life stages and comparing it among simulations within
each experiment. The P-values were determined for each
Delta Smelt life stage from the densities of the six zoo-
plankton groups through the multispecies functional
response (Rose et al. 2013a).

Geometric mean values of λ were further compared in
experiments 1 and 3 to determine whether the effects of
eliminating entrainment and using historical food were
independent. We computed the products of the geometric
means from the simulation with no entrainment mortality
and present-day food and from each of the five simula-
tions with entrainment mortality and historical food from
experiment 1. These would be close to values from experi-
ment 3 (and their ratios would be close to 1.0) if the
effects of entrainment and historical food acted indepen-
dently within the model.

RESULTS

Entrainment Mortality Eliminated
In experiment 1, eliminating entrainment mortality

increased λ in all years (Figure 3A). Experiment 2 (alter-
native formulations; Table 3) gave results for entrainment
mortality similar to those of experiment 1 (Figure 3B–E).
The original baseline had a geometric mean λ of 0.90,
while the geometric mean value of λ varied from 0.75 to
0.94 among the four alternative baselines in experiment 2
(second column in Figure 4; Table 5). With entrainment
mortality eliminated, the geometric mean λ was 40%
higher than baseline in experiment 1 and 30–42% higher
than baseline in experiment 2.

The effect of entrainment mortality was greater during
the latter half of years in the model run, partly because
poor feeding conditions led to slower development of the
larval stages, extending the period of high vulnerability
to water diversion (Figure 5A–D). During 1996–2000,
young-of-the-year survival was on average 10% higher and
adult survival was on average 15% higher without entrain-
ment mortality than with entrainment mortality (Table 6;
Figure 5). During 2001–2005, these values increased to
19% and 28%, respectively. Thus, particularly in the latter
period, rather modest differences in daily mortality accu-
mulated to produce substantial differences in survival

FIGURE 2. Example model inputs for zooplankton biomass (mg C/m3)
during calendar year 1999 in the Northeast Suisun Bay box (Figure 1) and
from historical years matched by X2 (defined in Methods). Panels provide
data for individual taxa: (A) Limnoithona tetraspina adults (not present in
historical years); (B) calanoid copepodites; (C) calanoid adults not included
in other panels; (D) Acanthocyclops spp.; (E) Eurytemora affinis adults (note
the different scale); and (F) Pseudodiaptomus forbesi adults (not present in
historical years). [Color figure can be viewed at afsjournals.org.]
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TABLE 3. Alternative formulations for key processes that defined the alternative baselines (Rose et al. 2013b) used in experiment 2 compared with
their formulations in the original baseline used in experiment 1 for Delta Smelt.

Subset Name Baseline function Alternative function Reason for modification

2.1 Density-dependent
mortality

Density independent
at all life stages

Juvenile daily mortality increased
exponentially with density in a
spatial box (see equation 2 in Rose
et al. 2013b)

Evidence for density
dependence at large
population size (Bennett
2005; Maunder and
Deriso 2011)

2.2 Size-dependent
mortality

Mortality decreases
stepwise by life stage

Decreasing as a power function of
length (see equation 1 in Rose
et al. 2013b)

Stepwise decrease in
mortality may be too
crude to realistically
represent the size
dependence of predation

2.3 Fixed larval
growth

Determined by food
and bioenergetics

Fixed stage duration of 26 d from
average over years in simulations
of the original baseline

Uncertainty about larval
feeding and
bioenergetics, especially
under historical food
conditions

2.4 Length-dependent
maturity

Fish larger than 60 mm
are mature

Fraction mature varies smoothly with
length around 60 mm (see
Figure 3 in Rose et al. 2013b)

Model results were
sensitive to the fraction
mature and therefore
to the way the
threshold was
represented

FIGURE 3. Model time series of the annual finite population growth rate (λ) for Delta Smelt in each set of 12 simulations from experiments 1 and 2 (listed
on the right side; experiment 2 subsets are defined in Table 3). Each panel contains the baseline value (thick line) and (A)–(E) values obtained under zero
entrainment mortality (thin line); (F)–(J) values obtained from five runs with historical food based on outflow (alternative [Alt.] food; thin lines); or (K)–(O)
values obtained from five runs with historical food based on X2 (thin lines; X2 is defined in Methods). [Color figure can be viewed at afsjournals.org.]
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through the young-of-the-year and adult stages. These
results were similar in experiment 2, although differences
in juvenile survival were apparent with density dependence
(subset 2.1; Figure 5D). Additionally, in some years (e.g.,
1998–2000), eliminating entrainment mortality allowed
for higher larval survival and therefore more fish entering
the juvenile stage, which lowered juvenile survival in
the density-dependent experiment relative to the density-
independent case.

Historical Food
The patterns of λ with historical zooplankton were

more complex than those for eliminating entrainment
mortality, mainly because of the imperfect matching of
years and because not every year in the historical record
had higher zooplankton biomass than its matched year in
the model period (Figures 2 and 3F–O). In particular,
feeding conditions in 1998 were apparently comparable to
those in the historical period (Figure 3F, K). Nevertheless,
in both experiments 1 and 2 (Figure 3F–O), λ values were
generally higher with historical food than with present-day
food, and these differences were greatest during the latter
half of years in the model period.

Geometric mean λ values were similar among runs
using historical zooplankton and mostly higher than corre-
sponding values using present-day food whether years

were matched with outflow (third column in Figure 4) or
with X2 (fourth column in Figure 4). The average of the
five geometric means of λ in experiment 1 was 1.32 based
on outflow and 1.25 based on X2—both about 40% higher
than the baseline value of 0.90 (Table 5). Results of exper-
iment 2 were qualitatively similar to those of experiment
1, with some quantitative differences. The food effect was
somewhat dampened in experiment 2 subset 2.1 (density-
dependent mortality), as higher juvenile abundance arising
from better food conditions triggered a higher daily mor-
tality rate (Figure 4B). The geometric mean λ for subset
2.1 increased by only about 25% with historical food com-
pared to present-day food (geometric mean λ = 1.04 for
matching with outflow and 1.03 for matching with X2;
Table 5). The food effect was stronger in subset 2.2 (size-
dependent mortality; Figure 4C) than in experiment 1.
The geometric mean λ under this alternative baseline was
0.85 compared with the average of the five geometric
means with historical food based on outflow (1.57) or on
X2 (1.48), which equated to increases of approximately
80% (Table 5).

Survival through most life stages was insensitive to the
substitution of historical food for present-day food (experi-
ment 1; Figure 6). Survival of non-feeding yolk-sac larvae
showed little effect of this substitution (Figure 6A). Unex-
pectedly, the survival of larvae was generally lower with
historical food than with present-day food (Figure 6B).
Survival of postlarvae was higher in most historical food
sequences than with present-day food, especially after
about 2001 (Figure 6C). Survival of juveniles and adults
(age 1 to age 2) was not much affected by the substitution
of historical for present-day food (Figure 6D, E).

In contrast to results for survival, mean length at
recruitment (entering age 1) was considerably greater for
historical food than for present-day food (experiment 1;
Figure 7A). This resulted in much higher egg production
(Figure 7C) because nearly twice as many recruits reached
the length criterion for maturity by January 1 under his-
torical food conditions (Figure 7B) and because individual
fecundity increased exponentially with length (see equa-
tion 1 in Rose et al. 2013a). Faster growth may also have
allowed for some repeat spawning. The higher egg produc-
tion per recruit resulted in population abundance on Jan-
uary 1 of the final year that, under density independence,
was about 10–100-fold higher than with present-day food
(Figure 7D).

Recruits were larger with historical food than with pre-
sent-day food because of faster growth, mainly during the
juvenile life stage. The juvenile stage began when post-
larvae reached a prescribed length but ended on January
1. Therefore, the average stage duration for juveniles was
not a direct function of their growth rate. The P-values,
which measure feeding success, were consistently higher
for juveniles under historical food conditions determined

FIGURE 4. Geometric mean values of the annual finite population
growth rate (λ) for Delta Smelt computed over the 10 years of each
simulation for experiment 1 and the subsets of experiment 2, arranged as
in Figure 3. Each dot corresponds to the geometric mean of the 10
values represented by each line in Figure 3; the horizontal lines show the
respective baseline values. [Color figure can be viewed at afsjournals.org.]
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by X2 than under present-day food conditions (Fig-
ure 8C); P-values were lower for larvae under historical
food conditions than under present-day conditions (Fig-
ure 8A) and were generally similar between historical and
present-day food for the other feeding stages (Figure 8B,
D). Larvae grew more slowly with historical food than
present-day food, thus extending the larval stage (Fig-
ure 9A). Average duration of the postlarval stage was
slightly less—indicating faster growth—with historical
food than present-day food (Figure 9B). Postlarvae fed at
about the same rate under the different food conditions,
except for slightly higher feeding rates under historical
food conditions after 2001 (Figure 8B).

Age-1 adults grew from January 1 to their spawning
dates at about the same rate irrespective of food condi-
tions. From age 1 to age 2, adults gained a mean annual
weight increment of 2.38–2.50 g with historical food, simi-
lar to that with present-day food (2.46 g).

Entrainment Mortality Compared with Historical Food
In experiments 1 and 2, eliminating entrainment mor-

tality generated an increase in the geometric mean λ
between 0.5 and 1.5 times the increase produced by substi-
tuting historical for present-day food (Table 5). In

experiment 1, eliminating entrainment mortality yielded a
39% increase in λ, which was identical to the average
increase from substituting historical food for present-day
food using X2 and lower than the average increase
obtained from food substitution based on outflow (47%).
The geometric mean λ was 0.90 under the baseline versus
1.25 with no entrainment mortality and present-day food;
averaged 1.32 for the five outflow simulations of historical
food; and averaged 1.25 for the five X2 simulations of his-
torical food. Subset 2.1 (density-dependent mortality) had
the smallest response to historical food (λ ~ 26% higher
than that achieved under the baseline) and a similar
increase with no entrainment mortality (λ ~ 30% higher
than baseline). Subset 2.2 (size-dependent mortality)
showed the largest response to the substitution of histori-
cal food for present-day food (λ ~ 80% higher than base-
line), about twice the effect of eliminating entrainment
mortality.

Experiment 2 subset 2.3 (fixed larval growth) showed
that the results did not depend on the counterintuitive
result of food being lower for larvae in historical than
present-day conditions (see above). Eliminating entrain-
ment mortality resulted in a λ value that was 35% higher
than that generated under baseline conditions, while

TABLE 4. Calculations of the major Delta Smelt model output variables and where displayed.

Variable Model calculations Display

Population growth
rate (λ)

Eigenvalue analysis of the matrix model for
each year of simulation

Figures 3, 4; Tables 5, 6

Population size Summed worths of recruits (new age-1) and new
age-2 super-individuals on January 1

Figure 7D

Annual recruitment Summed worths of the new age-1 super-individuals
on January 1

Used in Figure 7A–C

Mean length of recruits Mean length of all new age-1 super-individuals on
January 1, weighted by their worths

Figure 7A

Fraction of age-1 mature Summed worths of age-1 fish larger than 60 mm at
projected spawning divided by the summed worths
of all age-1 fish

Figure 7B

Eggs per recruit Total number of eggs produced by age-1 super-individuals
in a year divided by recruitment on January 1 of that year

Figure 7C

Fraction surviving a stage Summed worths of super-individuals exiting a life stage
divided by the summed worths when they entered that
stage

Figures 5, 6

Average stage duration Number of days between dates of entry into and exit
from each stage, averaged over super-individuals
weighted by worths upon entry

Figure 9

Mean annual P-value
by stage

Computed from daily population values of realized
consumption expressed as a proportion of maximum
consumption (P-value) for each box, averaged across
boxes weighted by the proportion of individuals in each
box. These values were then averaged over days for
each year, weighted by the total population size on each day

Figure 8
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substituting historical for present-day food resulted in a λ
that was about 47% higher than baseline. Only in subset
2.4 (length-dependent maturity) did eliminating entrain-
ment mortality cause a larger increase in λ (40% higher
than baseline) than substituting historical food (33%
increase for outflow and 27% increase for X2 relative to
baseline).

The effects of eliminating entrainment mortality and
using historical food were nearly independent (Table 7).
For each of the historical food substitutions based on X2,

the geometric mean of the λ values when both entrainment
mortality was eliminated and historical food was used (ex-
periment 3) was very close to the products of the λ values
obtained when the two factors were included in separate
simulations (experiment 1). Moreover, the mean ratio of
the two geometric mean λ values was very close to 1.0
(i.e., 1.03; Table 7) across all five X2 simulations.

DISCUSSION
Our model for Delta Smelt capitalizes on the availabil-

ity of valuable long-term monitoring data, which include
multiple sampling events for fish and their environment
throughout the Delta Smelt life cycle. The model uses
fine-scale output from a hydrodynamic model to investi-
gate how spatially and temporally specific factors may
have affected Delta Smelt population dynamics. Both his-
torical changes in zooplankton and entrainment losses can
affect Delta Smelt on fine temporal and spatial scales.
These two factors were selected for detailed investigation
because of management interest (described above) and
because previous modeling had shown that development
to maturity (related to feeding) and hydrodynamic condi-
tions (controlling entrainment) were important factors
distinguishing the years with the highest and lowest popu-
lation growth rates of Delta Smelt (Rose et al. 2013b).
Other potentially important factors not included in the
model are discussed below.

Entrainment Effects
Eliminating mortality due to entrainment increased the

geometric mean λ by 39% in experiment 1 (Table 5). This
increase was due to higher survival of adult and larval life
stages. Note that adult mortality was calibrated to match
estimates averaged over the model period, while larval
mortality depended only on their transport with the water.
Thus, our analysis of effects on adults over all model
years is a consequence of the calibration, while effects on
larvae were an uncalibrated outcome of the simulated

TABLE 5. Geometric mean (GM) values of the annual finite population growth rate (λ) for Delta Smelt and the percent increase from the corre-
sponding baseline λ for the zero entrainment mortality simulation and for historical food based on outflow or based on X2 (defined in Methods) from
experiments 1 and 2 (experiment 2 subsets 2.1–2.4 are defined in Table 3).

Experiment

Baseline
No entrainment

mortality
Historical food:

outflow Historical food: X2

GM GM
Percent
increase

Average
of 5 GMs

Percent
increase

Average of
5 GMs

Percent
increase

1. Original (calibrated) 0.90 1.25 39 1.32 47 1.25 39
2.1. Density-dependent mortality 0.82 1.07 30 1.04 27 1.03 26
2.2. Size-dependent mortality 0.85 1.21 42 1.57 85 1.48 74
2.3. Fixed larval growth 0.94 1.27 35 1.40 49 1.37 46
2.4. Length-dependent maturity 0.75 1.05 40 1.00 33 0.95 27

FIGURE 5. Model time series of the fraction of Delta Smelt that survived
through each of five life stages for the experiment 1 (original) baseline
(thick solid line) and zero entrainment mortality simulation (thin solid line);
and for the experiment 2 subset 2.1 (density-dependent; see Table 3)
baseline (thick dashed line) and zero entrainment mortality simulation (thin
dotted line). Note the difference in scale among panels. Life stages are (A)
yolk-sac larva, (B) larva, (C) postlarva, (D) juvenile, and (E) age-1 to age-2
adult. [Color figure can be viewed at afsjournals.org.]
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movements of water and particles in the model. Mean sur-
vival was 21% higher for adults and 22% higher across all
subadult stages with entrainment mortality eliminated
than under the original baseline (Table 6; Figure 5). The
difference in survival of young-of-the-year individuals
between baseline and the simulation with no entrainment
mortality decreased with stage as the model fish moved

from freshwater to brackish water, where they are less vul-
nerable to entrainment. In dry years, when larvae and
adults are farther up-estuary and therefore more vulnera-
ble to entrainment, the proportional difference in survival

FIGURE 6. Same as in Figure 5 for the experiment 1 original baseline
(thick line) and the five historical food simulations based on X2 (thin
lines; X2 is defined in Methods) for each life stage of Delta Smelt: (A)
yolk-sac larva, (B) larva, (C) postlarva, (D) juvenile, and (E) age-1 to
age-2 adult. [Color figure can be viewed at afsjournals.org.]

TABLE 6. Daily mortality values for Delta Smelt by life stage, including parameters used as inputs to the model and means for the experiment 1
baseline and zero entrainment mortality simulation during 1996–2000 and 2001–2005; and survival proportions over the mean duration of the young-
of-the-year and adult stages (survival through stage = e−mD, where D is 239 d for young of the year and 365 d for adults).

Year-class Stage
Mortality
parameter

1996–2000 2001–2005

Baseline
No entrainment

mortality Baseline
No entrainment

mortality

Young of the year Yolk-sac larva 0.035 0.040 0.036 0.043 0.035
First-feeding larva 0.050 0.054 0.052 0.058 0.053
Postlarva 0.030 0.031 0.031 0.034 0.030
Juvenile 0.015 0.016 0.015 0.016 0.015
Totala 0.021 0.0232 0.0227 0.0264 0.0251

Age-1 adult Age-1 adult 0.006 0.0064 0.0061 0.0067 0.0060
Survival through Stage
Young of the year Young of the year 0.0072 0.0039 0.0043 0.0018 0.0025
Age-1 adult Age-1 adult 0.112 0.097 0.112 0.087 0.112

aThe total young-of-the-year mortality shown here is not a parameter in the model. The values in this row of the table were calculated from the input mortality values by
stage and the mean durations of each stage estimated from the model output. The year 1995 was omitted because entrainment effects carried over from the four spin-up
years of the model runs.

FIGURE 7. Model time series of key population metrics for Delta Smelt
in experiment 1: (A) mean length of recruits; (B) fraction of recruits that
were mature; (C) number of eggs per recruit; and (D) population size on
January 1. The thick line represents the original baseline; the medium line
represents the zero entrainment mortality simulation; and the thin lines
represent historical food simulations based on X2 (defined in Methods).
[Color figure can be viewed at afsjournals.org.]
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between baseline and zero entrainment mortality scenarios
was as high as 48% for early life stages (32% not counting
juveniles) and 31% for adults (e.g., Figure 5A, B, E for
2001).

Effects of uncertainty in entrainment mortality were of
similar magnitude to effects of the alternative baseline
assumptions (Table 5). Kimmerer’s (2008, 2011) analysis
of adult entrainment mortality used monitoring data to
estimate a parameter Θ that was proportional to mean

entrainment mortality; the resulting 95% credible interval
of Θ was −40% to +50% of its mean value. Because adult
entrainment mortality in our model was calibrated to the
mean entrainment mortality calculated by Kimmerer
(2008, 2011) and because entrainment losses of adults in
the model are about half of the simulated total entrain-
ment losses (see above), uncertainty in the modeled value
of total entrainment mortality is roughly half of that for
Θ above. Although additional IBM simulations can be
done, we simply assumed percent changes in age-1 and
age-2 annual survival fractions and recomputed λ from
the adjusted matrix projection model (see Appendix in
Rose et al. 2013b). In general, the uncertainty in annual
entrainment survival (represented by changes in age-
specific survival fractions) translated to similar or smaller

TABLE 7. Geometric mean annual finite population growth rate (λ) for Delta Smelt in experiment 3 (zero entrainment mortality and historical food
combined) and the product of the geometric mean λ values for simulations with zero entrainment mortality only and for simulations with historical
food from experiment 1 based on the five substitute years matched for X2 (defined in Methods; year substitutions are specified in Table 2).

Year substitution

(A) Experiment 3: zero
entrainment mortality

and historical
food combined

(B) Experiment 1: zero
entrainment

mortality × historical
food Ratio of A:B

1 1.97 1.40 × 1.33 = 1.85 1.07
2 1.89 1.40 × 1.35 = 1.89 1.00
3 1.79 1.40 × 1.22 = 1.70 1.05
4 2.69 1.40 × 1.81 = 2.53 1.06
5 1.69 1.40 × 1.24 = 1.72 0.98
Mean 1.03

FIGURE 8. Annual mean values of the ratio of realized consumption to
maximum consumption (P-value) for the experiment 1 original baseline
(thick line) and historical food simulations based on X2 (thin lines; X2 is
defined in Methods) for Delta Smelt life stages: (A) larva, (B) postlarva,
(C) juvenile, and (D) age-1 to age-2 adult. [Color figure can be viewed at
afsjournals.org.]

FIGURE 9. Model time series of average stage durations (d) of Delta
Smelt (A) larvae and (B) postlarvae for the experiment 1 original baseline
and historical food simulations based on X2 (defined in Methods). [Color
figure can be viewed at afsjournals.org.]
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changes in λ depending on the matrix model realized for
each year. For example, assuming high uncertainty in
annual adult entrainment (�50% in age-1 and age-2 sur-
vival fractions, which also affect the fecundity-related ele-
ments of the matrix) resulted in about �50% changes in λ.
Thus, the uncertainty inferred for the added daily mortal-
ity term based on Old and Middle River flow would affect
λ similarly to the use of alternative baselines (~25–74%
changes in average λ; Table 5) that reflect structural
uncertainties in the model. In addition, our comparisons
focused on contrasting entrainment with zero entrainment;
such an extreme contrast (compared with the effects of
small changes in entrainment) lends robustness to our
results. None of these sources of uncertainty contradicts
the conclusion that in some years, entrainment mortality
is an important constraint on the population growth of
Delta Smelt.

Our analyses eliminated entrainment mortality without
changing flow patterns. A fuller exploration of these
effects would require (1) determination of an alternative
hydrology to reflect operational controls for achieving the
reduced entrainment and (2) modeling of the responses of
fish to the new, altered hydrodynamic conditions. Such an
effort would require substantial modeling work by man-
agement agencies and was well beyond the scope of our
project.

Food Effects
The increases in modeled population growth rate from

substituting historical food for model period food brack-
eted the increase from eliminating entrainment mortality
in experiment 1 (Table 5), but these responses occurred
through different mechanisms. Eliminating entrainment
mortality increased survival. In contrast, historical food
supported higher rates of consumption by most life stages
(Figure 8) and faster growth of juveniles, leading to larger
recruits and a higher proportion of recruits that were
mature on January 1, which together caused higher egg
production per recruit (Figure 7). Similarly, the major dif-
ference between the best and worst years in the baseline
run was due to the effect of juvenile growth on the pro-
portion of Delta Smelt that were mature by the spawning
period and on their subsequent age-1 egg production
(Rose et al. 2013b).

Outcomes varied among the various historical food
substitute years (Table 2) because of interannual differ-
ences in hydrology and in spatial and temporal patterns of
zooplankton abundance, as shown in the example (Fig-
ure 2). Obvious differences between the model and histori-
cal periods included the absence of two species in the
historical years (Figure 2A, F) and the higher biomass of
the other taxa in most historical years (Figure 2B–E). For
example, the former key prey species Eurytemora affinis
(Figure 2E) was nearly absent during the model period

years (Winder and Jassby 2011). Much of the variability
in zooplankton biomass among substitute years was a
result of spatial differences, and the model spatial boxes
other than that presented in the example (Figure 2) show
somewhat different biomass patterns among individual
years.

Larvae had a different response to the substitution of
historical food than did the other life stages in the model.
Counterintuitively, P-values for larvae were generally
lower with historical food than under baseline conditions
(Figure 8A). In the model, larvae consumed only juvenile
calanoid copepods and adults of the cyclopoid L. tetra-
spina; the other four zooplankton groups were considered
too large to be available to larvae based on laboratory
observations (Sullivan et al. 2016). In addition, we had
specified low feeding efficiency of larval Delta Smelt on
adults of L. tetraspina. Recent diet analysis indicates that
during April 2005 and 2006, larval Delta Smelt obtained
most of their food biomass from copepodites and ate very
low quantities of L. tetraspina (Slater and Baxter 2014).
Calanoid copepodites were more abundant in some model
period years than in historical years because between these
periods several copepod species were introduced to the
SFE, including P. forbesi, which had variable overlap with
Delta Smelt in the low-salinity habitat (Kimmerer et al.
2017).

Several taxa, including copepod nauplii, cyclopoid
copepodites, and cladocerans, made up at least 1% of the
mass of Delta Smelt gut contents in spring 2005–2006
(Slater and Baxter 2014). These taxa were not included in
the model, but all were more abundant before 1987 (when
an invasive clam caused massive changes in the food web;
Alpine and Cloern 1992; Kimmerer et al. 1994) than dur-
ing the model period. Thus, the low feeding success of
larvae with historical food may indicate that our represen-
tation of Delta Smelt food based on the model period was
incomplete. Modeled effects of entrainment and historical
food on λ of Delta Smelt were nevertheless robust to the
reduced growth of larvae under historical food, as results
were similar when larval growth rate was fixed in simula-
tions (subset 2.3; Table 3).

Alternative Baseline Formulations (Experiment 2)
Evidence for density dependence is apparent in the data

for Delta Smelt during periods of high juvenile abundance
in summer and subsequent moderate autumn abundance
in the 1970s (Bennett 2005). However, after the declines of
Delta Smelt in the 1980s, evidence for density dependence
has been weaker and suggests a lower carrying capacity
(Bennett 2005). The mechanism for this saturating form of
density dependence may be related to habitat availability
or food limitation (Bennett 2005) or possibly to prey
switching by piscivores such as Striped Bass Morone
saxatilis (Nobriga et al. 2013).
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Others have used the long-term monitoring data to
infer density-dependent mortality in Delta Smelt. Maunder
and Deriso (2011) fitted a state-space model with several
covariates to abundance indices of Delta Smelt from 1972
to 2006 and found evidence for a Ricker-type density-
dependent mortality (i.e., survival decreasing across the
range of juvenile abundance) between summer and fall
and weaker, saturating density dependence between fall
and spring. Likewise, Miller et al. (2012) imposed a
Ricker-type density-dependence relationship on survival in
their models. However, it is difficult to reconcile this form
of survival with an annual pelagic fish at historically low
abundance. Moreover, no mechanism for such density-
dependent mortality has been proposed. If density-
dependent mortality occurs, it is likely to be a local
phenomenon (Walters and Korman 1999). Such local
interactions are amenable to modeling with a spatially
explicit IBM, as we have done in experiment 2, in which
juvenile mortality rate increased with the degree of local
crowding (see equation 2 in Rose et al. 2013b).

Including density-dependent mortality in the juvenile
stage (subset 2.1; Table 3) dampened variability relative to
the results of experiment 1 (Figure 4B) in the geometric
mean λ among the historical food matchings and reduced
the magnitude of the effects of eliminating entrainment
mortality and increasing the food supply. However, the
relative magnitudes of effects between the zero entrain-
ment mortality and historical food simulations remained
similar to those from experiment 1 (Figure 4; Table 5).

The alternative baseline with size-dependent mortality
instead of stage-dependent constant mortality (subset 2.2)
represented mortality as a power function of length, with
the mortality rates matched to the stage-dependent case at
the midpoints of each stage (see equation 1 in Rose et al.
2013b). This resulted in little change in the effect of elimi-
nating mortality and an amplification of the food effect
relative to that in experiment 1 (Table 5). This amplifica-
tion was due to higher juvenile survival with size-
dependent mortality than with stage-dependent mortality
(results not shown). Because super-individuals that grew
faster survived better through the juvenile stage, this alter-
native size-dependent mortality enhanced the effect of
food on size and survival of the maturing fish. This
enhancement of survival with plentiful food is suggested
by a positive relationship between zooplankton biomass
and the ratio of fall to summer abundance indices (Kim-
merer 2008).

The alternative baseline that substituted a fixed growth
rate for the bioenergetics and feeding functions of larvae
(subset 2.3) was selected because of uncertainty in larval
bioenergetics parameters and uncertainty about the foods
that were actually consumed by larvae during the histori-
cal period. In experiment 1, the effect of historical food
was negative (i.e., food was less available to the larval

stage), and as discussed above, this is likely an artifact of
incomplete knowledge of larval feeding and of the prey
field. The positive effect of historical food on the geomet-
ric mean λ in subset 2.3 was somewhat larger than that in
experiment 1 because the effect of low historical food bio-
mass during the larval stage no longer played a role.
Additional information on larval bioenergetics and prey
consumption would help to refine the model and increase
confidence when the model is used to investigate other
food-related questions involving Delta Smelt larvae.

The original baseline had a length threshold for matu-
rity, and the proportion of recruits that were mature
strongly influenced the effect of historical food on popula-
tion growth. We therefore included an alternative function
for maturity (subset 2.4) that used a smooth dependence
of maturity on length instead of a threshold length
(Table 3). This was the only subset of experiment 2 for
which the effect of eliminating entrainment mortality was
clearly larger than the effect of historical food (Table 5).
As with the other alternative functions in experiment 2,
this modification of the model affected the comparison of
entrainment and historical food effects quantitatively but
not qualitatively.

What is Not in the Model?
Several potentially important aspects of Delta Smelt

ecology have been simplified or omitted from the model.
This was done because of our focus on comparing the
relative effects of entrainment versus food web changes
but also because information available for the model
period was inadequate to parameterize some of these
other influences on the Delta Smelt population. If this
model is used for additional analysis, these aspects
should be revisited.

Predation was represented as a stage-specific mortality
rate, and temporal and spatial effects of predators were
not explicitly represented. Variation in predation is proba-
bly an important driver of within-year and interannual
changes in Delta Smelt abundance (Ferrari et al. 2013;
Nobriga et al. 2013) and may also influence Delta Smelt
indirectly by restricting where and when they can feed
(Walters and Korman 1999; Railsback and Harvey 2011).
However, information is lacking on fine-scale population
densities and feeding rates of likely predators of Delta
Smelt (Nobriga et al. 2013). For example, Mississippi Sil-
versides Menidia beryllina prey upon Delta Smelt larvae
(Schreier et al. 2016) and have increased greatly in abun-
dance in shallow waters (Bennett 2005), but they are not
quantitatively sampled by any monitoring program. The
most likely predators on juvenile and adult Delta Smelt
are Striped Bass (Nobriga et al. 2013) and Largemouth
Bass Micropterus salmoides. Largemouth Bass have
increased in abundance with the expansion of waterweeds
in the Delta (Brown and Michniuk 2007; Ferrari et al.
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2013; Conrad et al. 2016), but population consumption
rates of Delta Smelt are not available for either of these
predators.

Turbidity also was not included in the model, although
it explained 21% (in summer) or 13% (in autumn) of the
deviance in log catch per trawl in two long-term surveys
(Feyrer et al. 2007, 2011; Nobriga et al. 2008). Young
Delta Smelt that are held in clear water show evidence of
physiological stress and will not feed readily, suggesting
that low turbidity may limit larval feeding success in the
estuary (Baskerville-Bridges et al. 2004; Hasenbein et al.
2013, 2016). Lower abundance of Delta Smelt in clear
water than in turbid water may occur because they avoid
clear water or are eaten by predators in clear water
(Feyrer et al. 2007, 2011; Nobriga et al. 2008). In addi-
tion, capture of adult Delta Smelt at the fish extraction
facilities associated with the water diversions is weakly but
positively related to turbidity (Grimaldo et al. 2009) and
has been used in managing diversion flows. Thus, omitting
this factor may have caused us to overestimate entrain-
ment losses in recent modeled years owing to a possible
decline in turbidity.

We excluded turbidity from the IBM for several reasons.
First, continuous monitoring for turbidity in the Delta
began only in 2000, and the records of turbidity from ship-
board sampling are too sparse in space and time to permit
modeling of this highly variable property. Second, turbidity
could have played a role in modeled juvenile and adult
Delta Smelt movement, but we determined that it was not
needed. We opted to use only salinity as the movement cue
because salinity is consistently correlated with Delta Smelt
spatial distributions (Feyrer et al. 2007; Nobriga et al.
2008; Rose et al. 2013a) and varies on monthly and regio-
nal (model box) scales that were the target of our simulated
movement. Turbidity varies at spatial scales finer than that
of our spatial boxes and is also episodic (Fichot et al.
2016), which complicates the simulation of Delta Smelt
movement on seasonal and regional scales. Third, our main
purpose was to explore the effects of entrainment and food
supply; although these are likely linked to turbidity, the
quantitative nature of that link is unclear, and each of the
proposed mechanisms for turbidity effects would require a
different model formulation and would not be amenable to
testing with the model because of the lack of data. Fourth,
turbidity in the SFE has decreased over several decades
(Kimmerer 2004), so forcing a turbidity effect into the
model in the absence of a clearly supported mechanism
would produce an apparent but potentially misleading
covariation with declining Delta Smelt abundance. Our
model predicted the decline in Delta Smelt over the 1995–
2005 model period without imposing a monotonically
changing driving variable (Rose et al. 2013a).

Likewise, we lacked a basis for modeling contaminant
effects on Delta Smelt, although they are likely to be

important at some times and places. Effects of ammonium
and other contaminants on Delta Smelt have been docu-
mented in bioassays (Hasenbein et al. 2014) and
histopathologic studies (Hammock et al. 2015). However,
contaminant effects too are highly localized, and available
data were insufficient to provide a description of the
spatial and temporal pattern of these effects.

All Delta Smelt individuals in our model were created
equal; no allowance was made for variability in their life
history traits and strategies outside of stochastic variation
in movement. Like many estuarine fish species (Secor
1999), Delta Smelt may express more than one life history
strategy. A contingent of Delta Smelt remains year-round
in a freshwater region of the northern Delta despite high
temperature, low salinity, and chronic toxicity (Sommer
et al. 2011; Hammock et al. 2015). Furthermore, some
Delta Smelt will spawn in rivers west of Suisun Bay (Fig-
ure 1) during times of high freshwater runoff (Hobbs et al.
2006). To include these characteristics in the IBM would
require expanding the hydrodynamic model grid to the
west and would require a better mechanistic understanding
of the cues triggering these alternative life histories and
spawning migration patterns.

Delta Smelt feed heavily on copepods during early life
(Nobriga 2002; Feyrer et al. 2003). The taxa included
among the six groups of copepods in the model comprised
89% (median by year and month; range = 32–99%) of the
biomass of food taxa reported for larval to juvenile Delta
Smelt during April–September 2005 and 2006 (Slater and
Baxter 2014). Delta Smelt consumed small amounts of
amphipods and mysids during summer (0–9% of the mass
of gut contents during July–September; Slater and Baxter
2014) and likely consume more of these larger prey types
as they reach adulthood, particularly because calanoid
copepods are uncommon in winter (Kimmerer and Orsi
1996). Thus, the model’s representation of feeding by both
first-feeding larvae and adults should be improved as new
information on feeding and growth becomes available.

Potential Remedial Actions
Clearly, both entrainment and changes in the zooplank-

ton food base are important for the annual survival and
population growth of Delta Smelt and present challenges
for remedial and management actions. Reducing entrain-
ment mortality, although easy in the virtual world, can be
impracticable or costly in the real world. High precipita-
tion in northern California and high demand for water in
southern California necessitate the transfer of water from
north to south. Although several alternative approaches to
this practice have been suggested (Lund et al. 2007), the
remedial actions for entrainment losses with the current
system of statewide water use are limited to reducing
diversion flow, increasing freshwater flow through the
Delta, and moving the point of diversion upstream of
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Delta Smelt habitat. Although increasing freshwater out-
flow may seem like a viable management tool for reducing
entrainment of Delta Smelt, the financial cost of using
stored water to achieve meaningful increases in outflow
during dry periods is very high (Kimmerer 2002), and
water is in shortest supply during dry winters and springs
when the Delta Smelt are most vulnerable to entrainment
(Kimmerer 2008). The state of California is planning to
construct a facility to divert water from the Sacramento
River around the Delta to the south Delta diversion facili-
ties at a cost of approximately US$15 billion (http://
www.californiawaterfix.com). The Delta Smelt IBM could
be used to analyze the effectiveness of the altered diver-
sion scheme for protecting Delta Smelt if the predicted
flows and zooplankton dynamics become available on suf-
ficiently detailed temporal and spatial scales.

Two other possibilities have been suggested for
improving conditions for the Delta Smelt and other
fishes. The first is an expansion of physical habitat by
restoring former wetlands to tidal action. Although the
Delta Smelt is a pelagic fish, the apparent ability of some
Delta Smelt to remain in tidal lakes in the northern
Delta through summer (Merz et al. 2011; Sommer and
Mejia 2013) suggests that enlarging this habitat might
provide a greater choice of alternative rearing sites. This
suggestion could be modeled with the IBM by setting
movement rules to allow some fish to remain in the
northern Delta. Another suggested action is to restore
shallow tidal areas to export excess zooplankton to the
open waters of the estuary. Although conceptually this
action would address a key impediment to the recovery
of Delta Smelt, it lacks a solid scientific basis (see Chap-
ter 7 in Mount et al. 2014). Recently, the scope of this
plan has been scaled back, and it is no longer aimed
principally at Delta Smelt (http://resources.ca.gov/docs/
ecorestore/ECO_FS_Overview.pdf).

The Long-term Trend in Delta Smelt Abundance
Since the decline in abundance of four fish species of

the upper SFE during the early 2000s (Sommer et al.
2007), Delta Smelt abundance indices have continued a
general downward trend, except for brief rebounds dur-
ing high-flow years such as 2011 (IEP-MAST 2015).
Nevertheless, several indices reached record lows in
2015. The causes of those declines have remained uncer-
tain and controversial (Baxter et al. 2010; Mac Nally
et al. 2010; Thomson et al. 2010). A recent synthesis
concluded that the high abundance in 2011 likely
resulted from reduced entrainment and higher food
availability as well as lower temperature and lower
abundance of the toxic cyanobacterium Microcystis
aeruginosa (IEP-MAST 2015).

Our results support the conclusion (IEP-MAST 2015)
that reduced entrainment and elevated zooplankton

densities would contribute at ecologically meaningful
levels to the recovery of Delta Smelt. Integrating popula-
tion modeling into the data analysis and adaptive manage-
ment efforts would leverage the ongoing efforts for
comparing the likely causes of the decline and for develop-
ing ecologically based, cost-effective remedial actions.
More generally, population modeling could be used to
guide policymakers in applying current scientific knowl-
edge to their decisions.
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Appendix: Additional Model Details

This Appendix presents details of model structure that
were reported previously (Rose et al. 2013a, 2013b) but
are summarized here to enable readers to better under-
stand model features that are particularly relevant to this
paper.

Environment
The individual-based model (IBM) uses output from

the Delta Simulation Hydrodynamic Model (DSM2)
developed by the California Department of Water
Resources (http://baydeltaoffice.water.ca.gov/modeling/de
ltamodeling/models/dsm2/dsm2.cfm). This is a one-
dimensional model on a spatial grid of 517 channels and 5
reservoirs (Figure 1), which was also used as the spatial
grid for the IBM. Location within each grid channel is
specified in relation to X (along-channel), Y (across chan-
nel), and Z (height off the bottom) axes.

Input to DSM2 includes tidal height at a seaward
boundary, freshwater inflows from the rivers, diversion
flows in the south Delta, and net consumption of water
within the Delta. The hydrodynamic model simulates
water years 1995–2005. A water year begins on October 1
of the previous year and runs until September 30; thus, a
water year includes the entire wet season and subsequent
summer dry season.

The DSM2 generates hourly values of water velocity
and tidal height in each channel and reservoir, which are
used as inputs to a particle-tracking model (PTM) embed-
ded in the Delta Smelt IBM. A second grid of 11 coarser
boxes is overlaid onto the channel grid (Figure 1). We used
long-term field data to specify daily temperature, salinity,
and biomass of the six zooplankton groups (Table 1) by
box for the same years as the hydrodynamic simulations.
Temperature and salinity are mapped to each grid cell each
day in a box by using their respective monthly means for
that box, and zooplankton biomass is mapped to each cell
each day by sampling from a lognormal distribution with
parameters determined from historical field data for that
box and month (see Appendix A in Rose et al. 2013a).

Movement
Daily movement of all individual Delta Smelt is com-

puted as the product of the time step and their velocities
in the X direction. If an individual moves past the end of
a channel, it enters a node where it either continues into a
new channel or enters a reservoir. The new channel or
reservoir is randomly selected from all those connected to
the node.

Yolk-sac larvae, larvae, and postlarvae are moved on
the grid hourly by using a PTM to determine the X com-
ponent of velocity (see Appendix B in Rose et al. 2013a).
The PTM is a re-coded version of the PTM used in

previous studies (Kimmerer and Nobriga 2008). The PTM
includes a simple representation of lateral position (Y) and
distance from the bottom (Z) to allow for effects of lateral
and vertical shears in velocity. The Y and Z locations are
computed from random shocks to locations at the begin-
ning of each time step.

Movement of juveniles and adults is behavioral, and
their positions in the X direction only are updated every
12 h. We used a kinesis approach (Humston et al. 2004)
with salinity as the cue. Kinesis represents the distance
moved by each individual as the sum of an inertial com-
ponent (velocity in the last time step) and a random
component, with the inertial component dominating
when conditions (salinity) are good and the random com-
ponent dominating when conditions are poor. Kinesis is
used for both short-term (every 12 h) movement and for
the spawning migration to freshwater and the subsequent
seaward migration of juveniles. The default movement
pattern is used between May 1 and December 15 and
has an optimal salinity of 2 with no bias in direction
(probability of up-estuary movement is 0.5). This pattern
results in a distribution in salinity space that is reason-
ably close to that based on catches in the estuary (Rose
et al. 2013a). From December 16 to April 30, optimal
salinity is set to 0 for adults, and an up-estuary bias in
the direction of movement (probability of up-estuary
movement is 0.85) is imposed until individuals reach
freshwater. On May 1, the optimal salinity is set back to
2, and a bias to move seaward is imposed (probability of
up-estuary movement is 0.15) until super-individuals
reach their optimal salinity, when the movement bias is
removed.

Biological Processes
Reproduction.— Each female super-individual longer

than 60 mm at the start of the spawning season (first day
in which temperature exceeds 12°C anywhere on the grid)
is allowed to spawn up to twice in that year (Bennett
2005; Lindberg et al. 2013). Reproduction is evaluated
daily. A temperature of spawning, uniformly distributed
between 12°C and 20°C, is assigned to each super-
individual. Once that temperature is exceeded, the spaw-
ner releases eggs at the beginning of the next 14-d tidal
cycle. Fecundity is an exponential function of length.
After spawning the first time, individuals may spawn a
second time if (1) they have accumulated enough weight,
(2) at least 14 d have passed, and (3) temperature is less
than 20°C.

Each female cohort of eggs develops by a fraction of
full development that depends on temperature in the box
where they are spawned. Each day, the eggs that have
reached full development become newly hatched yolk-sac
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larvae, and the number of these is summed for each day
in each box. At this point, super-individuals are created
from these newly hatched larvae. Each yolk-sac larva
super-individual develops at a rate determined by tempera-
ture at its location. Once yolk-sac larvae develop into lar-
vae, they are assigned an initial length of 3 mm and
continue to move passively but begin to feed exogenously.

Bioenergetics for growth.— The daily growth of each
super-individual (larva through adult) is determined by a
version of the Wisconsin Bioenergetics Model (Hanson
et al. 1997) originally developed for Rainbow Smelt
Osmerus mordax (Lantry and Stewart 1993) and modified
with parameters suitable for Delta Smelt. Each day,
weight is updated based on consumption, respiration,
egestion, excretion, specific dynamic action (SDA),
and—if eggs are released—losses due to reproduction as a
percentage of body weight. Maximum consumption and
respiration are power functions of weight, modified by a
temperature-effect function; egestion is a constant fraction
of consumption; and excretion and SDA are fractions of
consumption minus egestion (Hanson et al. 1997). Con-
sumption is determined each day from a functional
response based on the maximum consumption rate and
the biomass densities of the six zooplankton groups in the
grid cell. The new weight at the end of each day is con-
verted to length by using a length–weight relationship.
Length is not allowed to decrease; length is increased only
once the individual’s weight reaches its expected value
based on its length (allowing for skinny fish).

Mortality.—Daily mortality includes stage-specific
rates, starvation, entrainment at the two water diversion
facilities (Figure 1), and old age. Stage-specific daily rates
are temperature dependent for eggs (average about 0.055
per day) and constant at 0.035 per day for yolk-sac larvae
(calibrated), 0.05 per day for larvae, 0.03 per day for post-
larvae, 0.015 per day for juveniles, and 0.006 per day for

adults. Super-individuals are eliminated from the popula-
tion through starvation if their weight falls below one-half
the weight expected from their length. Entrainment
mortality occurs when passive movement (larvae) or
behavioral movement (juveniles and adults) places a
super-individual in a grid cell corresponding to the water
diversion facilities, at which point that entire super-indivi-
dual is eliminated. An additional penalty is added to the
daily mortality of juvenile and adult super-individuals in
the South Delta box on days when net flow is negative
(southward) in the Middle River (Figure 1). During cali-
bration, this mortality factor was adjusted until the
annual fraction of adults entrained—including those that
arrived at the diversion facilities and those subject to this
penalty—averaged about 10% over 1995–2005 (see figure
7A in Rose et al. 2013a). Total daily mortality is used to
reduce the worths of the super-individuals each day. All
super-individuals are removed from the model on January
1 of their third year.

Annual Population Growth
The IBM output is used to estimate a Leslie age-based

matrix model for each year to summarize the highly
detailed IBM results into a single variable: the annual
finite population growth rate (λ). The value of λ encapsu-
lates the detailed (daily and spatial) dynamics of the
IBM, allowing for easy comparison among years and
among scenarios. A 2 × 2 matrix model is estimated each
year by computing the average maturity, fecundity, and
age-specific survival rates; eigenvalue analysis is then used
to determine λ (see Appendix D in Rose et al. 2013a).
The λ value represents conditions from January 1 to
December 31 of each calendar year. Model predictions of
λ are determined only for 1995–2004 because hydrody-
namic model output is missing for October–December
2005.
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