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Abstract
Food availability is a key determinant of the nursery value of a given habitat for larval and juvenile fishes. Growth, survival, 
and recruitment success are often inter-correlated and influenced by prey availability and associated feeding success. This 
is likely true for the threatened population of Longfin Smelt (Spirinchus thaleichthys) in the San Francisco Estuary (SFE) 
which has collapsed in recent decades along with its preferred prey. In years with high precipitation and freshwater outflow, 
larval Longfin Smelt are found in shallow wetland habitats throughout the SFE, but variation in the availability of food and 
feeding success in these habitats remains unexplored. To examine spatial variation in the trophic value of different rearing 
habitats, we quantified variation in prey availability, feeding success, and prey selection for larval and juvenile Longfin 
Smelt captured in restored tidal marshes, sloughs, and open-water habitats in the northern and southern SFE. Prey abun-
dance varied spatially, with densities approximately tenfold greater in southern sloughs and restored tidal ponds relative to 
northern and open-water habitats. Feeding success of larval Longfin Smelt was positively correlated with both fish length 
and prey density. Larval Longfin Smelt fed selectively on the copepod Eurytemora affinis, with larger individuals (> 25 mm 
total length) exhibiting an ontogenetic diet shift to larger mysid shrimps. Our results suggest that wetland habitats across the 
SFE vary greatly in their trophic value, with previously unexplored habitats exhibiting the highest densities of prey and the 
highest foraging success for larval Longfin Smelt.
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Introduction

Estuaries provide vital nursery habitats for many migrant 
and resident fish species (Boehlert and Mundy 1988; 
Sheaves et al. 2014; Lefcheck et al. 2019). High concen-
tration of suitable larval prey is one factor of estuaries 
that can improve feeding success and promote the growth 
and survival of fishes through their vulnerable larval life 
stage (Houde 1978, 1987, Lusardi et al. 2019). Zooplank-
ton production in estuarine habitats is often stimulated 
by the delivery of particulate organic matter and nutri-
ents via both runoff from upstream watersheds and tidal 
transport from downstream coastal habitats (Odum 1961; 
Schelske and Odum 1962; Malone et al. 1988). Larval fish 
survival can also be enhanced through the high turbid-
ity often found in estuaries which can provide increased 
protection from predators (Moore and Moore 1976; Rypel 
et al. 2007). Thus, the abundance and quality of estuarine 
habitats can greatly influence the population dynamics of 
coastal fishes.
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However, not all estuarine habitats contribute equally 
to adult populations and a variety of factors can influence 
variability in the overall recruitment of individuals. The 
amount of successful recruitment proportional to the size 
of the available habitat can help determine the relative value 
of the “nursery habitat” (Beck et al. 2001). Nursery value 
can be determined by examining several interacting factors 
that influence the survival of recruits (Beck et al. 2001). 
These factors include biotic processes (larval supply, pre-
dation, food availability), abiotic processes (hydrology, 
physio-chemical properties, tides), and landscape features 
(connectivity, area, fragmentation) (Sheaves et al. 2014). 
Survival of young fish is often driven by direct mortality 
due to predation (Houde 1987; Anderson 1988; Bergenius 
et al. 2002), and these mortality rates generally decrease as 
the fish grow, resulting in a positive relationship between 
growth rate and survival (Houde 1987; Anderson 1988; 
Bergenius et al. 2002) (Fig. 1). Growth rate is largely influ-
enced by prey concentrations and feeding success (Houde 
1978, 1987), and feeding success can further increase 
growth rate leading to even greater feeding success, growth, 
and survival (China and Holzman 2014; Levy et al. 2017). 
Prey availability is a key feature of a habitat that strongly 
influences feeding success and the habitats nursery value 
for a given fish species.

Estuaries are threatened on multiple fronts: from land 
development (Lotze et al. 2006), harmful algal blooms 

(Burkholder et al. 2002), freshwater diversions (Nichols 
1986), and rising sea levels (Scavia et al. 2002). Conse-
quently, estuaries have been largely degraded across much 
of the world (Barbier et al. 2011), including the San Fran-
cisco Estuary (SFE), one of the largest estuaries in North 
America. Approximately 95% of the tidal marsh habitat 
of the SFE was diked and filled in during the twentieth 
century (Nichols et al. 1986), and in some years, a large 
proportion of river flows are diverted for urban and agri-
culture use (Hutton et al. 2017a, b). Conservation efforts 
have been initiated to improve the quality of wetland habi-
tats in the SFE over the last several decades, with notable 
restoration projects within the upper and lower regions of 
the estuary (Macvean et al. 2011; Williams and Orr 2002; 
Valoppi 2018).

Though highly degraded, the SFE remains home to the 
genetically distinct, southernmost population of Longfin 
Smelt (Spirinchus thaleichthys), a pelagic forage fish in the 
family Osmeridae that is native to coastal and estuarine 
habitats of the northeastern Pacific Ocean (Garwood 2017; 
Sağlam et al. 2021). The abundance of SFE Longfin Smelt 
has declined since the 1970s, prompting their listing as 
threatened under the California Endangered Species Act 
in 2009 (Moyle 2002; CDFG 2009). Longfin Smelt exhibit 
a semi-anadromous life history, moving upstream to low-
salinity tidal habitats during California’s cool, wet winters 
to spawn (Moyle 2002). Larval (< 34 mm TL; Wang 1986) 
life stages rear in both open water and tidal wetland habi-
tats through the early spring, after which they migrate sea-
ward into deeper, cooler bay and coastal marine habitats 
during warmer summer months (Moyle 2002; Rosenfield 
and Baxter 2007; Garwood 2017).

Longfin Smelt are pelagic zooplanktivores, with larvae 
consuming copepods and juveniles and adults consuming 
larger crustaceans, especially mysid shrimp (Chigbu and 
Sibley 1994, 1998; Feyrer et al. 2003; Hobbs et al. 2006). 
In the upper SFE, larval Longfin Smelt primarily consume 
copepods including Pseudodiaptomus forbesi and Acan-
thocyclops vernalis (Hobbs et al. 2006), while adults likely 
prey upon several mysid species; however, details regard-
ing this ontogenetic dietary shifts remain unexplored. Both 
P. forbesi. and A. vernalis are non-native copepods intro-
duced in the late 1900s and have since become the most 
abundant calanoid copepods in the upper estuary, overtak-
ing Eurytemora affinis, which was previously the dominant 
prey item for many planktivorous fishes in the upper SFE 
(Winder and Jassby 2011). Changes in the community 
structure of zooplankton have corresponded with regional 
declines in total zooplankton biomass and pelagic fishes 
in the upper estuary (Feyrer et al. 2003; Kimmerer 2006; 
Sommer et al. 2007). These declines were likely caused by 
a combination of factors including decreased freshwater 
outflows and overgrazing from the invasive overbite clam 

Fig. 1  Conceptual model detailing how feeding success and prey 
availability (outlined in red) can help determine the relative quality of 
potential nursery habitat. Numbered citations are as follows: 1. (Beck 
et al. 2001) 2. (Houde 1987; Bergenius et al. 2002; Anderson 1988) 3. 
(Houde 1978, 1987) 4. (Levy et al. 2017, China et al. 2014) 5. (Dill 
et al. 1984). (Color figure online)
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(Potamocorbula amurensis) (Kimmerer 2002; Cloern and 
Jassby 2012; Hammock et al. 2019).

The early life stages of Longfin Smelt utilize tidal wet-
lands throughout the SFE, and their distributions are driven 
largely by variation in freshwater outflow (Dege and Brown 
2004). In dry years, larvae are often found in the upper estu-
ary, including Suisun Bay and the Delta (Grimaldo et al. 
2017), but appear to be dispersed further downstream in 
tidal wetlands and open water habitats of the northern and 
southern SFE during years of high precipitation and fresh-
water outflow (Lewis et al. 2020; Grimaldo et al. 2020). In 
years with above normal precipitation, when fish are widely 
dispersed across the estuary, Longfin Smelt recruitment is 
maximized (Kimmerer 2002; Rosenfield and Baxter 2007; 
Kimmerer et al. 2009), suggesting that rearing habitats may 
vary in their relative contributions to recruitment. However, 
it remains unknown how prey availability varies among 
regions and habitat types of the San Francisco Estuary and 
how such variation influences the feeding success of Longfin 
Smelt.

In 2017, a year of high precipitation and warm waters, 
early life stage Longfin Smelt (and their prey) were observed 
and collected throughout the northern and southern San 
Francisco Estuary, and for the first time in Alviso Marsh in 
the South Bay (Lewis et al. 2020). These collections pro-
vided an opportunity to examine spatial variation in feed-
ing selectivity and success across regions, habitats, and in 

relation to prey availability. We quantified spatial variation 
in prey density and feeding success in 2017 for Longfin 
Smelt to assess regional and habitat-type differences in two 
wetlands of the SFE. Feeding success was examined as a 
function of fish size and prey density to assess the relative 
influence of each factor, and prey selectivity was examined 
by contrasting the composition of prey in fish stomachs with 
that of the ambient environment at capture. Identification 
of the habitats that best increase food supply and feeding 
success of Longfin Smelt is a critical step for developing 
effective conservation and restoration efforts for this imper-
iled species.

Materials and Methods

Study Region

The SFE (Fig. 2) is the largest estuarine embayment on the 
west coast of the Americas. It is divided into five unique 
biogeographic regions. The Delta, Confluence, and linked 
Suisun regions form the “upper estuary” which receives 
the majority of freshwater flows into the system. Carquinez 
Strait separates the upper estuary from the more brackish 
habitats of San Pablo Bay and its tributaries, collectively 
referred to as the “northern SFE.” The “southern SFE” con-
sists of South San Francisco Bay and the lagoonal Lower 

Fig. 2  (a) Zooplankton and Longfin Smelt samples were collected 
across the upper (Suisun, Confluence, North and South-East Delta), 
northern (San Pablo Bay), and southern (Lower South Bay) regions 
of the SFE, including the associated tributaries and marsh complexes. 

California Department of Fish and Wildlife (CDFW) Environmental 
Monitoring Program (EMP) zooplankton sampling is also shown. 
Habitat types and sampling locations are shown in more detail for the 
northern SFE (b) and southern SFE (c)
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South San Francisco Bay (LSB), two shallow embayments 
which receive relatively little freshwater flows compared 
to the northern SFE. The northern and southern SFE are 
separated by the large expanse of the Central Bay, which 
connects to the Pacific Ocean and is surrounded by a mostly 
urbanized landscape. Seasonality of the SFE’s precipitation 
drives salinity conditions throughout the estuary and its tidal 
marshes, with fresh to low salinity conditions prevailing in 
the wet winter and spring conditions and higher salinities 
occurring in the drier summer and fall. Seasonal control of 
salinity in the estuary can also be highly variable, as the 
influence of climate change increases the frequency and 
magnitude of droughts and floods in the region (Mann and 
Gleick 2015).

Both the northern and southern SFE are heavily altered 
landscapes, with large sections of historical tidal marsh 
having been converted into industrial salt ponds during 
the twentieth century, or developed for agriculture and 
urbanization (Nichols et al. 1986; Whipple et al. 2012). 
Efforts to restore many of these degraded wetland habi-
tats are on-going, including restoration of 6000 acres of 
solar-evaporation salt ponds in the Napa-Sonoma Marsh 
Complex (in the northern SFE) and the Alviso Marsh 
Complex (in the southern SFE), where active restoration 
of tidal action to the previously isolated salt ponds has been 
implemented over the last two decades (Williams and Orr 
2002; Valoppi 2018). The restored ponds are connected to 
adjacent subtidal sloughs that move water, nutrients, sedi-
ments, and organisms to and from restored pond habitats 
with the tidal current. These smaller slough habitats are 
connected to larger open expanses of water in San Pablo 
Bay in the north and Lower South San Francisco Bay in the 
south. The unique characteristics of open bay, slough, and 
restored pond habitats likely influence the food availability 
and feeding success of many species of estuarine fishes.

Field Collection

Zooplankton samples were collected using a modified 
Clarke-Bumpus (CB) net (approximately 12-cm diameter 
opening) with a 160-µm mesh attached to a 20-mm net frame 
(described below), allowing us to contrast prey availability 
with fish catch and diet data. Zooplankton samples were col-
lected in March–April of 2017 throughout each marsh com-
plex (Napa-Sonoma, Petaluma, and Alviso) as well as San 
Pablo Bay and the Lower South San Francisco Bay (Fig. 2). 
To compare diets and prey availability for fish captured in 
otter trawls, a CB net was attached to a D-frame mysid net 
and towed in an oblique step-wise fashion directly prior to 
or after otter trawl sampling. This zooplankton sampling 
method was comparable to zooplankton samples collected 
with the CB net attached to the 20-mm net. Estimates of the 
water volume sampled by each CB zooplankton tow were 

calculated (Eq. 3) using flowmeter revolutions (General Oce-
anics Flowmeter 2030R, Miami FL, USA) for each tow and a 
standard constant (k = 0.0269). The flowmeter was attached 
to the center of the opening of the CB net. Zooplankton sam-
ples were stored in a 10% formalin solution for later species 
identification and quantification.

Longfin Smelt were collected in March–April of 2017 
across regions (northern and southern SFE (Fig. 2a) and 
habitat types (restored pond, slough, and open bay) (Fig. 2b, 
c) from surveys conducted in March and April of 2017 
(Table 1). Due to difficulty accessing restored ponds in 
the northern SFE, sampling was insufficient and no Long-
fin Smelt larvae were collected in restored ponds in those 
areas. Only sloughs and open bay habitats were included in 
regional comparisons and only samples from the southern 
SFE were used to contrast the three habitat types.

Longfin Smelt were collected using an ichthyoplankton 
net (California Department of Fish and Wildlife 20 mm 
Survey net) and otter trawl (mimicking the Suisun Marsh 
Study otter trawl). The 20-mm net (named 20 mm because 
it was designed to retain fish ~ 20 mm in total length) is a 
1600-µm-mesh plankton net mounted to a D-shaped frame 
with skids (5.1-m length, 1.5-m2 net mouth opening). Sur-
veys using the 20-mm net were conducted bi-weekly at each 
sampling site from March to April to encompass the period 
in which Longfin Smelt are present in the region. Sampling 
sites in the northern SFE were determined randomly across 
the region, while in the southern SFE, fixed sites were 
selected to achieve spatial dispersion throughout the South 
Bay (Lewis et al. 2019). Otter trawl surveys (1.5 m × 4.3 m 
opening, 35-mm stretch mesh body, 6-mm stretch liner) 
were conducted monthly in each region to monitor juve-
nile and adult fishes, but also captured larval Longfin Smelt 
(> 18-mm fork length) in March and April. Otter trawls were 
pulled along the bottom for 10 min into the current, while 
the 20-mm net was pulled in a step-wise oblique fashion for 
10 min into the current. Longfin Smelt collected in the field 
were euthanized and stored in 95% ethanol for later diet and 
otolith processing.

The spring of 2017 was a period of high precipitation 
and runoff, with high flows across SFE tributaries. During 
the sampling period, salinities were similar in the northern 
and southern SFE, where values were higher in the open bay 
habitats than in the restored ponds or sloughs. Dissolved 
oxygen was lower in the southern SFE habitats, while tem-
peratures there tended to be higher (Fig. S1). All samples 
were collected during daylight between 7 a.m. and 1 p.m.

Laboratory Methods

Zooplankton samples (N = 30) collected with 20-mm net 
samples containing Longfin Smelt were selected to cover the 
same factors of region and habitat type (Table 1). Longfin 
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Smelt captured in the otter trawls, which could not have an 
attached CB sample, were paired with CB samples collected 
directly prior to or after the otter trawl. Samples were ini-
tially placed in a 50-µm sieve and rinsed with water to reduce 
formalin fumes. The sample was then placed in a beaker, 
gently homogenized, and diluted until a 1-mL subsample 
drawn with a pipette yielded between 200 and 400 organ-
isms. Dilution volume for samples ranged between 25 mL 
and 2.5 L. Once the desired concentration was achieved, a 
1-mL subsample was pipetted out and placed on a Sedge-
wick Rafter counting cell. All organisms in the subsample 
were then identified under a compound microscope to the 
lowest possible taxon and quantified. Three 1-mL subsam-
ples were processed for each sample. The counts of each 
taxon in each subsample were then multiplied by the sample 
dilution volume to estimate the total number of individuals 
of that taxon in the full sample (Eq. 1).

Where Niu is the estimated total count of taxon i in the sam-
ple calculated from subsample u, D is the dilution volume 
used for sample, and niu is the count of taxon i in the 1-mL 
subsample u. For each sample j, the 3 estimated taxon counts 
(Niu) were then averaged to provide a single total count (Nij) 
of each taxon i in each sample. Because mysids were too 
large to be consistently sampled by the pipette, Nij for mysids 
was counted directly, with all mysids in each sample removed 
and counted directly without subsampling. Most mysids sam-
pled in the CB net had not yet developed diagnostic charac-
teristics and were classified as unidentified mysids.

A total of 178 individual Longfin Smelt were selected 
for diet analyses, with samples stratified among size classes, 
habitats, and regions (Table 1). No Longfin Smelt were cap-
tured in restored ponds in the northern SFE during the study 
period, so comparisons of feeding success in tidal restored 
habitats were restricted to southern habitats. Fish were pho-
tographed and then measured for total length (TL mm) using 
Adobe photoshop software (Photoshop CC 2017, Adobe, San 
Jose). For diet analysis, a dissecting scope, tweezers, and 
scalpel were used to remove and open the stomach and gut 

(1)Niu = D(mL) ∗ (niu∗ mL−1)

tract of each fish. Feeding incidence was recorded as positive 
(1) when any food items were present in the stomach and/
or gut tract and absent (0) when no prey items were present. 
Stomach and gut contents were placed in a drop of water on 
a Sedgewick Rafter counting cell and identified to the low-
est possible taxon and measured to nearest 0.1 mm under a 
compound microscope.

The total wet biomass (μg) of prey in either fish diets or 
zooplankton samples (j) was calculated by multiplying the 
count of each prey type by the corresponding mean taxon-
specific biomass (for mysids, biomass was calculated using 
a length-mass curve). The estimated masses of all prey taxa 
were then summed for each fish or zooplankton sample 
(Table S1) (Kimmerer 2006; Slater and Baxter 2014) (Eq. 2).

Where Pj is the biomass of all prey taxa in fish or sample 
j, Nij is the count of prey taxa i in fish or sample j, and Bi is 
the individual average biomass of prey taxa i (or calculated 
biomass if mysid) (Table S1). These calculations yielded 
estimates of total counts and biomass of each prey type in 
each stomach or zooplankton sample. Since biomass was 
calculated using estimates of numerical density and static 
estimates of the biomass for each taxon, calculations using 
mean mass estimates did not account for within-group vari-
ation in size. Prey counts for each sample were multiplied 
by the taxon-specific biomass to yield prey-specific biomass 
estimates for each sample (Pij), and then divided by the sam-
ple volume (Vj) to yield biomass density estimates (Dij) of 
prey i (mg  m−3) for sample j (Eq. 3).

The volume of water  (m3) sampled for each collection 
(Vj) was calculated using the change in flow meter values 
between the beginning and end of each tow (Eq. 4).

Where Vj is the volume of sample j, dfj is the difference in 
beginning and ending flowmeter readings, k is a standard 
flowmeter constant (k = 0.0269, General Oceanics) con-
firmed by calibration, and a is the area of the mouth of the 
net (0.0113  m2).

Statistical Analyses

The biomass of available zooplankton prey was modeled as 
a function of region, habitat, and their interaction so that 
log10(Dij) ∼ f (region + habitat + region * habitat). Zoo-
plankton densities in the northern and southern SFE were 

(2)Pj =
∑i

1
Nij ∗ Bi

(3)Dij =
Pij

Vj

(4)Vj = df j ∗ k ∗ a

Table 1  Larval Longfin Smelt examined for diet analysis and zoo-
plankton samples selected from the San Francisco Estuary (SFE). For 
diet samples, number of tows that fish were collected from is shown 
in parenthesis

Longfin Smelt diet samples Zooplankton samples

Northern 
SFE

Southern 
SFE

Northern 
SFE

Southern 
SFE

Slough 35 (14) 33 (12) 6 6
Restoration pond 0 26 (9) 0 6
Open bay 55 (21) 29 (3) 6 6
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also compared qualitatively with those measured in the upper 
estuary during the same period (spring 2017) by the CDFW 
Environmental Monitoring Program, which uses similar sam-
pling methods (EMP, https:// wildl ife. ca. gov/ Conse rvati on/ 
Delta/ Zoopl ankton- Study) (Hennessey 2018). This was done 
to compare prey densities between potential nursery habitats 
sampled in this research, and other potential Longfin Smelt 
nursery habitats in the SFE.

To quantify variation in the taxonomic composition of zoo-
plankton communities among regions and habitats, the eleven 
most common zooplankton taxa, representing more than 93% 
of zooplankton collected from CB sampling, were selected. 
Densities of each common taxa were fourth-root transformed 
and used to generate a Bray–Curtis dissimilarity matrix 
contrasting the pairwise differences in community structure 
between samples (Minchin 1987). Permutational multivariate 

Fig. 3  a Biomass of zooplankton among regions and habitats of the San 
Francisco Estuary (March–April 2017). Grey boxes (right panel) indicate 
data from regions of the eastern SFE provided by the CDFW Environ-
mental Monitoring Program (EMP) during the same sampling period. 

Sample sizes in parentheses. (http:// www. dfg. ca. gov/ delta/ proje cts. asp? 
Proje ctID= ZOOPL ANKTON). b Proportion of CB zooplankton bio-
mass for each region, by taxa. For summary data, model selection, and 
model results, see Tables S3 and S4. (Color figure online)
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analysis of variance (PERMANOVA) was conducted using 
the vegan R package (Oksanen et al. 2019) to test whether dif-
ferences in community structure among regions and habitats 
were significant (Prentice 1977; Anderson et al. 2006). All 
analyses were conducted using the R programming software 
(R version 4.0.2 Core Team 2018).

Feeding success for each fish was defined by the feed-
ing incidence, a binary metric based on the presence (inci-
dence = 1) or absence (incidence = 0) of prey in the gut. 
Logistic regression models were used to examine the effects 
of available zooplankton biomass and individual fish length 
on feeding success across habitats, regions, and their interac-
tions (each as fixed factors).

For each fish, selectivity for each prey item was measured 
using Manly’s Alpha index (α) which was calculated using a 
subset of paired fish-diet and zooplankton samples. Manly’s 
Alpha index compares the relative frequency of each prey 
taxon in a fish’s gut to its relative frequency in the total 
available prey in the environment, frequency being based on 
abundance (Chesson 1983) (Eq. 5) (Table S2).

Where αi is the selectivity index for taxa i, ki is the propor-
tion of prey taxa i in the diet, pi is the proportion of prey 
taxa i available in the environment, and m is the number of 
prey types available (m = 10) found across all larvae diets 
examined. Since 1/m (0.10) represents neutral selection for 
prey type i, then αi > 0.10 represents positive selection and 
αi< 0.10 represents negative selection (Chesson 1983).

Larger individuals appeared to have stomach contents 
dominated by mysid shrimp (see “Results”), so a logistic 
regression of mysid incidence vs. total length was developed 
to estimate the size at which Longfin Smelt began feeding on 
mysids. For example, Longfin Smelt < 25 mm TL appeared 
copepod-dependent, whereas those > 25 mm TL had begun 
to forage on mysid shrimp. Using this threshold for the 
ontogenetic diet shift, separate models of prey selectivity 
and feeding success were constructed for each of these two 
size classes.

Few Longfin Smelt larvae were observed in restored ponds 
in the northern SFE; thus, only sloughs and open-bay habitats 
were included in regional comparisons and only samples from 
the southern SFE were used to contrast all three habitat types. 
Models were selected by comparing the variance explained 
(r2) and corrected Akaike information criterion (AICc) among 
a set of nested models (Tables S4–S8) using the MuMIn R 
package (v. 1.43.6). Model assumptions were checked by 
examining residuals and Q-Q plots; when necessary, data was 
log-transformed to meet model assumptions.

(5)�i = 100 ∗
ki∕pi

∑m

i=1
(ki∕pi)

, i = 1,… ,m

Results

Zooplankton Biomass

The biomass density of available zooplankton prey ranged 
from 76 to 1781 mg  m−3 (Fig. 3a). Nearly 40% of the varia-
tion in zooplankton biomass among samples was explained 
by region (northern or southern SFE), habitat type (slough 
or open bay), and their interaction (Table 2). In the southern 
SFE alone, 43% of the variation in available zooplankton 
biomass was explained by the habitat type when includ-
ing restored ponds. While the sample size was small and 
variability was high, samples in southern sloughs exhibited 
on average 10 times higher biomass than northern sloughs 
(Fig. 3a; Table 2) (t(23) = 2.62, GLM, p = 0.061). While 
zooplankton biomass in the northern SFE was compara-
ble to those regions sampled by the CDFW study, biomass 
found in the southern SFE sloughs and restored ponds of 
the Alviso Marsh complex was tenfold greater than most 
habitats in the upper SFE, except for Suisun Marsh where 
biomass was similar to those observed in southern restored 
ponds (Fig. 3a).

Zooplankton Composition

Community compositions indicated varied zooplankton 
prey communities in the northern versus southern SFE 
(PERMANOVA Bray–Curtis distance ~ region*habitat, 
p = 0.001; Table 3), and among the three habitat types in 
the southern SFE (p = 0.001). All sampled habitats were 
generally dominated by the calanoid copepod Eurytemora 
affinis, which accounted for more than 75% of zooplankton 
biomass in most parts of the northern and southern estuary 
(Fig. 3b). However, this was not the case in the more saline 
open bay habitat in the southern SFE, where we found high 

Table 2  Model results for zooplankton biomass by region (northern and 
southern SFE) and habitat (open bay, slough) log10(bm) ∼ f (r ∗ h) . For 
summary statistics see Table S3

Factor Degrees of 
freedom

Mean square 
error

P r2

Region 1 0.71 0.061 0.386
Habitat 1 1.40 0.001
Region ∗ habitat 1 0.46 0.132
Zooplankton biomass by slough, restoration pond, and open bay, in 

southern SFE only
Factor Degrees of 

freedom
Mean square 

error
P r2

Habitat 2 3.82 0.017 0.430
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concentrations of the calanoid copepods Acartia spp. and 
Acartiella spp. The northern SFE habitats also had higher 
proportions of cyclopoid copepods compared to the south-
ern SFE habitats.

Feeding Success

Longfin Smelt ranged from 9 to 38 mm TL across the study 
region, and 60% had at least one prey item in their stom-
achs. Both total length (z = 2.39, p = 0.0348) and the avail-
able prey biomass (z = 2.55, p = 0.011) were positively cor-
related with feeding incidence, together explaining 10.5% 
of the variation (Fig. 4; Table 4). When including all sizes 
of Longfin Smelt, feeding incidence did not vary among 
regions and habitats (Table 5). Narrowing the size range to 
just larval Longfin Smelt ≤ 25 mm TL, limited the analysis 
to only Longfin Smelt that were copepod dependent, and 
this resulted in spatial heterogeneity in feeding incidence 
(p = 0.013; Table 5; Fig. 5) that corresponded largely with 
patterns in prey abundance. Larval Longfin Smelt captured 
in the sloughs of the southern SFE (where copepods were 
most abundant) were approximately 30% more likely to have 
a positive feeding incidence than those from other regions or 
habitats (z = 2.199, p = 0.013).

Prey Selectivity

Longfin Smelt disproportionately consumed the copepod 
Eurytemora affinis across all habitat types and regions 
(Fig. 6a; Table S2). Though E. affinis was generally pre-
ferred, some Longfin Smelt also contained larger mysid 
shrimp in their diets (which were up to tenfold greater 
in individual biomass relative to the average copepod). 
Total length of the fish explained 46% of the variance in 
the occurrence of mysid shrimp in Longfin Smelt diets, 
with fish beginning to exhibit prey supplementation 
with mysids at around 26 mm TL (z = 4.66, p = 2.66e−06; 
Fig. 6b). Mysid shrimp accounted for over 80% of the prey 
mass in the stomach contents of the Longfin Smelt greater 
than 25 mm TL (Fig. 6c); however, these individuals still 
exhibited strong selection for E. affinis numerically.

Discussion

Assessing the nursery value of estuarine habitats is 
increasingly valuable for marine conservation (Beck et al. 
2001; Vasconcelos et al. 2011; Sheaves et al. 2014). Due 

Fig. 4  a Feeding incidence 
correlation with Longfin Smelt 
total length (mm) and b feeding 
incidence correlated with avail-
able prey biomass (mg). Addi-
tive model used for I ~ f(l + bm, 
family = logistic) where 
I = feeding incidence, l = total 
length (mm), and bm = avail-
able biomass (mg). N = 178. For 
model results see Table 4

Table 3  Summary of two-factor PERMANOVAs for the effect of 
region and habitat type on zooplankton community composition

Zooplankton community differences PERMANOVA results

Factor Degrees of 
freedom

Sums of Sqs F p-value

Habitat 2 1.53 5.33 0.001
Region 1 0.73 5.08 0.004
Habitat ∗ region 1 0.60 4.19 0.010

Table 4  Model results for feeding incidence and prey density and 
fish length. I ∼ f (l + log (bm), family = logistic) where I = feeding 
incidence,  l = total length (mm), and bm = available biomass (mg). 
For model selection see Table S5

Feeding incidence and prey density additive model

Degrees of freedom Mean square 
error

P r2

Total length (mm) 129 4.28 0.038 0.105
log10 (biomass (mg)) 128 9.29 0.011
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to the importance of feeding for growth and survival, the 
degree of spatial and temporal overlap of recruits and prey 
is often a key driver of recruitment strength (Durant et al. 
2007) and can vary greatly with fluctuations in environ-
mental conditions and climate (Kristiansen et al. 2011). 
The extent of spatial and temporal overlap of fish and their 
prey in the SFE is not well understood and limited to stud-
ies of Delta Smelt (Hypomesus transpacificus) and salmo-
nids of the region (Rose et al. 2013; Herbold et al. 2018). 

Here, we described spatial heterogeneity in the availability 
of key food items for larval Longfin Smelt and demon-
strated that feeding incidence is directly correlated with 
prey availability. Furthermore, Longfin Smelt larger than 
25 mm TL exhibited increased feeding incidence and abil-
ity to catch larger, higher value mysid prey, supporting the 
importance of growth in determining fitness (Anderson 
1988; Bergenius et al. 2002; Meekan et al. 2006). These 
results, in conjunction with the nursery value hypothesis, 

Table 5  Model results for feeding incidence (I) in larval Longfin 
Smelt stomachs. (l) = total length, (r) = region, (h) = habitat. Model 
results are shown for all fish as well as just larval fish below 25 mm 

TL, showing that feeding success was not limited by copepod density 
when accounting for fish that included mysids in their diet. For model 
selection see Tables S3–S8

Analysis Length Factor Degrees of freedom Mean square error P r2

Feeding incidence
 I∼ f (l + r + h + r * 

h, + r * l, Gaussian) 

All Total length (mm) 1 6.36 0.012 0.087
Region 1 0.13 0.712
Habitat 1 2.24 0.134
Region ∗ habitat 1 3.32 0.068
Region * length 1 1.76 0.185

 ≤ 25 mm TL Total length (mm) 1 4.11 0.043 0.098
Region 1 0.02 0.891
Habitat 1 2.41 0.121
Region ∗ habitat 1 6.23 0.013

Feeding incidence 
southern SFE 
habitats

 I ∼ f (l + h * l, 
Gaussian) 

All Total length (mm) 1 3.67 0.055 0.087
Habitat 2 4.35 0.114
Habitat ∗ length 2 1.98 0.371

 ≤ 25 mm TL Total length (mm) 1 0.63 0.428 0.098
Habitat 2 8.69 0.013
Habitat ∗ length 2 2.83 0.243

Fig. 5  Feeding incidence  
for copepod depend- 
ent Smelt ≤ 25 mm TL  
as a function of size,  
region, and habitat Model:  
I ∼ f (l + r + h + r * h, family =  
logistic). For model results, see 
Table 5 below. For model selec-
tion see Tables S5–S8
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suggest that habitats throughout the SFE likely exhibit dif-
ferent value with respect to feeding and the growth and 
survival of Longfin Smelt. Previously unsampled natu-
ral and restored wetland habitats may provide some of 
the most valuable rearing conditions for larval Longfin 
Smelt, especially in years with above normal precipitation. 
Understanding the factors that drive this variability can 
greatly inform future conservation efforts for this imper-
iled species.

Most Longfin Smelt fed selectively on the abundant 
calanoid copepod Eurytemora affinis, with fish > 25 mm 
TL supplementing their diets with larger mysid shrimp. 
Though populations of both prey items have diminished 
significantly in the upper estuary (Feyrer et  al. 2003; 

Winder and Jassby 2011; Cloern and Jassby 2012), they 
appear to remain seasonally abundant and important prey 
of Longfin Smelt in the northern and southern SFE. The 
high densities of Eurytemora affinis found in our sampling 
efforts were contrary to the historical trend in the upper 
SFE, where the taxa have been generally replaced by the 
calanoid copepod Pseudodiaptomus forbesi (Hennessy 
2018).

Copepod biomass varied among regions and habitat 
types and were correlated with feeding success. The high-
est copepod biomass and feeding success was observed 
in marsh-associated habitats, especially in sloughs of the 
Alviso Marsh Complex in the southern SFE, where cope-
pod biomass was on average tenfold greater than upper SFE 

Fig. 6  a Selectivity index for 85 fish of all size classes of Longfin 
Smelt grouped across 25 tows, showing strong selection for copepod 
Eurytemora affinis. Points above dashed line are positively selected 
for. b Incidence of mysid prey in Longfin Smelt diets as a function of 
total length. Mysids appear in the diets of Longfin Smelt at approxi-

mately 25 mm in TL. Data points were jittered to more easily display 
relative density. Mysid art by Arthur Barros. c Proportion of the diet by 
mass of each prey item for Longfin Smelt ≤ 25 mm TL and d Longfin 
Smelt ≥ 25 mm TL. Copepod and mysid art by Arthur Barros. Larval 
and juvenile fish art by Adi Khen
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habitats, though results were not statistically different due 
to high variability in the south. This variability is likely due 
to the physical transport of zooplankton downstream of the 
study area due to recent storms and pulses of tributary dis-
charges. For example, the two low-biomass zooplankton 
samples in the Alviso Marsh occurred immediately follow-
ing strong flushing by a recent storm. In contrast, all samples 
collected in southern sloughs prior to this storm exhibited 
much higher biomass of zooplankton than in northern habi-
tats; removing the post-storm samples from the analysis 
resulted in a difference between regions (t(21) = 9.70, GLM, 
p = 0.041). Thus, while our results indicate large regional 
differences in zooplankton densities, additional sampling is 
needed to improve confidence in these results.

Longfin Smelt larvae exhibited positive selection for the 
copepod Eurytemora affinis across all regions and habitat 
types in the northern and southern SFE. E. affinis was his-
torically the dominant copepod in the upper estuary, but den-
sities declined dramatically in the 1980s (Cloern and Jassby 
2012) and it has been largely replaced by another invasive 
calanoid copepod Pseudodiaptomus forbesi (Winder and 
Jassby 2011). Though Longfin Smelt in the upper estuary 
can feed on P. forbesi (Hobbs et al. 2006), this prey species 
is generally confined to low-salinity regions of the estuary 
(Kimmerer et al. 2018). The decline of their historically 
preferred prey, E. affinis, has corresponded with dramatic 
declines in Longfin Smelt populations in the SFE (Kimmerer 
2002; Sommer et al. 2007). High densities of this impor-
tant prey item in the southern SFE tributaries and marshes 
suggest that these regions may serve as critical habitats for 
Longfin Smelt, especially in years with above normal pre-
cipitation when fish and low-salinity habitats are distributed 
broadly throughout the SFE.

Ontogenetic prey supplementation was exhibited by 
Longfin Smelt when they reached 25 mm TL, with fish 
above this size beginning to consume larger mysid prey. This 
prey supplementation was occurring even before the fish 
reached the typical size of juveniles (≥ 34 mm TL) (Wang 
1986). These larger Longfin Smelt still exhibited positive 
selection for E. affinis, even though the majority of the bio-
mass in their diets was made up of much larger mysid shrimp 
(Fig. 6). This appears to be an important ontogenetic transi-
tion in the life history of Longfin Smelt, when larger indi-
viduals begin targeting these larger crustaceans that are the 
preferred prey of adult Longfin Smelt (Chigbu and Sibley 
1994, 1998; Hobbs et al. 2006). Like E. affinis, the decline 
of mysid shrimp in the upper SFE has resulted in dietary 
shifts and declines for many fishes in the region, including 
Longfin Smelt (Kimmerer 2002; Cloern and Jassby 2012; 
Feyrer et al. 2003). While this trend is thoroughly docu-
mented in the upper SFE, available data on zooplankton den-
sity is sparse in the lower SFE, so historical trends cannot 
be compared.

Slough habitats of the Alviso Marsh Complex (AMC) 
exhibited the highest copepod biomass. One possible expla-
nation for this is the high rate of nitrogen loading from 
the San Jose-Santa Clara Regional Wastewater Facility 
(SJSCRWF) (Liu et al. 2018). The SJSCRWF alone releases 
up to 100 million gallons per day of tertiary-treated waste-
water, containing 5300 kg of nitrate, into slough habitats 
of the AMC (SJSCRWF 2015). This high input of nutri-
ents in the region, along with higher water residence times 
(Walters et al. 1985), likely fuels higher levels of primary 
and secondary production in the region. For example, 
high chlorophyll-α concentrations (15 mg/m3) have been 
observed in Lower South Bay, adjacent to the AMC, in 
contrast to other parts of the estuary (e.g., 8 mg/m3) (Senn 
and Sutula 2015). These high nutrient inputs, coupled with 
relatively high residence times of water compared to the 
northern reaches of the estuary, could be stimulating pri-
mary production with high concentrations of phytoplank-
ton supporting dense aggregations of copepods that are 
preyed upon by fish such as Longfin Smelt (Thebault et al. 
2008; Liu et al. 2018). Similar dynamics have been pro-
posed in Suisun Marsh, which receives treated wastewater 
from nearby regional wastewater treatment plants. While 
it has been determined that sewage inputs may play a role 
in regulating the availability of lower trophic food items in 
Suisun, it may not be as important as other factors such as 
turbidity, clam grazing, and freshwater flows (Cloern et al 
2014). While food production and feeding success for larval 
Longfin Smelt were higher in the AMC during this study, 
accurately determining the region’s contribution to success-
ful recruitment of Longfin Smelt in the greater SFE will 
require further study.

Recent investigation into the feeding of larval Long-
fin Smelt using DNA metabarcoding analysis suggests an 
added layer of diversity not captured in this and other opti-
cal based studies, where identification of zooplankton prey 
can be made difficult due to digestive damage (Jungbluth 
et al. 2021). The DNA analysis also shows that the copepods 
identified as Eurytemora affinis in the SFE are genetically 
more similar to the copepod Eurytemora carolleeae; how-
ever, here we continue to identify the species as E. affinis 
to remain in alignment with current CDFW taxonomic 
protocols.

Larger Longfin Smelt in our study exhibited increased 
feeding incidence, supporting the classic “bigger is better” 
hypothesis which suggests that larger fish have higher feeding 
success and corresponding growth rates that likely lead to 
reduced predation mortality and higher survival (Anderson 
1988; Bergenius et al. 2002; Meekan et al. 2006). Higher den-
sities of prey items in southern sloughs positively correlated 
with higher feeding incidence in the smaller larval fish, show-
ing evidence of a type 1 functional response curve to prey 
density (Holling 1959), where feeding incidence increases 
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with prey density up to a maximum. This could result in a 
positive feedback loop where higher feeding success leads 
to increased growth rates, and in turn, increased feeding suc-
cess and growth (Fig. 1). Small fluctuations in the growth 
and mortality rates of larval fishes can have disproportionate 
effects on population dynamics (Houde 1987). Young fish 
that have slower growth rates spend more time in vulnerable 
larval stages and are more susceptible to predation and other 
sources of mortality (Houde 1987). Controlled laboratory 
studies with larval Sea Bream (Archosargus rhomboidalis), 
Bay Anchovy (Anchoa michilli), and Lined Sole (Achirus 
lineatus) showed higher rates of growth and survivorship 
when larval fish were stocked with higher concentrations of 
copepod prey (Houde 1978, 1987). Recent experiments on 
the growth of juvenile Coho Salmon (Oncorhynchus kisutch) 
in the Shasta River showed that high prey density buffered 
the negative effects of increased temperatures, indicating that 
ecosystem productivity may provide some offset from the 
effects of climate change (Lusardi et al. 2019).

To further explore the contributions of the under sam-
pled regions of the SFE towards recruitment of Longfin 
Smelt, we can suggest several management directions. 
Expansion of long-term zooplankton and larval-juvenile 
smelt sampling efforts into multiple habitats of the north-
ern and southern SFE would improve our understanding 
of trends in food abundance and Longfin Smelt recruit-
ment in these regions. Comparisons of zooplankton densi-
ties among natural and restored wetlands across the entire 
estuary could help identify how wetland restoration might 
benefit Longfin Smelt through periods of high variability in 
precipitation. Quantification of nutrient and chl a concen-
trations across wetland habitats throughout the SFE could 
lead to a better understanding of how wastewater-derived 
nutrients might affect the trophic functioning of nursery 
habitats.

The spatial variation in prey density and feeding success 
observed in this study could have important implications 
for the population dynamics of Longfin Smelt. For example, 
higher flows in wetter years expand the volume of suitable 
habitat throughout the SFE and disperse more larvae from 
upstream regions (e.g., Suisun Bay and the Delta), where 
prey populations have collapsed, to downstream habitats 
where prey can be 10 times more abundant. This dispersal 
and expansion of available habitat during wet years could 
contribute to enhanced feeding, survival, and recruitment 
of Longfin Smelt. Given the large-scale declines in zoo-
plankton and fishes in the upper SFE (Sommer et al. 2007; 
Baxter et al. 2008) and the positive relationships between 
freshwater outflow, downstream dispersal, and recruitment 
success of Longfin Smelt (Kimmerer 2002; Nobriga and 
Rosenfield 2016; Lewis et al. 2020), it is likely that habitats 
of the northern and southern SFE, including restored wet-
lands, provide valuable rearing habitats in years with above 

normal precipitation. By quantifying spatial patterns in prey 
density and feeding success of larval Longfin Smelt across 
the estuary, we can improve our understanding of the popu-
lation dynamics and enhance the effectiveness of conserva-
tion efforts for this imperiled fish.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s12237- 021- 01024-y.
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