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Physical, Biological, and Management Responses to Variable

Freshwater Flow into the San Francisco Estuary
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ABSTRACT: Freshwater flow is the principal cause of physical variability in esiuaries and a focus of conflict in estuaries
where a substantis] fraction of the freshwater is diverted. Variation in freshwater flow can have many effects: inundation
of food plains, increase loading and advective transport of wmalerials and organisms, dilution or mobilization of contam-
inants, compression of the esinarine safinity ield and density gradient, increase in stratification, and decrease in residence
time for water while increasing it for some particles and biota, In the San Frandsco Estuary, freshwater flow is highly
variable, and has heen aliered by shifis in seasonal patterns of river flow and inareases in diversions {rom tidal and non-
tida! regions, entraining lish ol several species of concern. Abumdance or survival of several estuarine-dependent species
also increases with ireshwater outflow. These relationships to flow may be due to several potential mechanisms, each
with its own lacus and period of effecliveness, but no mechanism has been conclusively shown to underlie the flow
relationship of any species. Several flow-hased management actions were established in the mid-1990s, including a salinity
standard based on these flow efleets, as well as reductions in diversion pumping during critical periods for listed species
of fish. The efTectiveness of these actions has not been esiablished. To make the salinity standard more effective and
move applicable (o future estuarine conditions will require investigation to determine the underlying mechanisms. Effects
of entrainment at diversion facilities are more sraightforward conceptually but difficult 1o quantify, and resolving these

may reqguire experimental manipulations ol diversion flow.

Introduction

Freshwater flow defines an estuary. Variability in
freshwater flow is the predominant source of sea-
sonal and interannual variability in estuaries
{Skreslet 1986), and freshwater flow influences the
physics, geology, chemistry, and biology of estuar-
ies through a variety of pathways (Skreslet 1986;
Skiar and Browder 1998}, Human uses of an es-
tuary are therefore profoundly influenced by the
quantty of freshwater entering the estuary and its
variability. Many estuaries are subject to the diver-
sion of water for agriculowre and other uses, re-
sulting in degradation due to alteration in the
amournt or tirming of flow (e.g., Herbold et al.
1992; Dynesius and Nilsson 19%4; Mclver et ak
1994). Diversions have led to severe depletion or
even cessation of flow with severe consequences for
some estuaries (e.g.,, Alcem 1972; Micklin 1988;
Whitfield and Wooldridge 1994).

The inherent conllict between human demand
for freshwater and for other ecosystem services of
an estuary results inn a reguirement Lo manage
freshwater flow to protect these services. In some
cases this management has been framed by per-
ceived needs of estuaries for freshwater flow {e.g.,
Longley 1994}, but estuarine responses to fresh-
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water flow may not provide clear guidance to those
needs (Kimmerer and Schubel 1994; Jassby et al.
1995}, The concept of the need of an estuary for
freshwater flow cannot be separated from the nu-
merous demands that humans place on estuaries,
Practical management of inflow to an cstuary must
address a variety of goals, each of which may imply
different strategies for setting the timing and quan-
tity of inflow or diversion [low.

It is tmely to examine the management impli-
cations of estuarine responses to Ifreshwater flow.
The projected course ol climate change may result
in lower precipitation in some watersheds and
higher in others, but at the very least seasonal
changes are expected (Dettinger and Cayan 1995),
In seasonally dry climates such as that of central .
California, this may take the form of lower avail-
ability of Preshwater during the dry scason. This
pattern is likely Lo interact with increasing demand
due to growing human populations (VOrdsmarty et
al. 2000). It 15 essential to understand the physical,
biological, and management context into which
long-term trends in flow are projected.

In this paper T present a case study of the San
Francisco Estiary to iHusirate some key influences
of freshwater {low, identify some polential mecha-
nisms for [low effects on biota, and discuss how
alternative assumptions about these mechanisms
can and should infinence management actions tak-
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Fig. 1. Map of the San Francisco Esmary showing key fea-
tures discussed in the texi. Heavy shading indicates depths
greater than 10 m. Numbers indicate nver kilometer {chistance
from the mouth of the esiuary) for identibeation of locations
in the ext.

en for environmental protection. This paper fo-
cuses on the river-dominated northern part of San
Francisco Estuary (Walters et al. 1985), including
the Sacramento-San Joaquin Delta and several shal-
low embavments (Fig. 1), prhmarily in spring to
summer when larval and carly juvenile stages of
many nekton species are present. I use available
data from several monitoring programs to dem-
onstrate the physical, chemical, and biological con-
sequences of flow, and o explore several mecha-
nisms by which biological populations may be af-
fected by tlow, then discuss briefly the manage-
ment actions that wuse flow to achieve
environmental goals.

The San Francisco Estuary is well established in
the literature showing severe effects of {reshwater
diversions (e, Stevens ct al. 1985; Nichols et al.
1986). Because of variation in precipitation in the
watcrshed, outflow had no trend over the period
from 1921-1986 (Fox et al. 199(). Construction
and operation of reservoirs has altered the hydro-
graph more through a change in seasonal pattern
than through a change in total flow; thus, in con-
trast to lreshwater-starved estuaries such as the Nile
{Aleem 1972) or the Sea of Azov {Micklin 1988),
management of the San Francisco Estuary must be
based on more subte effects of flow.

Study Site and Methods )

Several volumes on the geography, hydrology,
envirommental conditions, and general hiology of
the San Francisco Eswary provide valuable back-
ground information (e.g., Conomeos 1979; Cloern

and Nichols 1985; Nichols et al. 1986; Hollibaugh
1996), Extensive human modifications to the es-
tuary have included diking and isolation of about
ar )% ol the estuary’s welands, establishiment of nu-
merous exolic species; reduction or elimination of
many stocks of fish and invertebrates, alteration ol
bathymetry and inwroduction of contaminated sed-
iment through hydraulic mining in the watershed,
disposal and accumuiation of agrnculturat and ur
han waste mcluding nmnerous toxic substances, re-
duction in sediment supply due to damming ol all
of the major rivers in the watershed, and ahemmm
of the seasonal pattern and quantity of freshwater
flowing into the estuary (Nichols et al, T986).

The San Francisco Estuary (Fig. 1) veceives near-
ly ali of ils freshwater from the Sacramento-5an
Joacuin River w%cm, which drains approximately
100,000 km® (40% of the area of California). Water
enters the estuary through the Sacramento-San
Joaquin Deltg, a complex network of tidal channels
and islands, former marshes that were diked and
drained for conversion to Farms during and alter
the Gold Rush of the mid-19th century. Freshwater
flow into the estuary has been altered by extensive
development of dams, diversions, and canals up-
stream on the major rivers and tributarics, partic-
niarly the large dams and diversions of the federal
Central Valley Project (CVP) and State Water Pro-
ject (SWP). Most of the precipitation falls o the
narth of the Delta during winterspring, and most
of the demand is to the south during summer. Dhar-
mg the summerdall dry season the river-Delta sys-
termn is essentially a conveyance system for moving
water from reservoirs in the north te farms and
cities in the San Joaquin valley or scutherr Cali-
lornia and other areas outside the watershed. Wa-
ter is exported from the Delta by large diversion
pumps of the CVP and SWP, and the smailer Con-
tra Costa Water District facility. Managers rclease
water from reservoirs both to supply water for ex-
porl from the Delta and to keep the Delta [resh by
opposing tidal encroachment ol salt watex.

In addition to the water export facilities, over
2,200 pumps and siphons throughout the Deita
take water for brrigation (Herren and Kawasaki
2001). Some of this water is lost through evapo-
transpiration, and some agricultural drainage is
pumped back into the Delta channels. On an an-
nual average basis, about 2 kin® is estimated to [low
through these diversions, compared with about 4.5
km?® through the major export facilities and 26 km?
to the lower estuary as outflow (unpublished data
from California Department of Water Resources,
DWR, lor 1956-2001).

The Sacramento-San Joaquin Delta (Fig. 1}, the
keystone of water management in California, is
home Lo several species of fish that have been ina



state of decline in recent decades (Hevbold et al.

1992; Moyle 2002). Concern over the eflects of

freshwaler civersions on these fish species, paruc-
ularly five that are listeel as threatened or endan-
gered, has resulted in curtailed freshwater exports.
with resuiting conflict between resource advocales
and waler users. Dissatisfaction with an adversarial
approach 10 resowrce management (Kimmerer
and Schubel 1994), as well as concerns over con-
flicting goals for the estrary and watershed., led 160
formauon in 1995 of the CALFED (California-Fed-
eral} Buay-Delta program  (htip://Sealfed waterca,
gav), an ambitious joint state and federal effort o
restore ecosystems, inprove water quality and rve-
liability of suppl\, and reduce nisks ol'levee failures.

Data and analytical methods for analyzing re-
sponses of biota to flow were described by Jassby
et al. (1995) and Kimmerer {2002} and are sum-
marized here and in figure captions. Data on fresh-
water flow were obtained from DWR  (hup://
www.icp.water.ca.gov/dayflow/}. Data on water
quality and biological abundanee for time periods
of 20-31 vears were obtained from the Interagency
Fcological Program for the San Franciseo Estuary
{hup:/ /www.iep.water.cagov). Biological variables
inctuded abundance indices for a variety of fish
and bay shrimp (Turner and Chadwick 1972; Ar-
mor and Herrgesell 1985; Kimmerer et al. 2000},
and estimates averaged over months or seasons for
zooplankion abundance (Orsi and Mecurn 1986)
and chlorophyll concentration (Lehman 2000).
Chlorophyll data were also obtained from the U5,
Geological Survey (USGS; Cloern ct al. 1985; hitp:
/ /sTbavwriusgs.gov/access/quality.html). Nutrient
data were fromm DWR (Lehman 2000). Abundance
of young striped bass and Pacific herring are influ-
enced by egg production, so indices of carly sur-
vival were calculated as the ratio of young abun-
dance to estimates of egg production (Kimmerer
et al. 2000; Kimmerer 2002). Sediment concentra-
tion and [lux data are from the USGS (Schemel et
al. 1996). Analyses consisted mainly of least-squares
regressions or analyses ol covariance, with robust
procedures used in a few cases where outliers were
apparent (Venables and Ripley 1997). In all anal-
vses, diagnostic plots were used to ensure that as-
sumptions of the methods were met.

DWR prowdes several estimated flow variables
useful in examining the patterns ol freshwater flow
in the estuary. These variables inchade daily or
monthly average flows in the Delta for water years
1956-2000: freshwater inflow, the sum ol all the
river flows into the Delta; export flow, the 1otal of
diversion flows by the major export facilities; and
calculated net Delta outflow, the difference be-
tween inllow and export flows less net consump-
ton in the Deita. Outflow measured using ulua-
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sonic velocity meters al four stations in 19961998
was close 1o the calculated value at high freshwater
flow, but diverged substantially at fow {low because
of spring-neap tdal and meteorological effects on
waler level {(Olumtann 1998). An additional calcu-
lateed quancty is monthly unimpaired flow for
1908-19494, which is inflow that would exist 1f the
reservoirs retained no water, but all other uses of
water i the watershed were unchanged (DWR
1994). Pre<development nataral flow may have
been lower than unimpaired flow i the dry season
because of higher evapotranspivation in the water-
shed hefore extensive development (Fox et al
1990). On an annual (water vear) basts unimpaired
flow, inflow, and outflow have no tme trend over
their respective periods of record.

An additional flow-related variable used exten-
sivelv in the San Francisce Estuary is X,, the dis-
tance up the axis of the estuary o where the daily
average near-hottom salinity is 2 psu. This variable
is used as a measure of the physical response of
the estuary to freshwater flow, partly because of the
difficultics of estimating outflow at low values ( Jass-
by et al. 1995). X, has a lagged lincar relationship
to the Jog of freshwater outflow with a time con-
stant of about 2 weeks. It was determined by inter-
polation among a set of continuous salinity moni-
toring stations {or 1968 o 1992, and by time-series
regression on the log of net Delta outflow for other
years (Jassby et al. 1995). For most of the years in
this analysis, under low-flow conditions X, gives a
more accurate measuwre of flow conditions in the
estuary west of the Delta than does Delta cutflow.

Results and Discussion
Frow PATTERNS IN THE SAN FRANCISCO ESTUARY

California’s Mediterranean climate controls sea-
sonal patierns of freshwaler How into the estuary.
Nearly all of the precipitation falls during the win-
terspring wet season, resulting in a > 10fold sea-
sona! range of dailv [reshwater flow into the estu-
ary (Fig. 2). Annual flow is generally defined in
terms of water year, which begins on October 1, so
that the high-flow period is nearly always contained
within a single year. Interannual variability in flow
results from variability int regional climate, and an-
nual runoff can also range over 10-fold (Fig. 2).

The Sacramento River provided 85% (median;
range 69-95%) and the San Jeagquin River 11% (4-
23%) of anmmal total {low into the Delta during
1956-2000. Total annual export volume [rom the
two major antd one minor water export facilities
increased up to the mid-1970s, after which annual
export volume remaincd roughly steady, with a me-
dian of about 5.7 km? or 29% of inllow since 1974
{Fig. 3). Export flow rale from the south Delta usu-
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Fig. 2. llaily average lveshwater [low entering the Sacramen-
wrSan joanuin Delia (Tnflow) caleulated as ihe sum ol gaged
and estimated ungaged {lows of rivers entering the Delia, A)
three wettest vears in the record (1936-2000) plus 1997, the
year of the highest daily flow; B) three driest years on record
on the same scale as A (right scale). Watcr vears begin on Oc-
taber 1, near the end of the dry season.

ally excecds flow in the San Joaquin River, with the
resubt that the Sacramento River must provide the
balance. This requires a net flow either southward
or castward through the Delta toward the export
pumps. which is faciitated by the Delta Cross
Channel (Fig. 1), a short, artificial canal with a pair
of gates that can be opened to allow water to flow
from the Sacramento River into the central Delta.

These gates must often be open during dry periods .

to minimize saltwater intrusion inte the southern
Delta, but arce closed during periods when juvenile
salmonids are migrarng down the Sacramento Riv-
er, particularly in winter and spring.

The ratio of calculated inflow to estimated un-
impatred How for 1956-1994 shows that capture of
runofi in rescrvoirs in the major rivers resulis in
net storage and diversion of [reshwaler in spring
and net release in late summer to early [all (Fig.
4a). Long-term trends in this ratio show an increas-
ing trend toward more storage carly in spring and
more reicase in summer (Fig. 4b), presumably due
1o increasing demand and upstream storage capac-
ity (Fig. 2 in Arthur et al. 1996). During wet win-
ters, much of the inflow Lo rescrvoirs is essentially
passed through the reservoirs to maintain capacity
for flood conuol. :

EFFECTS OF FRESHWATER FLOW

The effects of freshwater inflow on the physical,
chemical, and biological conditions in an estuary
are numerous and complex (Skreslet 1986; Drink-
water and Frank 1994}, A simplified concepiual
moacel shows some of the prominent effects of
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Fig. 3. Historical record of monthly export flow from major
diversion [acilities in the southern Sacramento-San foaquin Del-
. The heaw line gives the mean annual proportion af low
into the el that is diverted Gight axis).

freshwater flow, using an increase in flow as an ex-
ample (Fig. ). In the discussion here, flow gen-
erally refers to mflow for events occurring in the
Delta and Delta outflow for the remainder of the
estuary; they are closcly correlated. Numbers be-
low refer to specific quantities in Fig. 5 which are
ordered according to mechanisms discussed in Ta-
ble 1.

Starung from the right side of the diagram,
freshwater flow covaries with river stage and veloc-
ity. When river stage increases above a threshold,
floodplains such as the Yolo Bypass are mmundated
(Figs. 1, 5, and Ga, #10). The proportion of inflow
that is exported decreuses as inflow increases (Fig.
6b, #9}, so Delta outllow begins o approach inflow
closely (Fig. 6¢). The correlation between raw in-
flow and outflow values in Tig. 6c is 0.99, mainly
because of the influence ol flow values above 1,000
m? 571, but alse becaunse inflow is adjusted to ac-
commodate changes inn export flow. An increase in
river stage enhances the tidallv-averaged water lev-
el gradient through the estuary, forcing a larger
seaward residual or net flow at all points in the
estuary, and compressing the salinity gradient (Fig.
6c}. Residence time of water (Walters et al. 1985)
and of conservative scalars decreases throughout
the estuary as flow increases.

Inereased inflow implies an increase in [Jux into
the estuary of any scalar whose concentration de-
creases more stowly than 1/{low as flow incrcases
(#1, 3, 6, 7. 8). In most estuaries, loadings of sed-
iment, organic matter, and nuirienis increase with
mereasing flow (e.g., Day et al. 1494}, In the San
Francisco Estuary, many material fluxes increase
with increasing flow, including sediment (Fig. 7a},
nutrients {nitrate plus niwite in Fig. 7b, also phos-
phate and dissolved silica), chlorophyll (Fig. 7¢),
{olal organic carbon (Krone 1979; Schemel et al.
1996}, and abundance of various zooplankton taxa
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including rotifers {Fig. 7d) and cladocerans (not
shown}. The increasing sediment load causes an
increase in turbidity which can be seen throughout
the estuary under high-flow conditions and can re-
sult in a low-density plume that 15 often clearly vis-
ible in the nearby coastal ocean (Largier 1996},
The landward density gradient opposes the sea-
ward mean pressure gradieni to determine the
landward extent of the salt field, indexed in the
San Francisco Estuary by X,, (Jassby et al. 1995).
Vertical mixing, and therefore water depth and tid-
al velocitics, are important in determining how
readily the salt ficld moves (Festa and Hansen
1978, Geyer 1993; Monismith et al. 2002). The sea-
ward limit of the salt field cannot move much be-
yond the mouth of the estuary hecause the sharp
increase in cross-sectional area outside the mouth
allows for a compensating increase in landward salt
flux. The landward limit of the salt field varies as
Q4 where Q is daily estimated net Delta outilow
{Monismith et al. 2002}, Apparently seaward com-
pression ol the salt field moves the steepening den-
sity gradient over areas of increasing depth, allow-
ing For more [requent stratiflication which enhanc-
es the landward salt {lux through gravitational cir-
culation. The incidence of stratification and
gravitational circulation, or other asymmetrical re-
sidual circulation, should increase with-increasing
flow party because of compression of the density
gradient and partly because of changes in depth
of channels (Monismith et al. 1696, 2002, #2, 11).
This theoretically-based covariation has not yet
been confirmed by measurements. If it occurs, il
provides a mechanisin by which organisms or par-
ticles that remain near the bottom may be retained
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Fig. . Schematic diagram illustrating how flukes into the
estuary and physical atiributes of the estuary change with in-
creasing freshwater llow. Open arrow indicates direction of wa-
ter flow, and fillcd arrews and plus and minus signs indicawe
direciion of change with increasing flow. Numbers correspond
to mechanisms lisied in Table T amd discussed in the text. Inset
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density gradients by imcreased freshwater How can resull in in-
creased stratificaten and asymumeltsic residual cuwrrenss.

more effectively, or move further or more rapidly
into the estuary, at high flow than low.

In addition to changes in stratification and cir-
culation patterns, a variety of changes in physicaj
habitat accompany a scaward shift of the salt field.
The area and volume of adal and non-tidal fresh-
water habitat increases, particularly when Hoed-
plains are inundated (#10). The wolal area and vol-
ume of brackish to saline habitat must therefore
decrease, but the area encompassed by two partic-
ular jsohalines may increase or decrease because
of the variable shape of the estuary. However, the
mean distance between two isohalines, measured
along the axis of the estuary, scales with X, (Mon-
ismith et al. 1996).

BioTic REsSrONSES TO FLow CONDITIONS

Estuarine biola may respond directly or indi-
rectly to the diversion of water from the Delta, or
to freshwater outliow. The diversion of a substan-
tial amount of water from the tdal freshwater
reach appears to be a peculiar feature ol the San
Francisco Estuary. During low-flow periods as
much as 7% of the freshwater entering the esiu-
arv is subsequenily exported (Fig. 6b), and al-
though the daily export flow is only about 2-3%
of the volume ol the Delta, its cumulative effect
could be subsiantial. The principal concern over
ecological effects of the water diversion facilities is
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TABLE 1. Summary of likely mechanisms for effecrs of flow on estuarine biota, Mechanisms are identified by type (i.e., whether
hottom-up, divect, or indirect through other foocdweb effects), and index to numbers in Fig. 5. Some mechanisms are braken into
parts with references in the right-hand colunm indicating support for each part. References in hold are from the San Francisco
Estuary, including Agures in this paper. References in italics either refice or Mail o suppert the mechanisin indscated.

Type aud
inclex

NMuechianism

References

Boteenm-up

1

Bottom-up
2

Bottom-up
3

Bottorm-up
4

Direct
5
Indircct
[

Direct or
Indirect

-

¢

Direct

Direct
9

Indirect
10

Direct
11

Nurrien! loading increases with fiow,

Stimudating primary proe wion,

Which is passed up the foodl web.
Stratification increases with [reshwater flow due 1o
compression of the salinity pradient,
Sdmulating primary produciion,

Which is passed ap the food web.
Loading of organic martter increases with flow,

Sumulating bacterial production,
Which is passecl ap the {ood web.
Osmotic siress shifts henthic community from saletolerant to
freshwater when flow iy high,
Resulting in suppression of predators or grazers.
Iigh flow provides clearer cucs 1o guide migration,

Loading of sediment increases with increasing Hlow
increasing wrbidity, reducing rales of capture hy visual
prodators, mcreasing survival of larvae and juveniles.

Freshwater flow dilutes conlaminants resulting in higher
survival with high flow cither directly or through food
wel, Avallable evidence suggests loading ol contaminants
increases with increasing rainfall and freshwater How.

Fhigh flow wansports biota more rapidiv Lo rearing arcas,
c.g.. low-salinity xone,

Where daily growth rate is higher or mortality is lower than
clsewhere

Influence of export pumping decreases as the fraction of
freshwater pumped decreases, or as babitat moves seawared
away from pumps.

Physical area of, or access to, suitable spawning or rearing
Babitat increases with inereasing flow or seawarg X,

Asymmewric residual (e, gravitatdonal) circuladon increases
with flow,

And interacts with vertical posiden to reduce scaward
losses or increase landward movement e rearing areas.

Kalev 1957; Nixon et al. 1986; Fig. 6

Bull and Arthio 1979; Cole and Cloern 1984, 1987;
Nixon et al. 1986; Malane et al. T988; Boynton et
al. 1982: Mallin et al. 1993; Rudnick et al. 1994,
Fig. 8

Aleemn 1G7Y; Mg, 8

Gever 199%; Montsmith et al. 1996, 2002

McCulloch et al. 1970; Cloern and Jassby 1994; Lu-
cas et al. 1998

Fig. &

Smith and Hellibaugh 1993; Day et al. 1994; Ho-
warth et al. 1996; Schemel el al. 1996; Kemnp et
al. 1447, Jasshy and Cloern 2000

Hollibaugh and Wong 1996

Fig. & .

Kaartvedt and Aksnes 19492, [ajwize and Dodson 1993

Nichols 1985; Aljpne and Cloern 1992, Witber 1992;
Livingston et al. 2000

None

Krone 1979; Schemel el al. 1996

Breitburg 1838; Monteleone and Houde 1992;
Gregory and Levings 19498

Luoma awd Cain 1979; Kutwila and Foe 1995; Berga-
maschi el al. 2001

Turner and Chadwick 1972

Daodson et al. 1989; Moon and Dunstan 1990; Fre-
netie et al. 1995; Schoelfhamer 1996, 200F; Wain-
wright et al. 1996; Kivonerer el al. 19798; Sireis and
Diodlson 2000

Turner and Chadwick 1972; Stevens et al. 1985;
Kinumerer et al. 2001

Gammelsrgd 1992; Sommer et al. 1997; Skiar and
Browder 1998; Kivmmnerer el al. 2001; Fig. 10

Postrna and Kalle 1955; Schoellhamer 2061; Moni-
smith &1 al. 2002

Cronin and Forward 1979; Harden Jones et al.
1979; Christy and Morgan 1998; Kimmerer et al,
1998, 2002; Bennett el al, 2002

the entrainment of fish and other aquatlic organ-
isms into thesc facilities (Arthur et al. 1996; Bran-
des and MclLain 2001), although there is also a
beliel that the net flow rates due te water exports
alter the hydrodynamics ol the Delta in as yet un-
defined ways (Brandes and McLain 2001). Screen-
ing facilities allow For many fish longer than ~38
mm Lo be salvaged and returned to the estuary, but
censiderable mortality of these fish is believed 1o
occur, and smaller fish are not screened effectively
{Brown et al. 1996).

Despite concern about the effects of these di-
version facilities, and the likelihood that a substan-

tial fraction of sowmne fish populations may be en-
trained there (Stevens et al. 1985), lew studies have
attempted to document population-level effects.
Although striped bass are entrained in large num-
bers during larval und juvenile stages, the eflect of
this enuainment on recruitment to the adull pop-
ulalion appears 1o be negligible (Kimmerer et al.
2001}, Mark-recaplure experiments with salmon
smolts released in the Sacramento River revealed
liwle effect of export pumping rates (Rice and
Newman 19%7). Export of water from the Dclta
appears to remove a substantial fraction of phyio-
plankion biomass daily, but this effect appears o
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be overwhelmed by interannual variability possibly
due to benthic grazing (Jassby ct al. 2002).

The smaller agricultural diversions are largely
unscreened, but their cumulative impact on fishes
of concern is unknown. Relatively few individuals
of species of concern were collected in the only
experimental studies of unscreened diversions to
date (Cook and Buffaloe 1998; Nobriga and Matica
2000).

Several estuarine-dependent nekton populations
in the San Francisco Estuary responded positively
to interannual variability in freshwater owillow
{ Jasshy et al. 19956; Kimmerer 2002, Fig. 8). Nota-
hle exceptions to this pattern were delta smelt, a
threatened fish, and most organisms in lower tro-

phic levels (Fig. 8}, Relalionships of abundance of

copepods and mysids 1o flow changed after 1987,
when the clam Polamocorbula amurensis becamne
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chloraphyll. and rouifer data were for a staden at Hood on the
Sacramento River (river kilometer 1393, while sediment dawa
were either from Sacramento (Fig. 1, rver kilometer 166) or
Freeport (river kilometer 153).

abundant. This clam apparently had a substantial
grazing impact on phytoplankton and reduced
zooplankton abundance through both predation
and competition (Alpine and Cloern 1992; Kim-
merer ¢t al. 1994; Kimmerer and Orsi 1996; Orsi
and Mecum 1996),

A few fish species not shown in Fig. 8 have ap-
parent positive responses to [low but the data are
not suitable for the same model. White sturgeon
have strong vear-classes Tollowing years of excep-
tionally high flow (Kohlhorst et al. 19913, The
number of adult salmon retuning to the San Joa-
guin hasin to spawn is strongly related to flow con-
ditions when the salmon lefl the estnary (Speed
1993), and abundance of juvenile salmon migrat-
ing out of the Delta increases with increasing flow
(Brandes and McLain 2001), but these eifects
probably occur i the rivers rather than the estu-
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‘Tig. 8. Results of analyses of covariance or regressions of
abundance or survival indices or estimatcs versus X, {Kimmerer
2002). Symbals indicate siopes and 95% confidence intervals,
negative slopes indicate taxa whose abundance or survival js
higher under high-flow than Tow-flow conditions. The upper 8
Laxa are species of fish and bay shrimp, whose life histories en-
compass a variety of habitats; the bouam 6 are wxa from lower
rophic levels in the lw-salinity zone, including the rotiter Syn-
choeta bicurnds, the copepod Earyiemora affinds, and the mysid Nee-
nysis mercedis pius chlorophyll. Circles indicale variables for
which slapes did not change in 1987-1988. Triangles indicate
slopes that changed between the carlier (flled) and later (open
symbals) period. The exveption is Delta smelt, for which the
breakpoint was 1981-1982. Data lor striped bass and Pacific her-
ring are eggjuvenile survival, and the remainder are abundance
indices or estimates.

ary. High freshwater flow is associated with higher
abundance of chinook salmon fry rearing in the
Delta (Kjelson and Raguel 1981; Brandes and
Mclain 2001), but the contribution of these fish
to the adult population, in relation Lo those that
remain 1o rear in rivers, is unknown. Net [low con-
ditions in the estuary have at most a small elfect
on survival of salmon smolts migrating seaward
throuvgh the estuary (Rice and Newman 1997).
Classes of mechanisms that may contribute to
the [fow relationships in Fig. 8 are summarized in
Table 1 with reference to numbers in Fig. 5. With
the paossible exception of entrainment into diver-
sions, these mechanisms probably operate in other
estuaries (Drinkwater and Frank 1994). Since the
evidence that any of these mechanisms operate in
the San Francisco Esiuary is strong for only a few
taxa, only a few examples wmre discussed here, for

the purpose of illusrating some management im-

plications.

The first 3 mechanisms in Table 1 presume bat-
tom-up eflects by which flow stimulates producion
of phytoplankion or bacteria, and this stimulation
propagates through the food web. These mecha-

nisms appear to be important in many estuaries
(e.g., Riley 1937 Malone ev al. 19488; Mallin el al.
1963: Rudnick et al. 1999). Phyvtoplankion biomass
was related to nutrient loading in a comparison
among estuaries (Boynton et al. 1982), Bouom-up
effects of flow on estuarine food webs, by which
production in higher trophic levels was stinulated
by flow through phytoplankion production, have
been inferved for several estuarics (c.g., Aleem
1972; Nixon el al. 1986), These mechanisms, par-
teularly #1, may not be very importnt in the San
Francisco Estoary. First, available evidence does
not support flow responses of lower wophic levels
(Figs. 8§ and b)), Stimulation of either phytoplank-
ton or bacterial production, or simply loading of
organic matler to the brackish estuary, can be
passed to higher trophic levels only through an in-
crease in inlermediate steps such as rotifers, co-
pepods, and mysids, which was not observed. Phy-
toplankton production is generally light limited in
the northern San Francisco Estuary {Cole and
Cloern 1984; Cloern 1987), and nutrient concen-
trations are at limitng levels only during strong
blooms (Bail and Arthur 1979}, meaning that in-
creases in nutrient loading arce unlikely to produce
biooms. Turbidity in an estuary generally increases
with increasing flow (Uncles et al. 1992) due to
increased sediment loading (Schemel et al. 1996;
Fig. 7a), reducing light penetration and primary
producton {(Cole and Cloern 1984; Cloern 1987).
In freshwater to brackish regions of the San Fran-
cisco Estuary, high flow 1s associated with low phy-
toplankton biomass, apparently because of reduc-
tions in residence time {Jassby and Cloern 2000).

According to mechanism 10, abundance increas-
es because of an increase in phyvsical habitat with
increasing flow, Physical habitat is a useful concept
for terrestrial or benthic organisms bu: mecha-
nisms for space Hmitation arc less clear [or plank-
ton or nekton. Habitat for some species could be
delined by the overlap of [avorable water quality
characteristics such as salinity and temperature, [a-
vorable dynamic characterisucs such as flow veloc-
ity, and favorable bathymetric regimes (Sklar and
Browder 1998). If that is true the amount of suit-
able habitat having some suite ol characteristics,
and thercfore abundance of a species that re-
sponds to those characteristics, may covary with
[Tow,

In the San Francisco Estuary the area ol Iresh-
water habitat clearly increases with flow, particular-
Iy when floodplains are inundated (Fig. ta). The
resulting increase in habitat may benefit species
that use fioodplains when available. The area of
spawning and rearing habiiat for Sacramento split-
tail inereases sharply as {loodplains are inundated
(Sommer et al. 1997). The tolal area and volume
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of habitat seaward of 2 psu must decrease as flow
increases, but the arca or volume of habitat in a
sclected salinity range could either increase or de-
crease. For example, the areq of low-salinity habitat
could increase when X, moves [rom the Delta into
the broad shoals of Suisun Bay (Fig. 1). Available
data from shoals are insufficient to delineate the
distribution of saiimity and other propertics.
Distributions of voung striped bass, which inhab-
it the low-salinity zone, are actually broader when
X, is landward than when it is seaward, suggesting
that the extent of habitat lor this species does not
increase with increasing f{low (Kimmerer et al
2001). Juvenile longfin smelt also inhabit most of
the estuary seaward of about 2 psu salinity. Al-
though they are found in the coastal occan (Em-
mett etal. 1991), the abundance per tow ol longfin
smelt drops oll at salinity above 30 psu (data from
California Department of Fish and Game). Themnr
in-bay habitat must be compressed as freshwater
flow increases, and this compression can be seen
mn their distribution. The distance hetween 10th
and 90th percentdles of their distribution along the
axis of the estuary is strongly and positively related
o X, (Fig. 10), suggesting thal their habital ex-

tends from about 2 psu salinity o the mouth of
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the bay and decreases as X, moves seaward. Data
Jor siviped bass and longfin simelt-both fail w0 sup-
port a mechanism by which habilal area increases
with ilow,

The circulation patlerns ol estuaries include a
nel scaward residual How equal o river flow, and
residence time of water in the estuary declines as
flow increases (Walters et al. 1935). Passtve scalavs
and neutrally- or paositively-buoyant particles would
also have a lower residence time with high flow.
Residual circulation including gravitational flow
(Posuna and Kalle 1955) can cause retention of
negatively-buovant parude‘; and organisms as in an
estuarine turbidity maximum (ETM; Festa and
Hansen 1978), Many ()lﬁﬂtllsms recruit Lo estuaries
as larvae or juveniles using selective tidal stream
vansport (Cronin and Forward 197%; Harden
Jones et al. 1979; Christy and Morgan 1998), which
coubd be enhanced by landward net bottom cur-
rents. If the increase in residual circulation with
increasing flow js large {Monismith et al. 2002) the
more efficient retention or landward transport
may result in higher survival or recruitment and
therefore larger populations.

There is only indirect evidence to support the
contribution of this mechanism te the obscrved
flow effeers. Landward net bottom currents are
common in deeper channels (Conomos et al,
1970G; Pererson et al. 1975). A wypical ETM 1s not
usualty observed in the San Francisco Estary but
gravitational circulation cells are seen in deeper
parts of the estuary where salinity is above about 2
(Schoclihamer 2001). 1 \fiesozooplanklon and larval
fish in the low-salinity zone migrated in synchrony
with tides much of the time (Kimmerer et al. }C)E)B
2002; Bennett et al. 2002). Macrozoopiankton mi-
gratcd under low-llow conditions but remained
near the botrom at intermediate freshwater flow,
possibly because gravitational circulation was sul-
ficient {or position maintenance {Kimmerer et al.
2002}. The bay shrimp Crangon franciscorum, which
recruits [roin the ocean (Emmett et al 1991), re-
mainecd near the bottom where it would be sub-
jected o landward movement in deeper channels
{Kimmerer et al. 2002).

The mechanisms underlying effects of freshwa-
ter {low on higher trophic levels are uncertain, but
probably differ among species. This implies that
the location and timing of freshwater flow eflects
differ among species as well. The ellects of diver-
stons on fish and other aquatic species are not well
documented.

MANAGEMERT RESPONSES

To manage an ecosys(emn is to manage the activ-
ities of people that aflect the ecosysiem. In many
estuaries and their watersheds management is
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Fig. 10, Distribution pauerns of age-0) longfin smelt during
June through December. Each pair of symbols, connected by a
vertical line, shows the 10th and 90th percentiles of the position
of the populadon along the axis of the estmary frony a singie
survey of the San Francisco Bay Study (Armor and Herrgesell
1983). Fhe dotted line is the 1:1 line. The solid line indicates
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90th pereentiles using a robust regression to aliow for apparent
outliers (90ith-10th percentiles = —45 + XN, ¥ 1.2 = (1L.35, 9%
conlidence Jintits),

aimed at conceptually straightforward goals such
as reducing loading of anthropogenic nutrients
(Jaworski 1981) or contaminants, fishery manage-
ment {(Richards and Rago 1999}, or enhancing sea-
grass or other vaiued habitat (Fourqurean and
Robblee 1999). Management and restoration goals
for the San Francisco Estuary’s ecosysicm are more
varied than these, and are intertwined with other,
potentially conflicting, goals such as improving re-
liability and quality of water supply for human uses.
A substantial effort is underway toward resolving
these conflicts and achieving these goals. Here I
consider only those activities intended for environ-
mental protection that influence estvarine [resh-
waler flow pauterns either directly or indircctly.
Current managenent actions using [low for en-
vironmental protection in the estuary include stan-
dards for salinity and therefore net Delta outflow,
restrictions on exporl flow rates, and the mnstalla-
tion and removal of barriers in Delta channels (Ta-
ble 2). The principal goal ol most of these actions
is the protection of species of fish listed under en-
dangered-species legislation, although the salinity
standard is designed for protection ol the estua-
rine ecosystem as 2 whole, inclading listed species.
ln%ml]mg barriers at various locations in the Delta
can require additional releases of freshwater from
reservoirs 1o counteract inorusion of sall, but bar-
riers are not considered further here. Actions tak-
en using flow have a basis In analytical results, in
the case of the salinity standard, and it logic in the
case of export restrictions, but in neither case have

analyses been made of the effectiveness of these
actions in supporting biological populatons or the
estuarine ecasystem.

The centerpiece ol current flow management is
the X, standard, using salinity 1o maintain flow
with the goal of broad ecosysiem protection. Orig-
mally suggested by Willlams (1989), the standard
as implemented reguires salinity at a control point
at 81 lun not o exceed 2 psu continuously, and at
twao contol points (64 and 75 km) not to exceed
2 psu for a set number of days during January—
June each year. The number of days when salinity
must be = 2 psu at cach controt point is deter
mined using a sliding scate that depends on pre-
cipitation in the watershed and the amount of wa-
ter stored 1n the reservoirs. Water for the environ-
meunt is allacated on the same basis by which the
federal and state water managers meet contractual
obligations to supply water for numan use. The ac-
tual standard incorporates operational flexibility to
account for the lag between changes in flow and
response of the :;al[ field,

The salinity standard is a rare L)scunple of eco-
system-level management, and its design is consis-
tent with the response of the ecosystem to flow.
The amount of water required to move the sal
ficld scaward can be high, particalarly at high ini-
tal flow, because of the flat powerdaw dependence
of X, on flow. The standard is in effect from Feb-
ruary to June, a long peried made necessary by
uncertainty about how and when flow influences
biological populations. The cost of water to move
X, seawuard a sclected amount increases sharply as
the initial position moves scaward (Fig. 11}, Note
that the examples in this figure are generally less
than the tidal excursion (525 km) and small rel-
ative to the historical range of X, (Fig. 6d).

The high cost of the water to move the salt field
raises the question: Can these actions be made
more effective with the same quantity of water, or
equally effective with less water? The answer to
these questions depends on the mechanisms of re-
sponse and the biology of the species being man-
aged, which determine the location, timing, and
duration of the flow eflect (Fig. 5). The further
scaward the locus of a flow effect, the less control- -
lable the effect is likely to be, and the greater the
lag between the inittiation of a change in flow and
the ecosystem response. The greatest benefits of
flow enhancement may ocour duving different sea-
sons, and for different duradons, for each species.
Rew\.mg the salinity standards Lo 1argel individual
species more eflectively would require resolving
conflicts among species that need not be resolved
uneer the current management scherne.

Even for a single species the timing and duration
of flow-hased management should coincide with
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TABLE 2. Summary ol ecosystem managenient o1 1estoration actions taken in te San Francisco Estuary or watershed using freshwater

How.

Aclign Srared Desseripuion
Fiow standard 1978 Flow was regalated to support producrion of voung swriped bass (supplanted in 1994},
Salinity standard 1994 Freshwater flow 1s reguiated so that salininy a1 3 conorel points s not over 2 psu for a number

(X, standard)
Export: Inflow Ratio
(1 Racie)

of days depending an preapiatioen, during Febriary-fune.
1964 The ratie of 1o export from water diversions in the Dela to tolal inflow may not exceed 35%
dluring Februarv—june or 65% the rest of the year
Up 16 800,000 acre-feer (988 km™) or vield trom the lederal Central Valley Project is to be used

Lip 16 $50M is 1o be spent 1o purchase water on the open market for environmenal purposes
as an alternative 1o export restrictions necessitated by take of endangered fish ac export facili-

‘ater i 10 be purchased on the open market lor environmental pauposes and used predomi-

Lovironmental Water 331
(CVPIA) for environmental purposes, mainly in the watershed.
Enviromoenial Water 20031
(LWAY
ties; also provides [ur reliabiline of water supply.
Lrviromnental Water 20057
(LWP) nantly in the watershed.

Flow barriers including 1994
Delta Cross Channel
(DDC) gates

DCC prates are closed to keep migrating juvenile sabmonids in the tower Sacramento River;
gales must be vpened at imes to limit salt penetration into the snuth Deka to protect drink-
ing water quality. Although this does not inlluence fkay cdirecey, it can have indirect effects

hecause when the gates are closed, export Hows may be restricted to prevent sall penetration.
Onher temporary barriers have been installed in the southern Delta 1o keep migrating juve-
nie salmonids in the lower San Joaguin River away (from the export pumping tacilities.

the mechanism by which the species responds to
flow, This implies knowledge of the specific mech-
anism. A mechanism involving an increase in
brackish habitat during the rearing scason (mech-
anism 10, Table 1) may require a long period of
increased flow, and opportunitics for efficiency will
be limited; 4 mechanism involving tidal stream
transport and gravitational circulition in the lower
estuary (mechanism 11) may occur over a relative-
- Iy brief period of larval or juvenile recruitment
inte the estuary.

As a more specific example, Sacramento splittail -

clearly respond to increasing flow through inun-
dation of floodplains during early spring (Sommer
et al. 1997). This cffect may occur through access
to spawning habitat, in which case the period of
effectiveness would be fairly brief, or rearing hab-
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Fig. il1. Estimated cost of moving X, seaward by selected
amounis, starting from an assumed inigal position (x axis}. Es
timares use an assumed water cost of $0.16 ™, which is inter-
mediale anmong recent market costs for water.

itat, which would require a longer period of in-
undatien. Distinguishing between these mecha-
nisms and determining their importance 1o overall
abundance ol the species are important research
ohjectives thal may require experimenial manipu-
lation of the floodpluin habitat {(Sommer ct al
2002} or flows in the floodplain.

Among the restoration projects to be considered .
by the CALFED Bay-Delta Program is the construc-
tion of various alternative methods for moving wa-
ter from the source through the Sacramento River
and o users souh of the Delta. Because of previ-
ous failures to garner public approval for such pro-
jects (Arthur et al. 1996}, there is considerable
public sensitivity to the likely environmenial effects
of large-scale alterations o the water conveyance
facilities. The flow relationships that form the basis
of the current salinity standard (Fig. 8) provide no
guidance about how they may respond to such a
major change in configuration of the estuary. Pre-
dictng these responses is contingent on under-
standing the mechanisms underlying the flow re-
lationships. The wide natural range of flow in the
estuary (Fig. 6) provides sufficient contrast among
years to allow for insights into at least some of
these mechanisms. The mechanisms should be
amenable to a research approach including mod-
eling and specilic field studies, layered on the ex-
tensive monitoring programs already in place;
some of this rescarch has aiready begun {e.g., Ben-
nett el al, 2002; Kimmerer et al. 2002},

In contrast to the salinity standard, which is
based on clear relationships o population param-
eters, restrictions on cxport [low are based mainly
on ohservations that arge numbers of fish are en-
trained in export pumping facilities (Brown et al.
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1996), and equivocal resulls of mark-recapture ex-
periments using hatcheryarcared juvenile salmon
{(Rice and Newman 1997 Brandes and McLain
2001). Cwrrent limitations an export flows at the
major diversion facilities, particularly in spring-
lime, were prompled mainly by concerns over
threatened and endangered spectes of hsh. The
principal limit takes the form of a maximum ratio
of export flow to inflow into the Delta. This limit
was established on the basis of logic rather than
data, since there is litde clear evidence of eftects
of export lfows on abundance or survival ol species
resiclent in or migrating through the Delta (Rice
and Newman 1997; Kimmerer et al. 2001). The ob-
servation of large numbers of fish being entrained
provided “credible evidence” {Walters and Holl-

ing 1990, p. 2067) supporting these actions, but

for at least some species this evidence may be mis-
leading.

I do not suggest that the lack of evidence of ex-
port effects should be construed as evidence of no
effect. Much of the difficulty with determining ef-
fects of export pumping is the low abundance of
the species of greatest concern, resulting in low
signal-to-noise Tatio in the analyses and poor con-
straints on statistical estimates of population pa-
ramcters, Monitoring is already inlense, particular-
ty in the Delta, with expenditures of several million
dollars annually. There is little prospect that in-
creased monitoring will substantially improve the
estimates of export cifects. Experimental manipu-
lations, with export pumping alternated between
high and low levels, may be the only way that these
effects can be teased out of the noisy data,

Three programs arc now in place to acquire wa-
ter o be used for environimental purposes {Table
2y. All three can use this water to improve condi-
tions in the estuary. Envirommental water was used
in spring 2001 to curtail export fow when juveniles
ol endangered winteroun salmon were migrating
through the Drelta. The population-level impacts ol
these actions appear to be small, raising questions
about the cost-benefit ratio ol these actions com-
pared with other uses of environmental water. Crit-
ical assumptions used o justify these actions have
not been tested, in spite of the high cost ol the
water used for this purposc (Table 2). These pro-
grams can purchase only a small [racdon of the
water needed for a substanual change in outllow
and X, (Fig. 11), s¢ use of this water wouild be tmaost
effective either in the Delta or upstream.

The management actions that manipulate fow
conditons in the estuary can be scen as an uncon-
trolted, unreplicated experiment (Walters 1986;

‘alters and Holling 1990). Except for clear evi-
dence of effects of outllow on the estuarine eco-
system (Fig. 8), support for other [lowrelated ac-

Lions in the estuary is weak. The high cost ol these
actions, and the opportunity cost associated with
fatlure 1o take alternative actions that could be
more eflective, indicale a need {or alternative ap-
proachies Lo this problem. Using environmental wa-
ter inan experimental context could yield valuable
insighty into the eftects of export pumping (as sep-
arate from the effects of outflow).

The management of Ireshwater flow in the San
Francisco Estuary has proceeded under assump-
tions about the frequency of droughts and the sea-
sonal timing of runoff. These assumptions may not
hold in a regime of climate change, in which one
likely scenario may be carlier snowmelt and runofl
{Deuinger and Cavan 1995). This would limit the
capability of the water management system 1o ve-
tain runoff because of the need to anticipate flood
conditions in winter and store water in spring (Fig.
4). Together with projected increases in popula-
tion and therefore demand, this foretells a decreas-
mg supply of water during spring and summer.
This sitnation will place greater emphasis on ac-
curate analyses of the elfects of freshwater flow and
diversions on the estuarine ecosystem, and on the
efficiency of measures for environmental protec-
tion using freshwater.

Counclusions

Considerable resources, both money and water,
are being used Lo establish flow conditions in the
estuary that are believed to benefit the estuarine
ecosystern and particularly threatened and endan-
gered species of fish. The estuarine ecosystem re-
sponds to increased flow with increased abundance
of some species, and the current salinity standard
was designed to address that response. The current
state of knowledge about flow effects does not pro-
vide adequate support w decisions making. The sa-
linity standard is 2 crude tool thae could possibly
be made more effective. Major changes in config-
uration of the Delta or regional climate could re- -
sult in unanticipated changes in flow response of
the estuarine ecosystem. Reductions in export flow
are inadequately supported by evidence, and there
is Jittle understanding of populaton-level effects of
entrainment in export pumping facilities. The cof-
fectiveness of export reductions using environmen-
tal water has not been put in a pepulatjon-level
context or compared with alterpative actions in the
watcrsheds, All ol these problems are shortfalls of
knowledge that can be addressed through a pro-
gram of rescarch coupled with experimental ma-
nipulation of some aspects of freshwater flow,
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