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The delta smelt is an annual fish that is endemic to the Sacramento-San Joaquin Estuary and is protected under federal
and California Endangered Species Acts. Record low abundances have occurred since 2004. Three questions are addressed
here: What is the relative importance of environmental factors with direct effects on abundance? Do factors that may
have indirect effects provide an explanation of abundance changes? Are effects of environmental factors better accounted
for individually or as criteria defining the volume of water with suitable abiotic attributes? Strong evidence was found
of density-dependent population regulation. The density of prey was the most important environmental factor explaining
variations in delta smelt abundance from 1972 to 2006 and over the recent period of decline in the abundance of the fish.
Predation and water temperature showed possible effects. Entrainment of delta smelt at south Delta pumping plants showed
statistically significant effects on adult-to-juvenile survival but not over the fish’s life cycle. Neither the volume of water with
suitable abiotic attributes nor other factors with indirect effects, including the location of the 2 ppt isohaline in the Delta in
the previous fall (“fall X2”), explained delta smelt population trends beyond those accounted for by prey density.

[Supplementary materials are available for this article. Go to the publisher’s online edition of Reviews in Fisheries Science
for the following free supplemental resources: information on factor selection and specification; and estimating the volume

of abiotic habitat.]

Keywords delta smelt, life-cycle model, multiple regression, effects hierarchy, pelagic organism decline

INTRODUCTION

Itis a terrible juxtaposition of superlatives for the delta smelt.
No other species currently protected under the federal Endan-
gered Species Act has declined so dramatically since its listing.
The index of abundance of delta smelt in the Sacramento-San
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Joaquin Delta has fallen almost three orders of magnitude since
the fish was afforded protection in 1993 (California Department
of Fish and Game [CDFG], 2010a). The need for immediate
conservation responses is acute, but that need confronts another
unfortunate delta smelt reality—perhaps less is known about
the habitat of delta smelt, resources essential to its persistence,
and the environmental stressors causing its low population
numbers than is known about any other listed species. The
life cycle of the tiny estuarine fish takes place in turbid, open
waters, making it impossible to observe its behavior and
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account for many of its vital ecological relationships. Several
candidate factors have plausible mechanisms of effect on delta
smelt numbers, but previous attempts to relate environmental
stressors to the decline of this fish were not able to identify
the factors responsible for the recent declines in the abundance
index to near-extinction levels. It might be fairly argued
that no other federally listed species needs more immediate
conservation attention, but a lack of reliable scientific guidance
has hampered focused actions in support of delta smelt
recovery.

The delta smelt is predominantly an annual species, with few
individuals surviving to two years (Bennett, 2005). They are
endemic to the San Francisco Bay-Delta Estuary. Delta smelt
rear as juveniles and sub-adults upstream and downstream of the
confluence of the Sacramento and San Joaquin Rivers for about
seven months of the year, from late spring until the following
winter (Bennett, 2005). Moyle (2002) described delta smelt as
fish that “hang out in the water column and rely on their small
size and transparency to hide them from predators in turbid wa-
ter” (p. 228). Some delta smelt reside upstream in low salinity
and fresh waters year around (Sommer et al., 2009). In winter,
adults disperse into turbid waters that are necessary for efficient
feeding of larvae on zooplankton (Baskerville-Bridges et al.,
2004; Mager et al., 2004), with much of the population entering
the Sacramento-San Joaquin Delta (Moyle, 2002). Spawning,
triggered by increasing water temperature, begins as early as
late February and can continue into June (Bennett, 2005). The
environmental changes that have accompanied settlement and
exploitation of the Delta have forced major adjustments in re-
sources and conditions essential to survival and persistence of
delta smelt.

No field data have been derived from experiments that di-
rectly relate delta smelt population responses to variation in
physical and biotic conditions; however, general agreement ex-
ists both on the environmental features that seem to determine
the location of delta smelt in the estuary and on stressors that
could be contributing to decline of the fish. A conceptual model
that describes and relates essential resources and suspected
threat factors affecting population dynamics of delta smelt and
other declining pelagic organisms in the Delta was developed
by a multi-agency working group (Armor et al., 2005; Baxter
et al., 2008; Baxter, 2010); however, no quantitative model has
been available. Several recent studies have attempted to relate
delta smelt population index data to suspected environmental
stressors, but those studies had deficiencies that rendered their
results uninformative (Feyrer et al., 2007; Mac Nally et al.,
2010; Thomson et al., 2010).

Relating delta smelt population trends to changes in envi-
ronmental factors that affect survival and reproduction of the
fish, both directly (for example, predation, food supply, and en-
trainment) and indirectly (for example, flow and phytoplankton
density), risks producing uninformative or confusing results. To
maximize the likelihood of identifying actual causative rela-
tionships, the analysis presented here is initiated by developing
an effects hierarchy that differentiates between those environ-
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mental covariates that act directly on the survival, reproduction,
or recruitment of the delta smelt and those that act indirectly
through one or more factors that act directly. This article fo-
cuses primarily on environmental factors with direct effects on
survival or reproduction, leaving a rigorous attempt to identify
indirect factors with important effects on direct factors for sub-
sequent analyses (see Glibert et al., 2011, for example). This
approach has three advantages. First, focusing on the limited
number of variables with direct effects on delta smelt reduces the
confounding effects of multi-collinearity and differential mea-
surement error. When candidate causation factors are related to
or interact with one another, the factor with lower measurement
error may displace factors that have greater measurement er-
ror, even when those latter factors can be demonstrated to have
greater effects signals (Zidek et al., 1996). Second, it reduces
the possibility that identification of important environmental
factors will be uninformative to decisions about resource man-
agement. This problem can arise if a factor with indirect effects
is identified as itself important, but that factor acts through other
factors that have direct or indirect effects. The best management
response may involve controlling, or otherwise mitigating, not
the environmental factor with an indirect effect identified as im-
portant, but rather, other factors. Third, arrangement of factors
according to their hierarchy of effects provides information im-
portant in choosing the analytical method. Because pathways of
effects can be delineated from knowledge of the mechanisms
of ecological effects, a straightforward succession of multiple
regression analyses, proceeding down each vertical path of the
hierarchy, is suggested as the appropriate analytical approach to
identifying the factors that best predict delta smelt population
dynamics.

Several analysts have previously used measures of the vol-
ume of water with suitable attributes of conductivity, Secchi
depth (as a measure of turbidity), and water temperature, which
have been termed “abiotic habitat,” to account for changes in
abundance of delta smelt (e.g., Feyrer et al., 2007). In a subse-
quent biological opinion on delta smelt developed by the U.S.
Fish and Wildlife Service (USFWS), inferences from those anal-
yses were used to assert that a range of suitability in the extent
of those abiotic factors limits abundance of delta smelt, and
that increasing that extent is important to the recovery of delta
smelt (USFWS, 2008). The hypothesis was tested that the vol-
ume of water within ranges of conductivity, Secchi depth, and
water temperature at which most delta smelt occur explained
variations in survival and reproduction. Several measures of
that volume were developed and their effects on survival and
reproduction were analyzed.

Index values for relative abundance of delta smelt were de-
rived from standard trawler-generated data, specifically, the
Fall Midwater Trawl (FMWT; CDFG, 2010a) and the Sum-
mer Townet Survey (STN; CDFG, 2010b). From relative abun-
dance estimates, annual estimates of survival from juvenile to
sub-adult life stages were developed, as well as survival and
reproduction (hereinafter, referred to as “survival”) across gen-
erations from sub-adult to juvenile life stages. Those estimates
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were used as response variables. Annual values for a variety
of environmental variables were then developed, each of which
could plausibly affect delta smelt population size and persis-
tence. In doing so, the resource requirements and distribution
of delta smelt at different sizes and in different stages in their
life cycle were considered. From those candidate factors, a lim-
ited number were selected that offer the most plausible mecha-
nism(s) of direct effect on delta smelt survival and abundance.
In so doing, well-considered direct factors were differentiated
from factors that may indirectly affect the size of and trend in
delta smelt numbers through their effects on direct factors. From
the abiotic and biotic factors in the Delta that appear to have di-
rect effects on delta smelt, those that may be most important
were selected, based on inferences drawn from available data
and analyses. Multiple regression was used with three criteria
to identify environmental factors that may be most important to
survival and to evaluate the relative importance of those factors:
goodness of fit of equations measured by the Akaike Informa-
tion Criterion (AICc), the proportion of variation accounted for,
and the significance of the regression coefficients. Using this
general method, analyses were conducted to address three fun-
damental questions with important management implications:
What is the relative importance of environmental factors that
have direct effects on delta smelt abundance? Do environmental
factors with indirect effects further explain abundance changes
once effects of factors with direct effect are accounted for? Are
the effects of environmental factors best accounted for indepen-
dently or as criteria by which the volume of water with suitable
attributes can be measured?

Based on the availability of data, these questions were
directed at three periods in the annual life cycle of delta
smelt—sub-adult (fall) to juvenile (summer), juvenile (sum-
mer) to sub-adult (fall), and sub-adult (fall) to sub-adult (fall).
Because delta smelt has an annual life cycle, the last period is
one version of a life-cycle model. Such a model has been iden-
tified as critically important in the development of a program to
encourage recovery of delta smelt and to prevent jeopardizing
its existence (Wanger, 2010). Analysis of the two within-year
periods was carried out to better understand the factors that af-
fect delta smelt survival between intermediate life stages during
the year.

METHODS
Period of Analysis

The period of analysis covered the years 1972 through 2006.
The initial year was selected because it was the first year of
comprehensive surveys for zooplankton density throughout re-
gions of the estuary occupied by delta smelt. The year 2006 was
chosen because at the time this analysis began, comprehensive
environmental data were only available through that year, and
the period 2000 to 2006 includes the sharp decline in abun-
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dance of delta smelt that has persisted with little change since
2006.

Abundance and Survival

Two trawler-based surveys provide time-series population
data from which long-term measures of annual delta smelt abun-
dance can be estimated—the FMWT (1967—present), which
samples sub-adult delta smelt, and the STN (1959—present),
which samples for juveniles. Those data were used to provide
the response variables representing delta smelt population
size through time. An index of relative abundance has been
calculated from both surveys by the CDFG since before 1970
(http://www.dfg.ca.gov/delta/). The indices are calculated by
averaging catch per unit effort (for FMWT) or catch (for
STN), assuming that volumes of water passing through the
net are approximately the same for all STN tows over each
Delta sub-region, then weighting the resulting averages by
the estimated volume of water in the respective sub-region
and summing sub-region estimates of abundance over all sub-
regions. The FMWT index was used as calculated by the CDFG
(http://www.dfg.ca.gov/delta/projects.asp?Projecti D=FMWT);
this index is generally assumed to be the most accurate
long-term index of delta smelt abundance, because it samples
larger fish at approximately the same times each year over more
stations than the STN. FMWT surveys were not conducted
in 1974 and 1979, so those years were eliminated from the
analysis.

There were concerns about the STN index. It is based on
data from the first two surveys each year, and starting dates for
the first survey can vary from year to year by as much as six
weeks. Furthermore, more than one tow typically is made at
each station, and catch is summed over all tow samples rather
than averaged. It could not be confirmed that volumes of water
in each sub-region used for the STN index were as accurate as
those derived by detailed analysis of NOAA navigation charts.
Therefore, despite the decades-long use of the STN index by
analysts in this estuary, it was concluded that its flaws were too
serious to justify its use as one of the two abundance variables
in the present analyses, so an alternative estimate of summer
juvenile delta smelt abundance was derived to overcome these
problems. This estimate is referred to as “July abundance.” It
is based only on STN surveys that occur all or in part in July
(the only month in which surveys occur each year), uses average
rather than summed catch per tow, and uses updated volumes
for each sub-region of the Bay Delta system.

Delta smelt survival is the response variable in the statistical
analyses in this study. In these analyses, survival, as measured
by index values, includes reproduction that occurs during the
fall-to-summer period (that is, from pre-spawning adults in the
fall to the next generation’s juveniles in the July) and the fall-
to-fall period (that is, a complete life cycle from pre-spawning
adults in the fall to the next generation’s pre-spawning adults
the following fall). Three measures of delta smelt survival can
be derived from the two abundance indices—fall-to-summer
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survival, summer-to-fall survival, and fall-to-fall survival. Envi-
ronmental factors that can reasonably be surmised to affect each
of these three measures of survival were analyzed. Analyses of
the former two measures provided insight into more important
factors affecting fall-to-fall survival.

Environmental Factors and Their Hierarchy of Effects

Drawing on agency repotts, several dozen biotic and abiotic
factors were specified, that is, identified and quantified, along
with variations of those factors, that have plausible mechanisms
of effect on the abundance of delta smelt (Armor et al., 2005;
Baxter et al., 2008; USFWS, 2009; Baxter, 2010) and for which
data were available. Each factor was carefully specified, with
consideration of the distribution of delta smelt and ranges of
factor variation at different times of the year. Data on delta
smelt distribution and environmental factors were segregated
into sub-regions of the estuary, shown in Figure 1. Based on
their mechanisms of effects, environmental factors were segre-
gated into those with direct effects on delta smelt abundance
and those with indirect effects, that is, effects that act through
other factors that have direct effects. Factors that have direct
effects on survival of delta smelt were grouped into categories
(for example, water temperature, prey densities, entrainment at
water export pumps); the same was done for factors with indirect
effects on the smelt. Descriptions of each factor are in supple-
mental material to this article, along with the rationale for the
selection of each factor and method used for its quantification.

Figure 2 illustrates the general categories of factors, arranged as
an “effects hierarchy.” Apparent in the diagram is that certain
factors—such as turbidity, water temperature, and flows through
the Delta—appear at several locations in the hierarchy and may
act indirectly on delta smelt, often in combination with other
indirect factors. Data were available for all direct factors except
disease and contaminants; however, effects of disease and con-
taminants on factors with indirect effect would be manifested as
changes in factors with direct effect.

A Sawtooth Pattern in Survival

A pronounced inter-year “sawtooth” pattern in the survival
of delta smelt was identified, that is, a persistent pattern of
alternating years with higher and lower survival. This pattern
was nearly identical in fall-to-summer and fall-to-fall index se-
quences, as shown in Figure 3. The probability was simulated
that alternating peaks and troughs for 13 years would occur, as
they did for years 1987 to 2000, if survival were random from
year to year. This probability was estimated as 0.025—Ilikely
an overestimate because of the actual decreasing trend in delta
smelt abundance over that period. Based on this analysis, it
was concluded that there was a very low probability that this
pattern occurred by chance. Two possible causes of the pattern
were considered, one being the effect on delta smelt numbers of
an environmental factor or combination of factors that exhibit
corresponding, year-to-year sawtooth variation, and the other
being an inherent aspect of the physiological ecology and/or
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behavior of delta smelt. Relationships were examined between
the sawtooth pattern and environmental factors with both direct
and indirect effects on delta smelt. No factor or factors could be
identified that explained the sawtooth pattern for more than a
few sequential years, so it was concluded that an inherent cause
seems more tenable. This effect was captured by including abun-
dance from the year previous to that over which survival was
estimated, a term referred to herein as “previous-previous fall
abundance.”

Identifying Best Regression Equations Using
Factors with Direct Effect
General Approach

From each category of environmental factors with direct ef-
fects, represented as the factors in the first row in Figure 2, one
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or two initial factor quantifications were selected that, based on
available knowledge of delta smelt biology, were likely to be
most important in determining delta smelt survival. Values of
those environmental factors are shown in Table 1. The reasons
for their selection are presented in supplemental material. Then
the effect of each of these factors was analyzed, along with
previous delta smelt abundance (to capture effects of density
dependence) and previous-previous fall abundance (to capture
effects of the sawtooth pattern in survival). Statistical methods
for this analysis are described below and are based on two key
assumptions: that the FMWT and July abundance indices are
approximately proportional to delta smelt abundance, and that
the abundance index at one point in time is proportional to the
abundance index at a previous time, apart from the effects of
measured variables, sampling errors, process error variation,
and density-dependent effects.

The analysis was initiated using the Ricker model (Ricker,
1958). This model assumes that the population abundance at
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Figure 3 Delta smelt survival values from fall to summer and from fall to fall,
which are derived from survey index values.

time ¢ + 1 is related to the abundance at time ¢ by an equation
of the form

Nyy1 = N,Exp{r(1 — N,/k)}, (1)

where r is the intrinsic growth rate, and k is the carrying capacity
for the population. Taking natural logarithms gives

Ln(N;1i/Ny) =r — (r/k)N;
and a linear relationship of the form
Ln(Ni+1/N;) = A+ BN, 2

relating the change ratio NV, . /N, to the density-dependent term
BN,. A generalization of this model assumes that the right-
hand side of equation 1 also includes multiplicative effects of
p variables X1, X», ..., X, so that

Ni11 = NExp{r(1 — N;/k)}

x Expla + i1 X1+ o Xo+ -+ B,X,), (3)
where « is a constant. Equation 2 then becomes
Ln(N,p1/N)=PBo+BN+i X1+ B Xo+---+ B, X,, (4)

where 8y = A + « is a constant.

A further generalization of the Ricker model includes a term
for delta smelt abundance two years before a given population
year, allowing characterization of the sawtooth pattern in sur-
vival, so that it becomes

Ln(N;y1/Ny) = Bo+ BN; + CN,_1 + B1 X4

+ B Xy 4+ By Xp, )

where C is another regression coefficient. This equation applies
when the change in abundance from time ¢ to time ¢ + 1 depends
to some extent on population abundance both at time ¢ and at
time 7 — 1.
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Abundance Changes from Fall to Summer

For changes in abundance from fall to summer, the equivalent
to equation 5 is

Ln(J Ab,,1/FAb,) = o+ BFAb, + CFAb,_,

+Bi X1+ B Xo+ -+ B,X,, (6)

where JAD, 4 | is the July abundance in year ¢ 4 1, and FAb, is
the fall abundance in year ¢.

In practice, equation 6 will have a process error; the value
of the dependent variable will be the value predicted by the
right-hand side of the equation plus an error e,. Also, observed
values of Ln(JAD; 1 1) and Ln(PFAb,) and FAb, and FAb, _| will
have sampling errors. This raises the possibility of biases in
the estimated values of coefficients on the right-hand side of
the equation, if these are estimated by ordinary multiple linear
regression.

For this reason, the Solow (1998) method for fitting pop-
ulation models with sampling errors in abundance estimates
was initially considered for the estimation of equation 6 and
the models below for summer-to-fall and fall-to-fall changes in
delta smelt abundance. Essentially, this method uses the prin-
ciple of simulation and extrapolation (SIMEX) to first simulate
an increase in the level of sampling errors in abundance esti-
mates, then it extrapolates to estimate outputs with no sampling
errors in the abundance estimates. Use of the Solow method
indicated that any biases in the estimated coefficients of X vari-
ables are quite small due to sampling errors in the delta smelt
abundance indices. Therefore, it was concluded that ordinary
multiple regression is appropriate for estimating equation 6 and
the equations for summer-to-fall and fall-to-fall changes in the
abundance of delta smelt.

Nevertheless, the extent of possible biases was investigated
further by simulating data based on fitted versions of equation
6. First, the value of Ln(JAb; ; |/FAb;) was set equal to the
right-hand side of the estimated equation 6 plus a normally
distributed process error with a mean of zero. Normally
distributed sampling errors were then added to the values
of Ln(JAb) and Ln(FAb) with means of zero and standard
deviations obtained by bootstrap resampling of the FMWT and
STN data as described by Manly (2010a, 2010b). The simulated
data with process errors and sampling errors were then used
to obtain multiple regression estimates of the parameters By,
B, C, and B to B, of equation 6. The generation of simulated
data was repeated 10,000 times. Mean values of the estimated
parameters were compared with the values used to generate the
data to establish whether sampling errors in abundance indices
introduce important biases in the estimates. Standard deviations
in the simulated parameter estimates were also compared with
the standard errors obtained from the original regression to
estimate equation 6 using the observed data to see if any biases
are introduced by sampling errors in the abundance indices.
This simulation confirmed that the estimates and standard errors
obtained by ordinary regression have negligible biases due to
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sampling errors in the abundance indices, as was expected from
the Solow (1998) analysis.

Abundance Changes from Summer to Fall

For summer-to-fall abundance changes, the equivalent to
equation 5 becomes

Ln(FAb,/JAb,) = ,80 + BJAbt + CJAbtfl + ,31X1 + ,32X2

+ -+ B, X,

In this case, it is not clear why the abundance of delta smelt in
the fall of a given year should depend on the abundance in July in
the previous year. There was no evidence of a sawtooth pattern
in survival from summer to fall, the effect of which might be
captured by this abundance measure, and initial analyses gave
no evidence for this type of effect. Therefore, the equation was
modified to

Ln(FAb,/JAb,) = By + BJAb; + B1 X,

+.32X2+"'+ﬂpo- (7)

As for abundance changes from fall to summer, there will
be process errors in the results from equation 7 and sampling
errors in the abundance indices; simulation was used to ensure
that these errors do not introduce large biases in the estimated
parameters for the equation when they are estimated by ordinary
multiple regression. The simulations were carried out in a similar
fashion to the simulations used with equation 6. As for the fall-
to-summer analysis, this showed negligible bias in estimates
and standard errors obtained using ordinary regression due to
sampling errors in abundance indices.

Abundance Changes from Fall to Fall

For the fall-to-fall changes in the FMWT abundance index,
the equivalent to equation 5 becomes

Ln(FAb,,,/FAb,) = o+ BFAb, + CFAb,_,

+B1 X1+ BXot+ -+ By Xy, (8)

where the terms B FAD, and C FAb,_, imply that the change
in delta smelt abundance from one fall to the next depends on
the initial abundance and also the abundance in the fall of the
previous year.

As for fall-to-summer and summer-to-fall changes, the use
of equation 8 will be affected by process errors and sampling
errors in the estimated abundance indices. However, the sam-
pling errors in abundances are particularly likely to introduce
biases in estimated parameters for equation 8 when using or-
dinary multiple regression because of the estimated value of
FAb, residing on both sides of the equation. Simulation was
again used to ensure that these biases are relatively small us-
ing similar methods to those used with equations 6 and 7. This
simulation showed negligible biases in the estimated constant
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term and in the coefficients of the X variables in equation 8 and
negligible biases in the estimated standard errors of these pa-
rameters. The simulation indicated that the coefficient of FAb,
has a negligible bias, but the coefficient of FAb, _ | has a negative
bias of about 10%:; at the same time, the standard errors of these
estimated density-dependent effects tend to be slightly higher
than the estimates from ordinary regression. Using regression to
estimate the effects of factors on delta smelt abundance seems
to work well, but it should be noted that there may be small bias
in estimated density-dependent effects.

This initial analysis used the factors in Table 1 and was car-
ried out as follows. Multiple regression was used to estimate
the corrected AICc, to account for the proportion of variation,
and to estimate the significance and sign of the regression co-
efficients for all possible equations using all or some of the
initial-analyses factors. From among those equations selected
as exhibiting explanatory importance, equations with the low-
est AICc and equations with AICc values that were within two
units of the lowest AICc were selected (following Burnham and
Anderson, 1998). In all cases, equations were restricted to those
for which each environmental factor had a level of significance
less than 0.10 and coefficients with signs consistent with their
hypothesized effect. This analysis identified the abundance and
environmental factors that produced the best regression equa-
tions for the initial analyses.

Adding Other Factors with Direct Effect to the Best
Equations from the Initial Analysis

Using the methods described above, further analyses were
carried out to see if the addition of other factors with presumed
direct effect, or other ways of quantifying factors from among
those not selected for initial analyses, showed important effects.
These factors are shown in Table 2. Factors were added sequen-
tially to the best regression equations to assess what portion of
the variation in Ln(Survival) was explained by each factor. If
any of these “secondary” direct factors proved to be important
according to the above criteria, it reflected imperfect a priori
understanding of the relationship between delta smelt and the
specific environmental variables. In subsequent analyses, re-
gression equations were used that contained factors with direct
effect that can be identified as important from the combined
results of these two analyses; these are herein referred to as
the best regression equations based on factors that have direct
effect.

It should be noted that this method—adding factors to regres-
sion equations—cannot completely eliminate problems arising
from collinearity among factors; however, because the analysis
is restricted to factors that have direct effects on delta smelt, the
effects of collinearity are diminished relative to those that would
have occurred had all factors that may have indirect effects on
delta smelt been included.
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Comparing the Relative Contribution of Each Factor to the
Explained Variation in Ln (Survival)

Using the best equations for fall-to-summer, summer-to-fall,
and fall-to-fall survival, based on factors with direct effect, the
relative contribution of each factor to the percentage of variation
in Ln(Survival) was assessed.

Testing of Selected Factors with Potential Indirect
Effect on Survival

Although the present approach to identifying the dominant
environmental stressors acting on delta smelt is based on the ef-
fects hierarchy displayed in Figure 2, the analysis was extended
to see if addition of selected indirect factors to equations that are
based on factors with direct effects on delta smelt might further
contribute to explaining variation in survival. This was done by
focusing on the fall-to-fall model, both because that period of
analysis represents a complete life cycle and because it limits
the number of correlations that can be attempted and, therefore,
limits the possibility of spurious correlations arising by chance.
The selection criteria, described above for analysis of direct fac-
tors were used to test the importance of six indirect factors when
added to the best fall-to-fall equation based on the direct factors.
The number of indirect factors was restricted to avoid producing
uninformative, multiple-factor equations by chance. Six indirect
factors were selected from those identified as important to sur-
vival in other studies of pelagic fishes in the Delta (Kimmerer,
2002; Feyrer et al., 2007; Grimaldo et al., 2009; Mac Nally
etal.,2010; Thomson et al., 2010). The selected factors are pres-
ence/absence of the Asian clam (Corbula amurensis), the value
of X2 (the distance along the main channel from the Golden
Gate Bridge to the 2 ppt isohaline, a measure of estuary salin-
ity) averaged over the previous fall (“fall X2”), average Secchi
depth in January—March, average ammonium concentration in
the Chipps Island and Suisun Bay sub-regions (see Figure 2)
in April-June, and Old and Middle Rivers (OMR) flow (that
is, flows steered to the south Delta water export pumps) aver-
aged over December—March and April-June. Values of these six
indirect factors are shown in Table 3.

Testing Effects of Measures of Abiotic Habitat Volume
on the Best Fall-to-Fall Regression Equation

The importance of a combination of conductivity, Secchi
depth, and water temperature—deemed abiotic habitat in a pre-
vious study (Feyrer et al., 2007)—were analyzed both alone and
weighted by prey density. Estimates were made of the volume of
water with levels of conductivity, Secchi depth, and water tem-
perature at which virtually all delta smelt occur. These ranges
of suitable values were compared with actual values of conduc-
tivity, Secchi depth, and water temperature for each month and
sub-region (see Figure 1) for the period 1972-2006. Based on
estimated volumes of water in each sub-region, the volume of
water with suitable abiotic (physical) characteristics available
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to delta smelt in each month was estimated. These estimated
volumes alone were used, and they were weighted with the sum
of densities of the prey species Eurytemora and Pseudodiapto-
mus. Seasonal average and minimum monthly values of these
volumes and prey-weighted volumes were used in the best re-
gression equations based on factors having direct effect on delta
smelt abundance to establish whether volume or prey-weighted
volume measures met criteria for inclusion in the best regression
equation for fall-to-fall survival, either as an addition to or, in the
case of prey density, replacement for factors with direct effect.

RESULTS

Statistical Analysis to Identify the Best Regression Equations
Using Factors with Direct Effect

Initial analyses were carried out using the factors in
Table 1—those environmental factors with direct effect on delta
smelt—that were selected as most likely to be important in de-
termining delta smelt abundances based on biological consider-
ations. From among those factors, the most important affecting
survival from fall to summer, summer to fall, and fall to fall
were identified based on the above-described criteria. Results
are shown in Table 4.

From the factors considered in these initial analyses, the most
important to fall-to-summer survival (by virtue of their appear-
ance in the best regression equation) are previous-previous fall
abundance, previous fall abundance, minimum Eurytemora +
Pseudodiaptomus in April-June, and proportional entrainment
of adult and larval-juvenile delta smelt, with some indication
that average water temperature in April-June is also important.
For survival from summer to fall, the most important factors
are July abundance and average Eurytemora + Pseudodiapto-
mus density in July—August. For survival from fall to fall, the
most important factors are previous-previous fall abundance,
previous fall abundance, and minimum Eurytemora + Pseudo-
diaptomus in April-June, with some indication that predation in
April-June by predators other than striped bass (inland silver-
side, largemouth bass, crappie, and sunfish) is also important.

Among the factors with direct effects selected for the initial
analysis, the number of days of spawning, July water temper-
ature, Eurytemora + Pseudodiaptomus in July, Secchi depth
(turbidity) in April-June, predation by striped bass, and delta
smelt fecundity did not appear in the best regression equations
for fall-to-summer survival. Maximum two-week average water
temperature in July—September and predation did not appear
in the best regression equations for summer-to-fall survival.
The number of days of spawning, average water temperature in
April-June, maximum two-week average water temperature in
July-September, average Eurytemora + Pseudodiaptomus avail-
ability in July—August, Secchi depth (turbidity) in April-June,
entrainment, predation by striped bass, and delta smelt fecun-
dity did not appear in the best regression equations for fall-to-fall
survival.
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Table 3 Factors with indirect effect on delta smelt abundance, selected for analysis based on results of other studies

Previous Oct-Dec  Previous Sept—Dec Secchi

Presence (1) or avg X2, km of 2 ppt depth in sub-regions

Average ammonium
Secchi  in Chipps Island and Average
depth Suisun Bay December—-March ~ Average April-June

absence (0) of Asian line from Golden occupied by delta smelt Jan-Mar sub-regions, flow in Old and flow in Old and
Year clam Gate habitat (cm) (cm) Apr—June (mg/L) Middle Rivers (cfs) Middle Rivers (cfs)
AsClam PODX2 PFSec JMSec AJAml DMOMR AJOMR

1972 0 71 35 41 0.046 —2,260 —6,606
1973 0 71 38 26 0.034 953 —4,790
1974 0 66 37 35 0.024 —940 —4,955
1975 0 68 41 36 0.045 —2,093 -3,736
1976 0 70 42 51 0.047 —6,033 —5,491
1977 0 89 56 48 0.059 —4,054 -3,037
1978 0 92 58 17 0.027 —4,231 3,827
1979 0 77 40 34 0.027 —686 —5,487
1980 0 79 40 27 0.040 3,887 —1,142
1981 0 79 39 33 0.037 —4,678 —5,342
1982 0 75 42 31 0.035 —3,736 2,769
1983 0 63 42 25 0.040 9,124 14,610
1984 0 58 49 53 0.038 6,026 —5,623
1985 0 70 49 66 0.065 —5,023 —6,424
1986 0 88 61 45 0.039 —732 413
1987 1 78 41 50 0.047 —4,474 —5,471
1988 1 88 55 41 0.073 —8,006 —6,765
1989 1 90 51 44 0.058 —7,645 —7,198
1990 1 88 54 47 0.080 -9,086 —5,858
1991 1 89 62 58 0.083 —5,356 —4752
1992 1 88 62 60 0.065 —5,561 -3,073
1993 1 87 64 29 0.034 —5,765 —2,304
1994 1 82 58 58 0.093 —4,742 —1,613
1995 1 86 60 31 0.033 —3,145 4,721
1996 1 75 55 37 0.036 —1,281 —2,848
1997 1 78 57 29 0.087 10,376 —-3,972
1998 1 81 61 29 0.043 2,103 6,536
1999 1 69 45 51 0.060 —760 —2,155
2000 1 83 47 48 0.065 —5,282 —4,338
2001 1 85 53 45 0.089 —5,681 -2919
2002 1 82 53 36 0.070 -17,731 —3,857
2003 1 84 50 36 0.055 —8,185 —5,374
2004 1 83 58 34 0.080 —8,080 —4.851
2005 1 82 65 43 0.055 —5,525 —1,055
2006 1 82 68 39 0.040 —-3214 10,026

Additional analyses were carried out using factors with
direct effects that were not selected for the initial analyses.
These were added to the best equations from the initial analy-
ses to see whether they made a significant improvement. Re-
sults of this analysis, shown in Table 5, indicate that aver-
age Eurytemora + Pseudodiaptomus density in January—March
should be added as an important factor that explains survival
from fall to summer. Average Eurytemora + Pseudodiapto-
mus density in September—December should replace average
Eurytemora + Pseudodiaptomus density in July—August as
an important factor explaining survival from summer to fall
and should be added to the regression equation for fall-to-fall
survival.

Of the factors with direct effect on delta smelt population
dynamics that was used for the additional analyses, the number
of degree-days of deviation of water temperature from optimum
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in March—-May or April-July; average Eurytemora density in
late April; average Eurytemora + Pseudodiaptomus density in
April-June; and average Limnoithona density in April-June,
July, or January—March did not appear in the best regression
equations for fall-to-summer survival. Average Limnoithona
density in July—August and September—December did not ap-
pear in the best regression equation for summer-to-fall. None of
these factors appeared in the best regression equations for fall-
to-fall. There was some evidence that minimum calanoid cope-
pod biomass in April-June was important for fall-to-summer
survival but not survival from fall-to-fall.

The best regression equations based on factors with direct
effects on delta smelt abundance were derived from the best
regression equations from the initial analyses, as adjusted by
results from the additional analyses using factors with direct
effect that were not selected for the initial analyses.

vol. 20 1 2012
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The best regression equation for the fall-to-summer survival
of delta smelt is

Ln(Survival) = 2.003 — 2.197«PFAb + 0.781«PFAbl1
+ 1.988%EPAJ — 3.826xEntrain

+ 1.143%EPJM, 9)

where survival is the ratio of July abundance, a measure of ju-
venile abundance in July, to the previous year’s FMWT index, a
measure of sub-adult abundance; PFAb is the FMWT index of
the previous year divided by 1,000; PFAb1 is the FMWT index of
the previous-previous year divided by 1,000; EPAJ is the mini-
mum Eurytemora + Pseudodiaptomus density in April-June di-
vided by 1,000; Entrain is the proportional entrainment of delta
smelt, as a fraction; and EPJM is the average Eurytemora +
Pseudodiaptomus density in January—March divided by 1,000.

The best regression equation found for summer-to-fall sur-
vival of delta smelt is

Ln(Survival) = —2.176 — 1.003xJAb 4 0.698+xEPSD,

(10)

where Survival is the ratio of the FMWT index, a measure of
sub-adult abundance, to July abundance, a measure of juve-
nile abundance in July, in the same year; JAD is July abun-
dance, a measure of juvenile abundance in summer divided by
10,000; PFAD1 is the FMWT index of the previous-previous
year divided by 1,000; and EPSD is the average Eurytemora +
Pseudodiaptomus density in September—December divided by
1,000. Note that EPSD, the average Eurytemora + Pseudodi-
aptomus in September—December, replaced EPJA, the average
Eurytemora + Pseudodiaptomus in July—August in the best re-
gression equation from the initial analysis because EPJA was
no longer significant in the equation for summer-to-fall survival
when other factors with direct effects were considered.
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Figure 4 Actual and predicted values of the Fall Midwater Trawl index of
abundance of sub-adult delta smelt. Circles are actual values. The line shows
predicted values.

The best regression equation found for the fall-to-fall survival
of delta smelt is

Ln(Survival) = —0.246 — 2.781«PFAb + 1.048«xPFAbI

+ 0.997+EPAJ + 0.482+EPSD, (11)

where survival is the ratio of the FMWT index, a measure of
sub-adult abundance in the fall, to the previous year’s FMWT
index; PFAb is the FMWT index of the previous year divided
by 1,000; PFAb1 is the FMWT index of the previous-previous
year divided by 1,000; EPAJ is the minimum Eurytemora +
Pseudodiaptomus density in April-June divided by 1,000; and
EPSD 1is average Eurytemora + Pseudodiaptomus density in
September—December divided by 1,000. Figure 4 shows actual
abundance of sub-adult delta smelt (the FMWT index) and val-
ues predicted by equation 11.

These three equations each reflect a stock-recruitment rela-
tionship in which end-of-period abundance is proportional to

Table 6 Percentage of variation in Ln(Survival) explained and the contribution of each factor to that percentage

% Ln(Survival)® variation

Percent of variation  Percent of variation

Period explained Important factors explained” explained®
Fall-to-summer 70.2% PFAD = previous fall abundance/1,000 0.0% 38.3%
PFAb1 = previous previous fall abundance/1,000 14.0% 7.7%
EPAJ = minimum Eury + Pseu, Apr-Jun/1,000 39.0% 32.8%
Entrain = proportional entrainment at export pumping plants, 6.0% 9.1%
%100
EPJM = average Eury + Pseu, Jan-Mar/1,000 11.2% 11.2%
Summer-to-fall 67.6% JAb = July abundance/10,000 47.0% 64.1%
EPSD = average Eury + Pseu, Sep—Dec/1,000 20.6% 20.6%
Fall-to-fall 61.6% PFAb = previous fall abundance/1,000 25.8% 61.6%
PFAb1 = previous-previous fall abundance/1,000 15.2% 18.6%
EPAJ = minimum Eury + Pseu, Apr-Jun/1,000 12.5% 8.0%
EPSD = average Eury + Pseu, Sep—Dec/1,000 8.1% 8.1%

“For fall-to-summer and fall-to-fall analyses, “survival” means survival and reproduction.
bPercent of variation explained by the variables when added one at a time in order shown.

“Percent of variation explained when variable is added last into the equation.

Reviews in Fisheries Science
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beginning-of-period abundance. However, this proportional re-
lationship is adjusted by a density-dependence term that causes
abundance to be reduced when beginning-of-period abundance
is high and is further adjusted by prey-density terms that cause
delta smelt abundance to increase with availability of prey. In
addition, summer abundance relative to previous fall abundance
is reduced by entrainment. Both summer abundance and fall
abundance, relative to previous fall abundance, are higher than
expected when the abundance two-years previous is high.

Comparing the Relative Contribution of Each Factor to the
Explained Variation in Ln(Survival)

Table 6 shows the percentage of variation in Ln(Survival)
that is explained by each equation and the contribution of each
factor to that percentage. The density-dependence terms, PFAD
or JAb, have relatively important contributions to variation in
Ln(Survival) for all three periods, and, while PFAb is not im-
portant as an individual factor for fall-to-summer survival, its
inclusion renders important the contribution of other factors
once it is added to the equation. Prey-density terms have a rel-
atively important contribution to variation in Ln(Survival), as
does the previous-previous fall abundance, which accounts for
the sawtooth survival pattern. The contribution of entrainment
to variation in Ln(Survival) is not as important as the contribu-
tion of prey densities to fall-to-summer survival. Entrainment
was not chosen for inclusion in the fall-to-fall equation because
it did not meet the criteria for inclusion.

Testing Selected Factors with Indirect Effects on Survival

There was no evidence that any of six environmental factors
with indirect effects, which were identified in previous studies,
further explained changes in fall-to-fall delta smelt survival be-
yond those accounted for by factors with direct effects shown in
equations 9, 10, and 11. It is noted that this does not necessarily
mean that these or other factors with indirect effects might not
have important effects on one or more factors that have direct
effects.

Testing Effects of Measures of “Abiotic Habitat” Volume
on the Best Fall-to-Fall Regression Equation

This study attempted to add estimates of the volume of wa-
ter within the suitable range of conductivity, Secchi depth, and
water temperature to the best regression equation, as well as
suitable volumes weighted with prey density (densities of Eury-
temora + Pseudodiaptomus), the values of which are in the sup-
plemental material to this article. When adding volume weighted
by prey density, prey density terms were first removed from the
best regression equations. None of those measures met the cri-
teria above for inclusion in the best regression equation for
fall-to-fall survival.

Reviews in Fisheries Science

DISCUSSION

The analyses presented here focused on environmental fac-
tors that have plausible mechanisms for direct effects on the
survival of delta smelt, leaving identification of factors hav-
ing important, indirect effects—that is, the factors that have
important effects on important factors with direct effects—for
subsequent analyses. Effects on delta smelt survival were ana-
lyzed from fall (when delta smelt are sub-adult or pre-spawning
adults) to summer (when delta smelt are next-generation juve-
niles) and from fall to fall (addressing the life cycle across a
single generation). The regression equations resulting from this
latter analysis serve as a life-cycle model. Effects on survival
from summer to fall were also analyzed, thereby allowing in-
sight into sources of mortality during this delta smelt growth
stage. Analyses indicate that prey density is the most important
environmental factor affecting abundance and population trends
in delta smelt over the period 1972 through 2006 and also that
changes in prey density appear to best explain the sharp drop in
delta smelt abundance in this century. Entrainment of delta smelt
at state and federal export pumping plants in the Sacramento-
San Joaquin Delta appears to contribute to survival rates from
fall to summer and, therefore, to juvenile abundance in sum-
mer, but entrainment was not a statistically significant factor in
survival from fall to fall—that is, to inter-annual changes in the
size of the delta smelt population. Density dependence was an
important factor affecting survival from fall to summer, sum-
mer to fall, and fall to fall. Its inclusion in the best regression
equations was also important in revealing the effects of prey
density and entrainment on delta smelt abundance. This find-
ing indicates that density dependence must be accounted for in
analyses directed at identifying factors that are important to the
abundance of delta smelt. Delta smelt survival from fall to sum-
mer and fall to fall showed a persistent sawtooth pattern over
much of the period analyzed, and this effect was captured by
inclusion of a term for delta smelt abundance in fall of the year
prior to beginning-of-period abundance in fall-to-summer and
fall-to-fall survival analyses. It is noted that the best regression
equations may not apply for values of factors outside the range
of values actually observed.

The regression equations can be interpreted as follows, using
the fall-to-fall equation as an example. Delta smelt survival is the
ratio FMWT/PFAb, where PFAD is the previous year’'s FMWT
index. So, equation 11 can be written as

FAb — ¢~0.246-2.781x10 3 PFAD)+(1.048x 1073 PFAb 1)+(0.99710=3 EPAJ)+(0.48210-3 EPSD)
PFADb

or

FAb = 0.782PFAb e—(2.781><10’3PFAb)e(l.048><10’3PFAb1)
20997 1073EPAJ) £(0:482x 1073EPSD)

where PFAbI is the previous-previous FMWT index, EPAJ
is the minimum Eurytemora + Pseudodiaptomus density in
April-June, and EPSD is the average Eurytemora + Pseudo-
diaptomus density in September—December. Assuming that the
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number of delta smelt eggs in spring is proportional to the pre-
vious abundance index derived from the FMWT, this equation
can be interpreted as follows:

FMWT = [eggs in spring = 0.782PFAb]

X [survival reduction related to density dependence

from previous FMWT = ¢~ (2781x107°PAb)]

x [survival increase from contribution of previous—

. -3
previous abundance = e(!-048x 10 PFAbD)

x [survival increase from high minimum food density in

April — June = e(0.997><10’3EPAJ)]

x [survival increase from high September—

December food density = ¢(©-482x10°EPSD)|

with the negative constant term in equation 11 indicating
that survival (that is, the combined effects of survival and
reproduction) from fall to fall is less than one—typical of a
species experiencing an extended decline in abundance.

There was some indication that average water temperature
and calanoid copepod biomass (a general measure of prey den-
sity) in April-June were important contributors to survival of
delta smelt from fall to summer. Furthermore, predation in
April-June, representing the combined effects of water clarity
and abundance of the predators, inland silversides, largemouth
bass, crappie, and sunfish, was important to delta smelt survival
from fall to fall. Numerous factors with direct effects on delta
smelt survival did not have statistically significant effects on
the subsequent abundance of delta smelt, including the length
of the spawning period as determined by water temperature;
turbidity as an individual factor affecting larval feeding success
in spring as measured by Secchi depth; average or maximum
water temperature in summer; deviations of water temperature
from optimum values in spring; predation in summer and fall
by predators other than striped bass and predation in all sea-
sons by striped bass; delta smelt fecundity, as measured by the
size (average length) of delta smelt in December; and the av-
erage density of Limnoithona, an invasive zooplankton that has
become the most abundant potential prey species in the estuary.

The effects of factors that might have indirect effects on
survival were analyzed using factors that were identified by
previous studies as potentially important in determining delta
smelt population trends. These factors are the average value of
X2 (a measure of western Delta salinity) in the previous fall
(“fall X27), turbidity in winter as measured by Secchi depth,
ammonium concentration in spring in downstream sub-regions
of the Delta, and flows that feed the Delta’s export pumps in
winter and spring. None of these factors met the criteria for
inclusion in the best regression equations based on factors with
direct effects on delta smelt survival. It is noted that these factors
and other factors with indirect effects could have important
effects on factors that have direct effects on delta smelt, as
suggested in Figure 2, but there was no attempt to identify those
relationships here, although it is noted that Delta water flows to

Reviews in Fisheries Science

the export pumps were incorporated in estimates of proportional
entrainment.

Results indicate that delta smelt survival was more sensitive
to measures of the effects of individually specified factors with
direct effects on fish than to measures of the volume of water
within suitable ranges of conductivity, Secchi depth, and tem-
perature (abiotic habitat, the term used in Feyrer et al. [2007]).
Once the effects of individually specified factors were accounted
for, with attention to their co-occurrence with delta smelt, the
volume of water with conductivity, Secchi depth, and tempera-
ture in the suitable ranges for each of those three variables did
not meet the criteria for inclusion in the best regression equa-
tion for fall-to-fall survival, nor did such volumes weighted with
prey density, even after prey density terms were removed from
the best regression equations for fall-to-fall survival based on
factors with direct effect.

Some caution should be taken in interpreting results pertain-
ing to entrainment of delta smelt at state and federal Delta export
pumping plants. Estimates of delta smelt entrainment are based
on those used in a previous modeling exercise (Kimmerer, 2008).
Those methods of estimating proportional entrainment provide
a more rational conceptual framework than other methods that
have been used (see Grimaldo et al. [2009], for example), be-
cause Kimmerer estimated entrainment relative to population
size, attempted to estimate the standing crop of delta smelt at
the time of entrainment (rather than using abundance estimates
derived from samples collected several months earlier), and at-
tempted to overcome uncertainties associated with the fact that
larval delta smelt are not actually incorporated in fish salvage
data from pumping plants. However, Kimmerer’s model esti-
mates are based on a number of assumptions. Of 18 assumptions
underlying estimates, Miller (2011) concluded that at least 12 of
these assumptions introduced bias, and 11 of those 12 introduced
an upward bias in the putative effects of export pumps on delta
smelt mortality. This study attempted to correct Kimmerer’s es-
timates to account for that bias, but could do so for just three of
the 12 assumptions. The corrections reduced Kimmerer’s annual
estimates of proportional entrainment by about half, and Miller
(2011) concluded that further reductions would be appropriate
if other assumptions could be quantified. Furthermore, Kim-
merer did not estimate proportional entrainment prior to 1995;
however, his estimates were extended back to 1972 using cor-
relations with X2, flow, and Secchi depth measures for those
years (as described in supplemental material) and Kimmerer’s
1995-2006 estimates and those hind-cast estimates were ad-
justed to account for bias that could be quantified. Therefore, the
role of entrainment as a contributing factor to population trends
from fall to summer that are largely determined by density-
dependence factors and availability of the preferred foods used
by delta smelt is uncertain and likely (still) biased upward.

Ascertaining the importance of prey density in determining
population trends in delta smelt in part resulted from attentive
specification of factor values. The densities of the two prey
species, Eurytemora and Pseudodiaptomus, were used, summed
as the measure of prey density, reflecting findings in several
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previous studies that explicitly reference consumption of these
zooplankton by delta smelt (see supplemental material). There
was also an attempt to account for the location of delta smelt
when estimating prey density, because prey densities in sub-
regions that are not occupied by delta smelt cannot be relevant to
delta smelt survival. Moreover, there was an attempt to measure
the seasonal low point in prey density in the spring of recent
years, when the favored prey Eurytemora rises from near zero
in late winter and then declines to near zero in May or June,
at approximately the same time that other suitable prey species
Pseudodiaptomus increases in numbers from essentially zero
and persists at greater numbers until the following winter (see
supplemental material).

It is noted that the importance of the factor, minimum Eury-
temora plus Pseudodiaptomus in April-June, which measures
the low point in the food availability for young delta smelt,
provides a plausible mechanism for Bennett’s observation that
almost no early-hatch larvae of delta smelt have survived until
later life stages in recent years (Bennett, 2005; USFWS 2009).
That spring low point appeared in the mid 1980s; since then,
if larval delta smelt hatch prior to the occurrence of this low
point in densities of the two zooplankton species, larval survival
might exhibit a pattern of low returns.

This study’s findings are consistent with recent assertions that
contaminant-mediated prey availability shows dominant effects
on patterns of the abundance of delta smelt and several other
fish in the Delta (Glibert, 2010), although the analysis did not
attempt to identify the causes of the substantial changes in prey
densities in recent years. Furthermore, the analyses address an
observation by Feyrer et al. (2007), who concluded that their
analyses of just several physical factors as determinants of delta
smelt abundance would have been improved by consideration
of other factors, particularly prey density. Without carrying out
analyses that accounted for density dependence and included
such essential variables as prey availability and predation on
delta smelt, they concluded that the average value of X2 in the
previous fall was the essential causative agent of subsequent
summer juvenile abundance (see Feyrer et al., 2007, and US-
FWS, 2009). The analyses of this study considered the effects of
density dependence and prey density, as well as numerous other
factors in addition to average X2 position in the previous fall,
and once the effects of prey density were accounted for, no evi-
dence was found of effects of average X2 value in the previous
fall on delta smelt population dynamics. Thomson et al. (2009)
found that water clarity, position of X2 in winter—spring, and the
volume of water exports were important to long-term abundance
of delta smelt and other fish but could not explain the recent de-
cline in abundance of delta smelt to record low levels. Mac
Nally et al. (2010) found that the position of X2 in the spring in
the estuary and increased water clarity were important to delta
smelt abundance. Differences between the present findings and
those of Thomson et al. and Mac Nally et al. are attributed to
this study’s focus on those factors that specifically should have
direct effects on abundance and to a more precise quantifica-
tion of environmental factors—including explicitly considering
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spatial and temporal aspects of prey availability, integrating the
specific locations of different life stages of delta smelt in av-
erage values of variables, and expressing prey availabilities in
terms of densities of zooplankton species known to be preferred
by delta smelt. Grimaldo et al. (2009) attributed demographic
trend effects to entrainment of delta smelt at the export pumping
plants (measured as the number of fish salvaged there) and to
export volumes by virtue of the relationship of those flows to
rates of fish salvage. While some effect of entrainment (which
incorporated effects of export flows) was found on delta smelt
survival from fall to summer, entrainment of fish at the export
pumps did not exhibit a significant relationship with the popu-
lation dynamics of the fish over its entire life cycle. Assessment
of the relative importance of entrainment in determining delta
smelt survival, as well as that of several other factors, during
various periods in the past and for various future management
actions, awaits further analysis.

It is believed that this study’s analysis is the first to combine
careful quantification of variables, based on publicly available
agency data, with wildlife agency-derived conceptual models
transformed to represent the hierarchical manner in which en-
vironmental factors interact to affect abundance and survival of
delta smelt. The benefits of this approach included a reduction in
the occurrence of correlations that might arise by chance, due to
the inclusion of many variables relative to the number of years
of data, and identification of environmental factors on which fu-
ture studies can focus in order to elucidate the ecological mech-
anisms as a basis for management actions, thereby providing a
sound basis for agency determinations and policy decisions.

Nonetheless, limitations in the presented analyses are ac-
knowledged. Time-series index values of delta smelt abundance
are based on data from surveys that were not explicitly designed
to sample that fish species, and more recently initiated surveys
that are designed to sample delta smelt more efficiently suffer
from lack of longer time series and from the challenges of
sampling for a species that now is scarce. In addition there
are no data on disease, a factor with a potentially important,
direct effect on delta smelt abundance and, with the exception
of ammonia, almost no data on contaminants that act directly
on delta smelt. Some comfort can be taken in findings that 60
to 70% of the variation in delta smelt survival can be explained
by factors included in the analyses, but that finding cannot
rule out the importance of disease and contaminants. Further
limitations to clearer resolution of the causative factors in the
decline of delta smelt include the infrequency with which
some environmental factors are being measured. For example,
zooplankton samples were taken once or twice per month
beginning in 1972 and in the separate, 20-mm survey (CDFG,
http://www.dfg.ca.gov/delta/projects.asp?ProjectID=20mm),
every two weeks in spring beginning in 1995. Hourly water
temperature data are not available prior to the mid 1990s,
requiring reliance on correlations with air temperature, which,
fortunately, is highly related to water temperature. These
limitations are offset somewhat by the large variations in delta
smelt abundance from year to year, and the 95% decline in
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abundance from 1999 to 2006, suggesting that the signals of
environmental effects that have been identified are not subtle
and that the current lack of desired levels of precision in and
frequency of sampling for underlying data for environmental
variables can be tolerated.

The present results, indicating that the importance of prey
density as measured by the sum of Eurytemora + Pseudodiap-
tomus densities, are supported by observed recent sharp declines
in the abundance of two other pelagic fish that share at least par-
tial reliance on the same prey—longfin smelt and young striped
bass (Armor et al., 2005; Baxter et al., 2008). Slater (2008) con-
cluded from diet studies that young longfin smelt rely heavily
on Eurytemora in spring, and Moyle (2002) reported that striped
bass larvae frequently feed on Eurytemora.

The results presented here suggest several areas for further
study. Identification of the environmental factors that determine
prey density leads the list. There is a need to elucidate and
quantify that part of the effects hierarchy related to prey density.
Strong inference can be drawn from this study—if the densities
of the favored prey species consumed by delta smelt were to
increase substantially, delta smelt abundance should increase.
Under that circumstance, whatever the effects of entrainment
from fall to summer, those effects would become less important
because of density dependence. It would appear, therefore, that
the key to recovery of delta smelt to levels of abundance that
would reduce conservation concern is increased prey density.

Another area for further study relates to the cause of density
dependence. Bennett (2005) suggested that density dependence
was important based on his observation that, when comparing
two poor stock-recruitment relationships—one with and one
without density dependence—the one with density dependence
appeared to be a better predictor. The present analysis, incorpo-
rating effects of many other factors, provides more convincing
evidence that density-dependence effects act on delta smelt from
fall to summer, summer to fall, and fall to fall, and it has demon-
strated effects at low levels of abundance and reveals effects of
other factors. Density dependence from summer to fall, as repre-
sented by terms for previous abundance in regression equations
for survival, is one reason, along with variation in prey density,
why entrainment, while contributing to the best regression equa-
tion that describes delta smelt survival from fall to summer, did
not meet the criteria for inclusion in the best regression equation
that explains survival from fall to fall, that is, from one genera-
tion to the next. The cause of density dependence in delta smelt
deserves further study. This analysis suggests that it arises from
some factor that was not considered here, or from a factor that
was considered but was not specified adequately, such that its
effects would be revealed. Delta smelt spawn most successfully
on cobble or clean sand (J. Lindberg, University of California
at Davis, personal communication), and meager sediment data
(see http://www.water.ca.gov/bdma/meta/benthic.cfm) suggest
that few stations in areas occupied by delta smelt show evi-
dence of cobble or clean sand substrate. Nor was the possibility
considered that the contemporary relatively small numbers of
fish have led to stochastic demographic phenomena, such as
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difficulty in finding mates or some other manifestation of Allee
effects (Allee et al., 1949). Identifying the cause of density de-
pendence on delta smelt could provide a basis for actions to
lessen its effects.

Further study is recommended of the inter-year sawtooth pat-
tern in the abundance of delta smelt. This, too, is an important
factor in these regression equations. Failure to identify an en-
vironmental factor or factors causing this pattern suggests that
its cause may be inherent in the reproductive biology of delta
smelt. Approximately 5% of delta smelt live for two years and
spawn in the second year, producing a large number of eggs
because of their larger size (Bennett, 2005). The existence of
distinct demographic units of delta smelt that spawn every two
years could explain the sawtooth pattern, but the absence of
larger fish in the FMWT and STN argues against this possible
explanation.

Predation also deserves more study. The identification of
predation as a factor of some importance must be confirmed by
more careful studies to overcome the general conclusion drawn
by Moyle (2002) that there was little evidence of important pre-
dation effects, even when delta smelt were abundant relative to
other prey fish many years ago. It is possible that the arrival and
proliferation of invasive predators alters Moyle’s conclusion.

There was some indication that water temperature is im-
portant, but water temperature, depending almost entirely on
air temperature, cannot be controlled. However, the increasing
trend in water temperature could affect various factors that are
important to the abundance of delta smelt, including prey den-
sity, and such effects deserve study.

Results also indicate that the development of an effects hi-
erarchy can provide an important framework on which to base
analyses designed to assess the relative importance of multiple
factors affecting the population dynamics of at-risk species. The
findings presented here suggest that multiple environmental fac-
tors were responsible for the decline in abundance of delta smelt
to record low levels, but that multiplicity is vertical with respect
to the effects hierarchy, primarily extending down the hierarchy
below prey density rather than horizontally across the hierarchy,
as others have surmised (Baxter et al., 2010).

Furthermore, in the case of delta smelt, not only does an
effects hierarchy suggest the use of simple linear regression
models, but the low sampling errors in abundance relative to
process errors indicates that this simple and transparent method
of analysis is an appropriate method for identifying environ-
mental factors with direct effects. Therefore, at least for delta
smelt and perhaps for other fish for which sampling errors in
abundance are relatively low, simple linear regression, as an
alternative to more complex life-cycle models, can produce in-
formative results.
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