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Abstract
The location of estuarine organisms varies based on geophysical cycles and environmental conditions, which can strongly 
bias understanding of organism abundance and distribution. In the San Francisco Estuary, California, extensive monitoring 
surveys have provided insight into the life history and ecology of certain commercially important or legislatively protected 
fish species. However, there remains substantial uncertainty in factors influencing the vertical and lateral distributions of 
many other nekton species in the San Francisco Estuary, including longfin smelt Spirinchus thaleichthys, for whom such dis-
tributional information may highly influence interpretation of existing data. We carried out paired sampling using surface and 
demersal gears to address three questions: (1) Does diel phase influence the vertical position of nekton (e.g., surface versus 
demersal)? (2) Do environmental conditions, specifically turbidity, influence the vertical and lateral positions of nekton (e.g., 
center channel versus peripheral shoal)? (3) Does tidal variability influence vertical and lateral distributions of nekton? We 
documented variability in sampled nekton densities across diel phase (day/night), vertical position (surface/bottom), and lateral 
position (channel/shoal). Tidal phase and turbidity concentration influenced vertical and lateral distributions for some species 
at certain locations. Although infrequently encountered, we documented associations of longfin smelt with the lower water 
column and shoal habitats, with some evidence for upward vertical shifts in low light conditions brought about by nightfall 
or elevated turbidity. Observed habitat associations provide insight into how interacting geophysical and environmental fac-
tors may influence the distribution of nekton and thus the vulnerability of individual species to detection by sampling gears.
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Introduction

Estuarine species are found at the intersection of physiologi-
cally acceptable salinity levels and appropriate structural 
and hydrodynamic habitat characteristics (Peterson 2003). 

Species-habitat relationships are especially challenging to 
study in estuarine ecosystems because tidal and freshwater 
flows create dynamic interactions with static habitat features 
(Cloern and Jassby 2012). Our understanding of species-
habitat relationships is further complicated by various bio-
logical needs (e.g., foraging or refuge (Rountree and Able 
2007) and ontogenetic development (Amorim et al. 2018)) 
that can necessitate movements across habitat boundaries. 
For example, reduced predation risk or higher food avail-
ability can drive vertical distribution within the water col-
umn, typically associated with diel cycles and low light peri-
ods (Neilson and Perry 1990; Power 1997; Mehner 2012). 
Organisms may also adjust their vertical position within the 
water column to leverage tidal hydrodynamics for direc-
tional transport and retention to and within favorable regions 
(selective tidal stream transport; Forward and Tankersley 
2001). Lateral movements to shallow-water habitats (e.g., 
shoals) can offer similar low-velocity habitat for transport or 
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retention and refuge (Feyrer et al. 2013; Bennett and Burau 
2015). Due to this variability in vertical or lateral position, 
measurements taken at certain tides or times of day can bias 
our understanding of abundance and distribution (Dornburg 
et al. 2017).

In the San Francisco Estuary, California, there is an exten-
sive network of fisheries-independent monitoring surveys 
designed to understand the impacts of California’s complex 
water management on the estuarine fish community (Stompe 
et al. 2020; Tempel et al. 2021). These surveys have provided 
insight into the life history and ecology of recreationally val-
uable and legislatively protected fish species, documenting 
distribution shifts and abundance declines for many estuarine 
species (e.g., Sommer et al. 2007, 2011; Mac Nally et al. 
2010; Thomson et al. 2010). However, efforts to understand 
the effects of diel phase, tide, and water quality conditions on 
the vertical and lateral distributions of estuarine organisms 
has largely focused on planktonic organisms or planktonic 
life stages (Kimmerer et al. 1998; Bennett et al. 2002), rec-
reationally important striped bass Morone saxatilis (Sommer 
et al. 2011), and state and federally endangered delta smelt 
Hypomesus transpacificus (Feyrer et al. 2013; Bennett and 
Burau 2015). Results from these studies provide context for 
understanding spatiotemporal distribution patterns in each 
study organism. For example, delta smelt frequently change 
vertical and lateral positions with changes in tidal current 
magnitude and direction to facilitate retention or upstream 
movement, exhibiting behavioral responses that appear to 
vary with local physical and biological conditions (Feyrer 
et al. 2013) and impact interpretation of various fishery-
independent surveys (Bever et al. 2016). These findings help 
contextualize delta smelt distributional data with respect to 
season, life history stage, and tidal environment; however, 
similar insights into other at-risk or declining species in the 
San Francisco Estuary are limited.

One such declining species in the San Francisco Estuary is 
the longfin smelt Spirinchus thaleichthys, an anadromous fish 
in the family Osmeridae with annual abundance indices that 
have declined to historical lows in recent decades (Sommer 
et al. 2007; Hobbs et al. 2017), resulting in its current status 
as a threatened species under the California Endangered Spe-
cies Act (California Fish and Game Commission 2009). Many 
studies have documented single-factor habitat associations for 
longfin smelt in the San Francisco Estuary and elsewhere. For 
example, surface and demersal gears catch juvenile and adult 
longfin smelt in the San Francisco Estuary that tend to be 
more associated with deeper channels rather than lateral shoals 
(Rosenfield and Baxter 2007), while larval longfin smelt dis-
tribution varies within the water column (Bennett et al. 2002) 
and across turbidity levels (Mahardja et al. 2017). Elsewhere, 
in Lake Washington, Washington, USA, longfin smelt exhibit 
strong vertical migrations associated with day/night cycles 
(Chigbu et al. 1998).

The effects of these elements (e.g., vertical and lateral habi-
tats, turbidity, and diel phase) on many San Francisco Estu-
ary nekton have not been assessed, even though variability in  
vertical or lateral distribution by individuals may influence inter-
pretation of existing data. These interpretations are relevant to 
longfin smelt and other fish species that have declined in popula-
tion (striped bass, threadfin shad Dorosoma petenense, Sommer  
et al. 2007) or shifted distribution within the San Francisco 
Estuary (northern anchovy Engraulis mordax, Kimmerer 
2006), and other nekton for which limited distributional 
data are available (e.g., native and non-native shrimps of the 
infraorder Caridea). Identifying fine-scale distributional driv-
ers for these and other species with differing behaviors and 
life histories can provide context for fisheries-independent 
monitoring programs that sample irrespective of vertical 
position (e.g., only surface or demersal gears), lateral position  
(e.g., only in channels), or tide phase.

The goal of our study was to determine if geophysical 
(e.g., diel and tidal cycles) and environmental conditions 
influence the vertical and lateral distributions of longfin 
smelt and other fishes and invertebrates (i.e., nekton) in 
the upper San Francisco Estuary. We conducted a phased 
program of multiple field investigations across consecutive 
years to address three questions related to longfin smelt and 
other nekton: (1) Do diel phase and other factors influence 
vertical position (e.g., surface versus demersal)? (2) Do 
environmental conditions, specifically turbidity, influence 
vertical and lateral positions (e.g., center channel versus 
peripheral shoal)? (3) Does a more nuanced assessment of 
tidal variability influence understanding of vertical and lat-
eral distributions? This study provides insight into the effect 
of environmental conditions on the distribution of nekton 
within the San Francisco Estuary, and into factors that can 
influence the vulnerability of individual species to detection 
by specific sampling gears at any given site and time.

Materials and Methods

Study Site

The San Francisco Estuary, California, is a large, tidal estu-
ary with extensive shallow-water shoals and bays bordering 
dredged navigation channels following the main axis of flow, 
and a novel mixture of native and non-native biota (Cohen 
and Carlton 1998). For this study, we sampled aquatic biota 
at two locations in the central region of the estuary, San Pablo 
Bay and Suisun Bay (Fig. 1), that were selected because they 
met specific physical criteria (detailed in “Field Data Col-
lection”) and because longfin smelt have historically been 
abundant in these locations in autumn (Merz et al. 2013). 
We sampled in San Pablo Bay along the main navigational 
channel in October and November 2017 across day and night 



1103Estuaries and Coasts (2024) 47:1101–1118 

periods to examine whether diel phase and other factors influ-
ence vertical position of nekton (Question 1) based on species 
counts. San Pablo Bay was selected because it was sufficiently 
deep to discretely sample surface and bottom waters (depth 
mean ± standard deviation, 13.3 ± 2.0 m). In the second year 
of our study (2018), we sampled in Suisun Bay to assess verti-
cal position and integrated an assessment of the lateral (e.g., 
channels and peripheral shoals) position of nekton (Question 
2). Nighttime data collection (and therefore diel phase) was 
dropped in the second year of sampling due to safety and 
logistical concerns.

We sampled in the downstream reaches of Suisun Bay in 
October and November 2018 to examine whether turbidity 
influences vertical and lateral positions of nekton (Question 
2) based on species counts. This sampling took place in two 
navigation channels separated by an intertidal mudflat (north 
channel and south channel; sampled depth mean and standard 
deviation of 11.5 ± 0.8 m and 13.3 ± 1.7 m, respectively) and a 
shallow-water shoal (north shoal; 6.6 ± 0.9 m). We specifically 

chose Suisun Bay because of the availability of deep channel 
and peripheral shallow shoal habitat in close proximity and high 
suspended sediment concentrations (Schoellhamer 2000). This 
allowed us to evaluate the effects of low light (as mediated by 
turbidity) and vertical and lateral positions. We assessed nekton 
distribution with respect to tidal variability (Question 3) using 
the data collected from both San Pablo and Suisun bays.

Field Data Collection

We examined the effects of diel phase on vertical position of 
nekton (Question 1) by conducting surface and demersal nek-
ton sampling continuously during four 12.5-h periods in San 
Pablo Bay (Fig. 2). We sampled for one day and one night dur-
ing both a spring tide and a neap tide to encompass the range 
of tidal variability during the study period. We used daytime 
surface and demersal sampling during a 2-week spring-neap 
tidal cycle in Suisun Bay (Fig. 2) to examine whether turbidity 
influences vertical and lateral positions (Question 2). Midwater 

Fig. 1  Location of sampling sites in the San Francisco Estuary (A – 
San Pablo Bay sampled in 2017, B – Suisun Bay sampled in 2018). 
Point color corresponds to gear type (Midwater Trawl = Surface, 
Otter Trawl = Bottom) for each sampling event. Suisun Bay inset 

(B) includes polygons for each lateral habitat sampled. Bathymetry is 
represented by the blue gradient, and bathymetry data were obtained 
from Fregoso et al. 2017



1104 Estuaries and Coasts (2024) 47:1101–1118

(surface) and otter (bottom) trawl specifications and deploy-
ment methods generally followed long-term fish monitoring 
programs in the San Francisco Estuary (Stompe et al. 2020; 
Tempel et al. 2021; Huntsman et al. 2022), specifically the 
San Francisco Bay Study (https:// wildl ife. ca. gov/ Conse rvati on/ 
Delta/ Bay- Study). The midwater trawl was 17.6 m long with a 
square mouth opening of 3.66 m in width and height and was 
towed at the surface. It had nine tapered panels ranging from 
147-mm stretch mesh near the mouth to 13-mm stretch mesh 
in the cod end. The otter trawl was 5.3 m long with a mouth 4.8 
m in width and 1.5 m in height. It had a 35-mm stretch mesh 
in the main body and was lined with a 6-mm stretch mesh cod 
end. We towed trawls at ~ 3.5 km  h−1 for 15 min, but trawl 
speed varied slightly with gear type, prevailing currents, and 
environmental conditions.

During all trawls, we used a mechanical flowmeter (Gen-
eral Oceanics, Inc., Miami, FL, USA) to quantify water 
volume sampled by each trawl. To examine influences of 
diel phase and other factors on vertical position of nekton 
(Question 1), trawl paths were positioned in the center of 
the channel in San Pablo Bay. To examine influences of 
turbidity on vertical and lateral positions of nekton (Ques-
tion 2), trawl paths were stratified by lateral position (north/
south channel and north shoal) in Suisun Bay. We character-
ized water quality conditions at the time, place, and depth of 
each individual trawl sample with discrete measurements of 

specific conductance (µS  cm−1), temperature (°C), turbid-
ity (formazin nephelometric units, FNU), dissolved oxygen 
concentration (mg  l−1), and chlorophyll concentration (µg 
 l−1) using a handheld YSI EXO2™ sonde (Yellow Springs 
Instruments, Yellow Springs, OH, USA). Individual fishes 
and invertebrates captured in trawls were identified to spe-
cies and released on site.

Statistical Analysis

We characterized nekton-habitat relationships using Bayesian 
generalized linear mixed modeling, with the explicit goal of 
quantifying the effect of categorical factors (e.g., day/night and 
vertical and lateral positions) and continuous water quality varia-
bles on nekton counts. We selected nekton that were sufficiently 
abundant (n > 25 individuals for fish and n > 200 individuals for 
invertebrates) for subsequent count modeling to examine influ-
ences of diel phase and other factors on vertical position of nek-
ton (Question 1) and influences of turbidity on vertical and lat-
eral positions of nekton (Question 2). In most instances, nekton 
counts were overdispersed with many incidences of zero counts. 
To account for the possibility that zero counts reflect something 
other than species absence (i.e., incomplete detection), we used 
a zero-inflated negative binomial (ZINB) distribution for model 
formulation. Model structures were customized to address each 
question but were generally of the form

Fig. 2  Distribution of sampling events with respect to tidal stage and 
diel phase. Stage is represented by the line in each panel (obtained 
from https:// tides andcu rrents. noaa. gov, NOAA 2022), and night by 
gray polygons. Sampling events are points, with vertical position 

denoted by color (white - surface midwater trawls; black – bottom 
otter trawls). The top panel corresponds to San Pablo Bay sampling 
in 2017, and the bottom panel corresponds to Suisun Bay sampling 
in 2018

https://wildlife.ca.gov/Conservation/Delta/Bay-Study
https://wildlife.ca.gov/Conservation/Delta/Bay-Study
https://tidesandcurrents.noaa.gov
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where �i is the count at site i and ρ is the “size parameter” or 
variance of the distribution. Effort was included as an offset 
term and is summarized as the volume of water sampled 
 (m3). �Random represents a vector of study-specific random 
effects (j; e.g., Julian day). �0 represents the model inter-
cept, �1 represents a vector of slope coefficients associated 
with the vector of continuous variables ( �1i ; e.g., specific 
conductance and turbidity) and associated intercepts, and 
�2 represents a vector of slope coefficients associated with 
the vector of categorical variables ( �2i ; e.g., day/night and 
surface/bottom) and associated intercepts. Models included 
a log link function for λ and a logit link for the zero-inflation 
component, which was assumed to have a constant probabil-
ity across observations (Ω0). All continuous variables were 
standardized by subtracting the mean and dividing by the 
standard deviation (z-score transformation).

To examine how diel phase and other factors influence 
vertical position, we modeled the effects of several explana-
tory variables on nekton counts (Question 1). Categorical 
variables included tide phase (four levels: ebb, flood, high 
slack, or low slack), diel phase (two levels: day or night), 
and vertical position (two levels: surface or bottom). Diel 
phase × vertical position was included as an interaction term. 
Continuous variables included specific conductance and tur-
bidity. Effort (volume) was included as an offset variable, 
and Julian day was included as a random effect to account 
for unmeasured variability associated with separate sam-
pling days.

To examine how turbidity and other environmental fac-
tors influenced vertical and lateral positions, we modeled 
the effects of several explanatory variables on nekton counts 
(Question 2). Categorical variables included tide phase (four 
levels: ebb, flood, high slack, or low slack), vertical nekton 
position (two levels: surface or bottom), and lateral nekton 
position (three levels: shoal, north channel, or south chan-
nel). Vertical position × lateral position was included as an 
interaction term. Consistent with our approach to Question 
1, specific conductance and turbidity were included as con-
tinuous variables, effort was included as an offset variable, 
and Julian day was included as a random effect variable.

In models for examining Questions 1 and 2, we included 
tide as a categorical variable with four levels (ebb, flood, 

(1)

Fish abundance ∼ Negative binomial
(

�i, �
)

log �i = log
(

Effort(m3)i
)

+ �Random[j] + �0

+

cov
∑

j

�1j × �1ij

+

group
∑

z

�2z × �2iz

logit � = Ω0

high slack, or low slack) because this was deemed the 
approach with the least likelihood of overfitting models 
which already incorporate multiple predictors. Specific 
conductance covaries with the fluctuating estuarine salinity 
field, and further discretization of tide would result in sub-
stantial covariation with tide and specific conductance. With 
this approach, we are specifically assessing whether the 
direction of water movement influenced nekton distribution.

For statistical modeling, we used the “brms” package 
(Bürkner 2017) in the R statistical computing environment 
(R Core Team 2022). Fixed effects were assigned weakly 
informative (μ = 0, σ = 10) normally distributed priors while 
random effects were assigned weakly informative (μ = 0, 
σ = 10) Cauchy distributed priors. Models were implemented 
with four chains and iterated over 5000 times with a warm-
up exceeding 1000 iterations. Step size was set to 0.99, and 
maximum tree depth was set to 15 to optimize the Hamilto-
nian Monte Carlo sampling dynamics.

Our goal with count modeling was to identify key predic-
tors of abundance rather than to evaluate all possible com-
binations of covariates and identify the single best-fitting 
model. Thus, we identified a suite of 15 candidate models 
for each question based on combinations of categorical and 
continuous covariates that we deemed to have biological rel-
evance. Models were compared using leave-one-out (LOO) 
cross validation from the loo package (Vehtari et al. 2022) 
to identify models with the best predictive performance. 
The Bayesian R2 was calculated for each best-fitting model. 
If multiple models had a LOO model weight greater than 
zero, we used model averaging based on Bayesian stack-
ing weights for subsequent model predictions, thus improv-
ing upon model fit from the best-fit model alone. We used 
Bayesian stacking weights to find an optimal model in the 
space spanned by all individual models from a predictive 
distribution close to the true data generating distribution; 
this method works well if there are multiple similar models 
(Yao et al. 2017). For model-averaged predictions, we com-
bined all models that exhibited explanatory power above 
10% of model weight (proportionally, 0.1), and then used 
this ensemble model to predict nekton densities with respect 
to covariates. Although we acknowledge that gear efficiency 
is different between trawl types (Huntsman et al. 2022), sam-
pling across different environmental conditions allows us to 
interpret observed variability as a function of the centroid of 
a species’ distribution within the water column.

Comparisons across multiple gear types can be biased 
from differences in catchability across gears (i.e., midwa-
ter trawl and otter trawl). Catchability is a function of the 
probability that an individual is available to the sampling 
gear, and the probability that an individual is retained by 
the sampling gear if available (i.e., gear efficiency; Walsh 
1991). Relative catchability has been evaluated for species 



1106 Estuaries and Coasts (2024) 47:1101–1118

and gear types modeled in this study (Huntsman et al. 2022), 
although actual estimates of gear efficiency exist for only a 
few species and are size-dependent (Mitchell et al. 2017; 
Mitchell and Baxter 2021). For example, retention for fishes 
commonly sampled by the midwater trawl (American shad 
Alosa sapidissima, threadfin shad) exceeds 95% at sizes 
longer than 45 mm fork length (Mitchell and Baxter 2021). 
Given that mean sizes for these and other modeled species 
from this study exceeded that threshold, we assume that dif-
ferences in catchability across our gear types are tied pri-
marily to availability. Thus, even if our density values may 
be influenced by catchability, results likely reflect actual 
distributional differences in space.

For a higher-resolution evaluation of vertical or lateral 
changes in nekton position with respect to tidal variability 
(Question 3), we normalized tide stage (water elevation rela-
tive to mean lower low water) so that low slack tide is 0, high 
slack tide is 1, and intermediate values represent a percent-
age of high tide as described in Colombano et al. (2020). 
Because nearby velocity or flow data were not available for 
both sampling regions, we used tidal stage as an approxima-
tion. Following this approach, water elevation data were ulti-
mately classified into eight categories based on tide stage: 
low slack, early flood, peak flood, late flood, high slack, 
early ebb, peak ebb, and late ebb. For this analysis, flood 
corresponds to ascending tidal stage, and ebb corresponds to 
descending tidal stage. This differs from other definitions of 
flood and ebb that are derived from increasing or decreasing 
velocity/flow, metrics not available at our study sites. For 
each tide category, we plotted the proportion of individu-
als of a given species that were captured in each vertical 
(surface or bottom) or lateral (channel or shoal) position. 
We summarize distributional data proportionally, rather than 
total catch, to minimize the impact of unequal sample sizes 

(either number of tows or individuals captured) on interpre-
tation of relative nekton distribution. With this approach, we 
specifically assess the effect of position within a tidal cycle 
on the vertical or lateral distribution of nekton.

Results

We collected 330 trawl samples across a wide range of 
environmental conditions, although logistical constraints 
prevented equal sample sizes across all studied categorical 
factors (Table  1, Supplemental Fig.  S1). Specific 
conductance ranged from 30,934 to 45,033 µS  cm−1 in San 
Pablo Bay and ranged from 19,352 to 33,771 µS  cm−1 in 
Suisun Bay. Specific conductance was slightly higher at 
the bottom of the water column in both regions (Table 1). 
Salinity, as estimated from specific conductance, ranged 
from 21.0 to 29.2 practical salinity units (PSU) in San Pablo 
Bay and from 11.6 to 21.2 PSU in Suisun Bay. Turbidity 
ranged from 0 to 44.7 FNU in San Pablo Bay and from 
4.3 to 100.0 FNU in Suisun Bay and was also higher at 
the bottom of the water column (Table  1). Measured 
temperatures (San Pablo Bay, 14.9–17.4 °C; Suisun Bay, 
15.3–18.6 °C) remained below 22 °C, which represents a 
potential threshold limiting the distribution of adult longfin 
smelt (U.S. Fish and Wildlife Service 2023). Concentrations 
of dissolved oxygen (San Pablo Bay, 6.8–8.3 mg  l−1; Suisun 
Bay, 7.3–8.4 mg  l−1) were not low enough to be considered 
hypoxic (< 5 mg  l−1), and concentrations of chlorophyll a 
(San Pablo Bay, 0.7–8.6 µg  l−1; Suisun Bay, 0.1–6.6 µg 
 l−1) remained consistently low. Therefore, temperature, 
dissolved oxygen concentration, and chlorophyll a 
concentration were excluded from further modeling to 
simplify model selection.

Table 1  Sampling effort (total 
number of trawls, N) in each 
study for each question/region 
and vertical habitat (Surface 
= Midwater Trawl, Bottom = 
Otter Trawl), with a summary of 
the corresponding water quality 
conditions (min-max, mean ± 
standard deviation)

Surface Bottom

Min–max Mean ± SD Min–max Mean ± SD

Question 1, San Pablo Bay N = 51 N = 54
Temperature (°C) 15.0–17.4 15.9 ± 0.5 14.9–16.2 15.5 ± 0.3
Salinity (PSU) 21.0–28.6 25.1 ± 1.9 23.1–29.2 26.7 ± 1.5
Specific conductance (µS  cm−1) 30934–44242 38679 ± 3089 34345–45033 41473 ± 2306
Turbidity (FNU) 0.0–11.3 3.5 ± 3.8 1.9–44.7 9.1 ± 7.8
Dissolved oxygen (mg  l−1) 7.1–8.3 7.5 ± 0.3 6.8–7.5 7.1 ± 0.2
Chlorophyll a (µg  l−1) 0.8–8.6 3.6 ± 1.7 0.7–3.8 2.7 ± 0.5
Question 2, Suisun Bay N = 113 N = 112
Temperature (°C) 15.3–18.6 17.0 ± 0.6 16.0–17.4 17.1 ± 0.3
Salinity (PSU) 11.6–21.2 15.6 ± 2.1 13.2–21.2 17.5 ± 2.0
Specific conductance (µS  cm−1) 19352–33653 25422 ± 3239 21837–33771 28313 ± 3033
Turbidity (FNU) 4.3–37.7 9.4 ± 4.5 6.2–100.0 26.8 ± 19.7
Dissolved oxygen (mg  l−1) 7.4–8.4 7.9 ± 0.2 7.3–8.3 7.9 ± 0.2
Chlorophyll a (µg  l−1) 0.4–6.6 1.5 ± 0.8 0.1–3.5 1.1 ± 0.7
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In total, 29 fish species (3494 individuals) and 3 caridean 
shrimp species (12,314 individuals) were observed in trawl 
samples (Table 2). In San Pablo Bay, we captured 20 fish 
species (1987 individuals), and in Suisun Bay, we captured 
18 fish species (1507 individuals). Longfin smelt comprised 
2% of our total fish catch, with 26 individuals observed in 
San Pablo Bay and 45 individuals in Suisun Bay. Northern 
anchovy, American shad, and plainfin midshipman Por-
ichthys notatus were the three most abundant fish species, 
comprising 57%, 20%, and 7% of total fish catch, respec-
tively. No fish species exhibited clear evidence for multi-
ple abundant cohorts, and most sampled individuals among 
all species were < 100 mm standard length (Supplemental 
Fig. S2). California bay shrimp (Crangon franciscorum) was 
the most abundant invertebrate species and comprised 81% 
of the invertebrate catch.

Question 1: How Does Diel Phase Influence Vertical 
Distribution of Nekton?

Longfin smelt, northern anchovy, plainfin midshipman, 
American shad, and the caridean shrimp C. franciscorum 
were included for subsequent modeling with 15 a priori 
candidate models (Table  3). Model selection indicated 
three to five models comprising greater than 10% of model 
weight for each species (Table 3). Bayesian R2 values ranged 
between 0.07 and 0.51 for the best fit models for each spe-
cies. Diel phase and vertical position were important for 
explaining modeled densities for all species, but the rela-
tive impacts of these factors differed by species (Supple-
mental Fig. S3). Longfin smelt, American shad, plainfin 
midshipman, and C. franciscorum were observed in higher 
densities at the bottom of the water column irrespective of 
diel phase (Fig. 3), with the strongest effect of vertical posi-
tion on plainfin midshipman and C. franciscorum. Ameri-
can shad, plainfin midshipman, and C. franciscorum were 
observed in higher densities at night irrespective of vertical 
position, with American shad showing the strongest rela-
tive response to diel phase. Northern anchovy were affected 
by the interaction between vertical position and diel phase, 
with higher densities caught at the surface at night and with 
similar densities captured throughout the water column 
during daylight hours. No other interactions between ver-
tical position and diel phase were observed. The relative 
effect of diel phase on northern anchovy at the surface was 
the strongest influence of diel phase observed among all 
five species. Associations between densities and modeled 
water quality variables were uncommon. Longfin smelt and 
northern anchovy were positively associated with specific 
conductance (Supplemental Fig. S3), C. franciscorum were 
positively associated with turbidity (Supplemental Fig. S3), 
and no other species exhibited associations with either spe-
cific conductance or turbidity.

Question 2: How Do Environmental Conditions 
Influence Vertical and Lateral Distribution 
of Nekton?

Longfin smelt, American shad, northern anchovy, striped 
bass, Shokihaze goby Tridentiger barbatus, threadfin shad, 
yellowfin goby Acanthogobius flavimanus, and all three 
caridean shrimp collected in Suisun Bay (C. francisco-
rum, Palaemon macrodactylus, Palaemon modestus) were 
included for subsequent modeling with 15 a priori candi-
date models (Table 3). Model selection indicated overlap 
in multiple models for each species, with between two and 
six models comprising greater than 10% of model weight 
(Table 3). Bayesian R2 values ranged between 0.24 and 0.53 
for the best fit models for each species. Models including 
lateral position and vertical position were important for 
explaining densities for all fish and invertebrate species, 
although relative impacts differed (Supplemental Fig. S4). 
Densities of all taxa were higher on the shoal than in either 
the north or south channel habitat (Fig. 4). Densities of 
northern anchovy, American shad, and threadfin shad were 
all higher at the surface, and densities of longfin smelt, 
striped bass, Shokihaze goby, yellowfin goby, and all three 
shrimp species were higher at the bottom of the water col-
umn (Fig. 4).

In Suisun Bay, many species had associations with spe-
cific conductance and turbidity (Table 3, Fig. 5, Supple-
mental Fig. S4). Longfin smelt and northern anchovy were 
positively associated with specific conductance (Fig. 5). 
American shad, threadfin shad, striped bass, P. modestus, 
and P. macrodactylus were negatively associated with spe-
cific conductance (Fig. 5), with threadfin shad exhibiting the 
strongest negative association. Shokihaze goby, yellowfin 
goby, and C. franciscorum were weakly associated with spe-
cific conductance. Longfin smelt were positively associated 
with turbidity at the surface, but the association between 
longfin smelt and turbidity was negligible at the bottom of 
the water column (Fig. 5). Northern anchovy, American 
shad, and threadfin shad were negatively associated with 
turbidity. Shokihaze goby and all three shrimp species were 
positively associated with turbidity. Striped bass were posi-
tively associated with turbidity at the surface and negatively 
associated with turbidity at the bottom of the water column. 
Yellowfin goby had a weak relationship with turbidity.

Question 3: Is There Evidence for Vertical or Lateral 
Changes in Nekton Distribution with Respect 
to Tidal Variability?

Samples were collected across all discretized tidal phases in 
2017 (San Pablo Bay), but the number of tows during each 
tide phase varied consistently with the duration of the tide 
phase. There was mixed evidence for variability in vertical 
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Table 2  Summary of fishes and invertebrates collected in this study. 
Table includes total count of fishes and invertebrates, and percent-
age of total collected in each region and vertical habitat (Surface = 

Midwater Trawl, Bottom = Otter Trawl). Species included for count 
models are noted with a superscript (a) for Question One and (b) for 
Question Two

Latin binomial Question 1 Question 2 Total

San Pablo Bay (2017) Suisun Bay (2018)

Surface Bottom Surface Bottom

n % n % n % n % n %

Fish species
Northern  anchovya,b Engraulis mordax 703 82 777 67 481 41 35 9 1996 57
American  shada,b Alosa sapidissima 76 9 37 3 561 48 17 5 691 20
Plainfin  midshipmana Porichthys notatus 32 4 217 19 0 0 9 2 258 7
Striped  bassb Morone saxatilis 15 2 8 1 47 4 87 23 157 4
Shokihaze  gobyb Tridentiger barbatus 0 0 10 1 0 0 129 34 139 4
Longfin  smelta,b Spirinchus thaleichthys 5 1 21 2 5 0 40 11 71 2
Unknown larval fish 0 0 44 4 4 0 0 0 48 1
Threadfin  shadb Dorosoma petenense 2 0 0 0 35 3 0 0 37 1
Yellowfin  gobyb Acanthogobius flavimanus 0 0 5 0 0 0 30 8 35 1
Jacksmelt Atherinopsis californiensis 5 1 0 0 4 0 0 0 9 0
California halibut Paralichthys californicus 0 0 8 1 0 0 0 0 8 0
Pacific staghorn sculpin Leptocottus armatus 0 0 0 0 0 0 8 2 8 0
Speckled sanddab Citharichthys stigmaeus 0 0 6 1 0 0 0 0 6 0
Shimofuri goby Tridentiger bifasciatus 0 0 0 0 0 0 4 1 4 0
River lamprey Lampetra ayresii 0 0 2 0 0 0 1 0 3 0
Unknown fish 0 0 1 0 1 0 1 0 3 0
Brown smoothhound Mustelus henlei 0 0 2 0 0 0 0 0 2 0
Starry flounder Platichthys stellatus 0 0 0 0 0 0 2 1 2 0
Brown rockfish Sebastes auriculatus 0 0 2 0 0 0 0 0 2 0
English sole Parophrys vetulus 0 0 2 0 0 0 0 0 2 0
Sacramento splittail Pogonichthys macrolepidotus 0 0 0 0 1 0 1 0 2 0
Sand sole Psettichthys melanostictus 0 0 2 0 0 0 0 0 2 0
Pacific halibut Hippoglossus stenolepis 0 0 0 0 0 0 1 0 1 0
Arrow goby Clevelandia ios 0 0 1 0 0 0 0 0 1 0
Chameleon goby Tridentiger trigonocephalus 0 0 0 0 0 0 1 0 1 0
Cheekspot goby Ilypnus gilberti 0 0 1 0 0 0 0 0 1 0
Green sturgeon Acipenser medirostris 0 0 0 0 0 0 1 0 1 0
Slender sole Lyopsetta exilis 0 0 1 0 0 0 0 0 1 0
Topsmelt Atherinops affinis 1 0 0 0 0 0 0 0 1 0
Threes-pined stickleback Gasterosteus aculeatus 1 0 0 0 0 0 0 0 1 0
White sturgeon Acipenser transmontanus 0 0 0 0 0 0 1 0 1 0
Invertebrates
California bay  shrimpa,b Crangon franciscorum 8 33 1867 84 4 25 8332 81 10,211 81
Siberian  prawnb Palaemon modestus 0 0 0 0 7 44 906 9 913 7
Migrant  prawnb Palaemon macrodactylus 0 0 0 0 1 6 862 8 863 7
Unknown shrimp Decapoda 0 0 327 15 0 0 0 0 327 3
Dungeness crab Cancer magister 0 0 0 0 1 6 112 1 113 1
Harris mud crab Rhithropanopeus harrisii 0 0 0 0 0 0 1 0 1 0
Unknown jellyfish 16 67 8 0 3 19 7 0 34 0
Brackish-water corbula Potamocorbula amurensis 0 0 9 0 0 0 105 1 114 1
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position associated with tide phase (Fig. 6). During the day, 
low catches across many tide phases made vertical position 
difficult to ascertain for the pelagic northern anchovy and 
American shad. Demersally oriented plainfin midshipman 
and C. franciscorum were caught at the bottom during all 
tides. At night, the proportions of northern anchovy and 
American shad were higher at the surface at early flood peak 
flood; high, early ebb; and late ebb tides. Plainfin midship-
man were rarely observed at the surface, but when it hap-
pened, it was most frequently at night on early flood, peak 
flood, and late flood tide.

In 2018 (Suisun Bay), logistical constraints prevented sam-
ple collection during one discretized tide period (early ebb), 
and shoal samples were not collected with the otter trawl at 
peak ebb (Fig. 7). Northern anchovy and American shad 
exhibited the strongest evidence for variability in lateral posi-
tion associated with tidal cycles. Northern anchovy were in 

higher proportion on the shoal at high and ebb tide, and in 
higher proportion in the channel on low and peak flood tides. 
The proportion of American shad in the channel increased 
through flood tide, peaking at high tide, and then declined on 
ebb tide. The proportions of Shokihaze and yellowfin gobies 
were highest on the shoal. Longfin smelt were mostly asso-
ciated with the shoal except for four individuals captured in 
the channel at ebb tide. Striped bass were also mostly associ-
ated with the shoal except during early flood tide and at high 
tide. C. franciscorum distribution was variable across tides 
and was highest in the channel on early flood and high tide. 
P. macrodactylus and P. modestus were only associated with 
the channel at high tide. By looking at the relative distribu-
tion of taxa across habitat tide, we inherently incorporate both 
the hydrodynamic effects of tide (current direction, velocity, 
stage) and fluctuations in the estuarine gradient. This can be 
observed in changes in nekton catch across a tidal cycle. For 

Fig. 3  Ensemble predicted den-
sities of modeled nekton with 
respect to vertical position (as 
assessed by surface and bottom 
trawls) and diel phase (Question 
1, San Pablo Bay 2017). Point 
represents the mean, thick line 
represents 50% credible inter-
vals around the mean, and the 
thin line represents 90% cred-
ible intervals around the mean

Fig. 4  Ensemble predicted 
densities of modeled nekton 
with respect to vertical position 
(as assessed by surface and bot-
tom trawls) and lateral position 
(Question 2; Suisun Bay 2018). 
Point represents the mean, box 
represents 50% credible inter-
vals around the mean, and the 
thin line represents 90% cred-
ible intervals around the mean
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example, northern anchovy and longfin smelt were caught in 
highest numbers during late flood tide, and threadfin shad and 
striped bass were caught in highest numbers around low tide.

Discussion

We documented clear variability in sampled densities of 
nekton species across diel phase (day/night), vertical posi-
tion (surface/bottom), and lateral position (channel/shoal). 
There was also evidence for species-specific differences in 

vertical or lateral distribution associated with tidal variabil-
ity and turbidity. Specific conductance was also an important 
predictor for many species and will be discussed in “Salin-
ity and Turbidity” with respect to the underlying estuarine 
salinity gradient. Longfin smelt were infrequently observed 
but were most commonly encountered near the bottom of 
the water column and in shoal habitats, with increased catch 
in low light conditions (e.g., at night or under elevated tur-
bidity). Altogether, there was substantial variability in the 
direction and magnitude of the response of each species to 
studied habitat elements. Collectively, these species-specific 

Fig. 5  Ensemble predicted 
densities of a subset of modeled 
nekton with respect to vertical 
position (as assessed by surface 
and bottom trawls) and continu-
ous environmental variables 
(A – specific conductance; B 
– turbidity) based on Ques-
tion 2 (Suisun Bay 2018). Line 
represents the median, dark 
shading represents 50% credible 
intervals around the mean, and 
lighter shading represents 90% 
credible intervals around the 
mean. Not all relationships with 
continuous variables are shown 
because the relative impacts of 
some continuous variables may 
be slight due to those models 
having low model weight (see 
Table 3)

Fig. 6  Proportion of individuals 
in each vertical position dur-
ing a given tide phase in 2017 
(San Pablo Bay). Colored bars 
represent the vertical position, 
and the black line signifies an 
idealized representation of tide 
stage. Number of individuals 
collected for each tide phase is 
noted above each colored bar, 
with gray bars denoting relative 
catch. Tide phases where zero 
individuals were caught are 
blank 
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habitat associations provide insight into factors influenc-
ing the distribution of nekton and thus the vulnerability of 
individual species to detection by sampling gears at different 
times and locations.

Diel Phase and Vertical Position

Nekton densities were influenced by diel phase, with higher 
densities of most species at night. However, not all species 
exhibited consistent responses near the surface and near 
the bottom, highlighting species-dependent effects of diel 
phase. There were notable differences between American 
shad and the other two pelagic fish, northern anchovy and 
longfin smelt. While American shad densities were higher 
at night throughout the water column, northern anchovy 
densities were only higher at night at the surface, indicat-
ing upward vertical migration at night. Diel vertical migra-
tion is observed in many pelagic fish species (Neilson and 
Perry 1990; Mehner 2012) and can reflect fish following 
diel vertical migration by zooplankton prey (e.g., Bollens 
and Frost 1989) or anti-predator behavior (e.g., Scheuerell 
and Schindler 2003). Northern anchovy consume zooplank-
ton (Koslow 1981), which are known to make diel verti-
cal migrations in open waters of the San Francisco Estuary 
(Kimmerer et al. 1998), indicating that the vertical move-
ments observed in this study may be foraging-related. How-
ever, it is also possible that predator avoidance is an impor-
tant driver in microhabitat selection. As visibility declines 
at night or during other low-light conditions, trawl capture 
efficiency can increase for some species because the net is 
harder to see (Walsh 1991). This is most likely for species 
which we observed at higher densities at night throughout 

the water column, such as American shad, plainfin midship-
man, and C. franciscorum.

Modeled densities of longfin smelt across vertical posi-
tion (surface or bottom) did not differ across day and night 
periods, although this species can exhibit substantial diel 
vertical migration associated with prey movements in other 
systems (Chigbu et al. 1998). Our findings may be related 
to the overall low density of longfin smelt encountered in 
this study, as only 26 individuals were encountered during 
sampling for this question (diel phase and vertical posi-
tion). Although diel phase was not important based on 
model predictions, catches of longfin smelt at the surface 
only occurred at night (a total of five individuals), with zero 
longfin smelt encountered at the surface during the day. The 
presence of longfin smelt at the surface at night is consistent 
with diel vertical migrations observed in Lake Washington, 
where juvenile and adult fish are largely absent from shal-
low waters during the day and are found higher in the water 
column during low light periods (dusk and night) in autumn 
(Quinn et al. 2012). Based on the discrepancy between our 
statistical results (possibly due to few numbers of individu-
als) and findings from other regions (Chigbu et al. 1998; 
Quinn et al. 2012), a further study of diel vertical migra-
tion by longfin smelt in the San Francisco Estuary could 
help verify our observations. Our assessment of diel phase 
is limited by sampling in 1 year in one location, and a fur-
ther study could help further refine the relative quantitative 
impacts across nekton species.

While longfin smelt and striped bass densities were 
higher at the bottom of the water column, American shad 
and threadfin shad densities were higher at the surface, 
which has implications for the relative influence of tide on 

Fig. 7  Proportion of individuals 
captured in a sampled habitat 
during a given tide phase in 
2018 (Suisun Bay). Colored 
bars represent the specific habi-
tats, and the black line signifies 
an idealized representation of 
tide stage that corresponds with 
the tide phases depicted by 
each bar. Number of individu-
als collected for each tide phase 
is noted above each bar, with 
upper gray bars denoting catch 
of each species. Tide phases 
where zero individuals were 
caught are blank, and tide 
phases where no shoal samples 
were collected are filled by a 
dotted line. Northern Anchovy, 
American Shad, and Threadfin 
Shad counts are based on mid-
water trawl (surface) data, and 
all other species are based on 
otter trawl (bottom) data
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distribution, as surface water velocities can be higher (see 
“Lateral and Vertical Positions”). Similarly, the higher den-
sity of northern anchovy at the bottom of the channel could 
be related to vertical differences in water velocity, channel 
salinity and turbidity associated with localized gravitational 
circulation (Schoellhamer 2000), or some other influence of 
tidal currents.

Lateral and Vertical Positions

Shallow-water habitats often support different nekton assem-
blages and densities than deeper channels through various 
mechanisms, including depth-mediated habitat elements 
such as vegetation (Thayer and Chester 1989), distribution 
of prey (Bottom and Jones 1990), and refuge from preda-
tors (Paterson and Whitfield 2000) or water velocity (Feyrer 
et al. 2013). In contrast with our limited observations, long-
fin smelt densities have historically been slightly higher in 
the channel than on the shoal (Rosenfield and Baxter 2007), 
with lateral shifts not noted in the literature. However, there 
is substantial evidence for use of other shallow-water habi-
tats at various life stages throughout the San Francisco Estu-
ary (Grimaldo et al. 2017; Lewis et al. 2020; Barros et al. 
2022). Longfin smelt densities were higher at the bottom of 
the water column in the channel and the shoal, consistent 
with other sampling in this study and other regions (Chigbu 
et al. 1998; Quinn et al. 2012). Striped bass densities were 
also higher at the bottom of the water column and on the 
shoal, consistent with Sommer et al. (2011), who postulated 
an estuary-wide shift of striped bass away from the channel 
toward the shoal and systematic undersampling of striped 
bass by surface-water sampling methods (i.e., midwater 
trawls). Shokihaze and yellowfin gobies were more abun-
dant at the bottom and on the shoal, consistent with their 
demersal behavior and known shallow-water preferences 
(Moyle 2002).

Shrimp comprised approximately 78% of total catch 
in this study, but despite their relative abundance, little is 
known about the specific habitat associations of shrimp spe-
cies in open-water habitats of the San Francisco Estuary. 
Shrimp lateral distributions were consistent with other stud-
ies which have indicated littoral distributions of P. macro-
dactylus and P. modestus (Young et al. 2017) and more even 
distribution of C. franciscorum (Siegfried 1980; Hatfield 
1985; Brown and Hieb 2014). Despite the potential for niche 
displacement or exclusion of the native C. franciscorum by 
non-native Palaemon sp., habitat partitioning suggests the 
possibility of coexistence, with native (C. franciscorum) and 
non-native (P. macrodactylus, P. modestus) species. This 
coexistence has been documented between non-native P. 
macrodactylus and other caridean shrimps in several Euro-
pean estuaries (Berglund 1982; González-Ortegón et al. 
2010; Kuprijanov et al. 2017).

Salinity and Turbidity

Salinity is an important driver of nekton distribution in 
estuaries, and it is an important expression of dynamic 
habitat that fluctuates with tidal and hydrologic variability 
(Greenwood 2007; Feyrer et al. 2015). Striped bass, threadfin 
shad, northern anchovy, and longfin smelt exhibited the 
strongest associations with salinity on the tidal timescales 
evaluated in this study, which likely demonstrates their 
relative mobility and movements associated with the tidally 
fluctuating salinity field. Northern anchovy and longfin 
smelt had positive associations with salinity (as measured 
by specific conductance) in San Pablo and Suisun bays, 
suggesting that the center of distribution for both species was 
seaward and that individuals were more abundant in the San 
Pablo and Suisun bays as water was shifted inland on flood 
and high tides. Similarly, threadfin shad and striped bass had 
negative associations with salinity in Suisun Bay, suggesting 
that both species became more abundant in the study area as 
water shifted seaward on ebb and low tides. This is expected 
for the oligohaline threadfin shad (Moyle 2002), and juvenile 
striped bass are known to be abundant in the inland areas of 
Suisun Bay (Sommer et al. 2011; Zeug et al. 2017; Feyrer 
et al. 2021). Although we would expect demersal fish and 
shrimp distribution to respond to broad variation along the 
estuarine salinity gradient (Buchheister et al. 2013; Feyrer 
et al. 2015), we did not see strong associations between 
demersal organism (fish and shrimp) and salinity at the tidal 
timescales evaluated in this study.

Nekton exhibited weak or nonexistent relationships with 
turbidity in 2017 (San Pablo Bay), which may have been 
due to the low turbidities encountered during sampling 
in 2017; turbidities greater than 15 FNU were only infre-
quently encountered within 2 m of the substrate and were 
not encountered higher in the water column. Behavioral 
responses to turbidity are often associated with a species- or 
system-specific light threshold (McIninch and Hocutt 1987; 
Gray et al. 2014), which likely was not reached in our study 
area. Turbidities in 2018 (Suisun Bay) were higher, and 
relationships between turbidity and nekton were commen-
surately stronger. Pelagic fish are typically more efficiently 
captured by trawl gears in low visibility conditions (Walsh 
1991; Peterson and Barajas 2018); however, the lack of clear 
positive relationships with turbidity by surface-oriented fish 
suggests that turbidity-driven sampling efficiency may have 
been insufficient to drive observed fish densities.

In contrast, the density of longfin smelt and striped bass 
increased at the surface during more turbid conditions, sug-
gesting that turbidity could contribute to vertical movement 
for these species. Turbidity-mediated vertical migrations 
have been documented for many species and are typically 
tied to foraging or predator avoidance (Kaartvedt et al. 2012; 
Whitton et al. 2020). Because vertical shifts by subadult 
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longfin smelt and striped bass were associated with elevated 
turbidity rather than tide, vertical movements in this study 
area may be related to predator avoidance rather than to 
maintaining estuarine position, unlike the larvae of each 
species (Bennett et al. 2002).

The Complexity of Tide

Tides can influence nekton distribution through fluctuations 
in the salinity field and through physical hydrodynamics 
and interactions with other environmental conditions (e.g., 
diel cycles and turbidity). This suggests that the interac-
tion between light intensity and tide direction or amplitude 
partially drives organism behavior similar to observations 
in other estuaries (Viehman and Zydlewski 2017). Vertical 
position differences in San Pablo Bay may have resulted from 
fishes making vertical movements to follow prey items or take 
direct advantage of tidal currents to maintain position within 
the estuary (Forward and Tankersley 2001). These transport 
mechanisms are frequently used by larval or juvenile fishes 
(Fortier and Leggett 1983; Bennett et al. 2002) and zooplank-
ton (Kimmerer et al. 1998; Simons et al. 2006). Although ver-
tical position of nekton in San Pablo Bay showed variability 
across tides, additional data would be needed to isolate clear 
mechanisms. Vertical migrations have been observed in other 
San Francisco Estuary studies but can be highly specific. Ver-
tical migrations may only be observed at certain tides (e.g., 
big ebb at night) and can be dependent on location or season 
(Bennett et al. 2002), hydrodynamic conditions (Kimmerer 
et al. 2002), or life history needs (i.e., spawning migrations; 
Verhelst et al. 2018). Further study that includes depth-spe-
cific prey or predator densities and a wider range of turbidi-
ties would help to differentiate mechanisms driving vertical 
migrations by fishes in San Pablo Bay.

Lateral migrations also can facilitate selective tidal-
stream transport by a variety of migratory species as an 
alternate mechanism for holding position and avoiding 
advection (Forward and Tankersley 2001). For example, the 
shoal-ward distribution of American shad on ebb and low 
tide and the channel-ward distribution on flood and high 
tide observed in this study are consistent with selective tidal 
stream transport intended to facilitate retention. An affinity 
for lower-velocity shoal habitats at ebb tide would mini-
mize seaward advection while maximizing inland transport 
in the channels on flood tides. Similar behavior has been 
documented for other species in the San Francisco Estuary 
(Feyrer et al. 2013; Bennett and Burau 2015). Shoal-ward 
shifts by American shad may also provide some other habitat 
benefit, such as food availability at lower tides.

Northern anchovy were more abundant at higher salini-
ties, and we observed high catches of northern anchovy from 
peak flood to high tide. During this period, more individuals 
were observed in the channel on peak flood tide with the 

proportion of individuals on the shoal increasing through 
high tide. This suggests that northern anchovy may be mov-
ing upstream with the flood tide in the channel and then 
moving to the shoals after entering Suisun Bay. This shoal-
ward shift may be to avoid farther inland movement, for the 
purposes of foraging, or for predator avoidance. The lateral 
position of C. franciscorum was also highly variable across 
the tide cycle, in contrast with Shokihaze and yellowfin gob-
ies and Palaemon species, which exhibited little variability 
in lateral position.

These movement patterns indicate that both midwater and 
otter trawls could identify tidal variability in lateral position 
because tidal variability was observed for certain species 
and not observed for other species. Logistical constraints 
prevented samples from being collected from all combina-
tions of habitat and tide phase, but we found strong evidence 
that tidal phase mediates vertical and lateral distributions for 
many resident species. Additional data would help to further 
quantify the underlying mechanisms which drive observed 
distributional differences across tide phases.

Vertical and lateral migrations made by nekton species 
in this study are likely to be stronger during spawning and 
recruitment periods. Selective tidal-stream transport is often 
used by fishes to conserve energy during spawning migra-
tions, particularly for smaller and poor-swimming fishes 
(Forward and Tankersley 2001; Silva et al. 2017) and by 
larval and juvenile fishes to maintain position in beneficial 
nursery habitats (Holt et al. 1989; Islam et al. 2007). The 
reproductive period for most species in this study is typically 
in the spring or early summer; our sampling was conducted 
in autumn, outside of this reproductive window. In addition, 
variability in estuarine conditions can elevate the necessity 
for position-maintaining behavior (Power 1997; Bittler 
et al. 2014). In the San Francisco Estuary characterized by 
a Mediterranean climate, river outflow is typically lowest in 
late-summer and early-autumn seasons (the season of this 
study). Thus, the intensity of position-maintaining vertical 
and/or lateral shifts in distribution will likely be higher in 
spring or early summer, as increased river outflow coincides 
with spawning migrations or larval recruitment. This con-
text is important given that we documented species-specific 
distribution patterns associated with specific combinations 
of diel, tidal, and water quality conditions in autumn, when 
these patterns may be less pronounced.

Active management of water exports in the San Fran-
cisco Estuary results in a relatively constant salinity field 
except during periods of high spring outflow (Kimmerer 
et al. 2013). The salinity field is contingent on runoff and 
varies most once runoff exceeds current water management 
operations. Thus, although this study was only implemented 
in one season (autumn), the underlying hydrodynamic pro-
cesses (i.e., tides) that affect nekton distribution are gener-
ally broadly applicable throughout the year. However, the 
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San Francisco Estuary is hydrodynamically complex, with 
a series of constrictions and embayments severely constrain-
ing tidal water movement and resulting in high spatial het-
erogeneity. This geomorphic variability suggests that the 
specifics of our findings may not be applicable everywhere 
within the San Francisco Estuary. Relationships between 
nekton, habitat, and tides may change based on the specifics 
of tidal currents and bathymetry. Because of this complexity, 
care must be taken when extrapolating to unstudied areas. 
A focused understanding of vertical and lateral distributions 
of fishes and other nekton with respect to tide, the range of 
environmental conditions, and a specific region is warranted.

Management Implications

The potential for estuarine nekton to adjust position on fine 
spatiotemporal scales (e.g., within a tidal cycle and adjacent 
shoal/channel habitats) is important for evaluating ecologi-
cal processes and critical for contextualizing data collected at 
coarser spatiotemporal scales (e.g., fisheries-independent mon-
itoring surveys). Fisheries-independent monitoring surveys 
often sample at fixed time intervals and/or at fixed sampling 
stations at spatiotemporal scales designed to detect long-term 
abundance trends in economically important or at-risk spe-
cies. However, these surveys often do not take diel migrations, 
tide, or other physical processes into account and can therefore 
have substantial unmeasured observational bias limiting fine-
scale or process-based inference (e.g., tidal aliasing; Bennett 
and Burau 2015; Zhao et al. 2017). For example, despite low 
catches, we observed higher densities of longfin smelt at the 
bottom of the water column and on the shoal with evidence for 
light-mediated surface-ward movement. These relationships 
could have significant implications for interpreting monitoring 
data because declining suspended sediment has contributed 
to estuary-wide turbidity declines (Wright and Schoellhamer 
2004; Hestir et al. 2013), which may complicate trawl-based 
survey design for monitoring species such as longfin smelt and 
striped bass (Peterson and Barajas 2018). Studies such as this 
can provide context to interpret long-term monitoring results 
in a way that may ultimately aid in process-based inference 
and management.

Data collected at a higher spatiotemporal resolution could 
help identify mechanisms driving vertical and lateral migrations 
by nekton, including longfin smelt. Specifically, it is unclear 
to what extent observed relationships represent estuary-wide 
habitat associations or behavioral responses to unmeasured 
habitat variables that are unique to San Pablo and Suisun 
bays. For example, the observed shoal-centric distribution 
of longfin smelt is inconsistent with data from channel and 
shoal monitoring stations (Rosenfield and Baxter 2007), which 
observed higher longfin smelt densities in channel stations. 
This discrepancy in longfin smelt distribution could indicate 
something unique to our sampling locations, a change in habitat 

association through time, a gap in monitoring data collection, or 
limitations of our dataset. For example, the highly constrained 
Carquinez Strait (Fig. 1) has notably fast water velocities for 
the San Francisco Estuary (Monismith et al. 1996), and nearby 
shoal-ward shifts by American shad and northern anchovy 
at certain tides may not be as pronounced in lower velocity 
regions. Catches of longfin smelt in this study were low, but 
further efforts to refine our understanding of their fine-scale 
habitat distribution may be complicated by the severity of 
longfin smelt decline in the San Francisco Estuary (Sommer 
et al. 2007; Hobbs et al. 2017), thus illustrating the importance 
of proactively evaluating organism-habitat relationships while 
the population is abundant enough to provide inference. 
Understanding the complex interactions between nekton 
behavior, habitat type and availability, and environmental 
conditions at multiple spatial and temporal scales is necessary 
to assess the wide range of strategies driving microhabitat 
usage in estuaries. This improved understanding could lead 
to improvements in nekton monitoring and generally support 
ecological-based management.
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