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1.  INTRODUCTION 

Efforts to establish habitat preferences for endan-
gered and vulnerable species can be difficult given 
the rarity of detecting the species of interest, as much 
time and effort can be required for even a few detec-
tions (Shea & Mangel 2001, Thompson 2013, Belba-
chir et al. 2015, Jeliazkov et al. 2022). Even when 
large-scale efforts for sampling rare species are fea-
sible, the resulting data can be challenging to analyze; 
large numbers of absences can prevent models from 
correctly identifying suitable habitat (Cianfrani et al. 

2010) or create models with large predictive uncer-
tainties (Hamilton et al. 2015). This may lead to in -
effective actions or even failed efforts to bolster 
populations. Notwithstanding these challenges, under-
standing relationships between endangered species 
and their preferred habitat is key to conservation 
efforts (Rushton et al. 2004). 

Delta smelt Hypomesus transpacificus have under-
gone a drastic decrease in abundance over the past 
several decades and inhabit a heavily altered and 
degraded environment. H. transpacificus is a small, 
semi-anadromous, planktivorous fish endemic to the 

© The authors 2025 

Publisher: Inter-Research · www.int-res.com

*Corresponding author: michael.tillotson@icf.com

Association of delta smelt with other small pelagic 
fishes suggests the potential for competition and 

proxy monitoring 

Michael Tillotson*, Calvin Y. Lee, Crystal Garcia 

ICF, 980 9th Street, Suite 1200, Sacramento, CA 95814, USA

ABSTRACT: Development of habitat occupancy models for protected species with low detection 
rates can be difficult; however a possible solution is to use proxy species. In the San Francisco Bay-
Delta estuary, detection of the endemic and endangered Hypomesus transpacificus is extremely 
rare despite extensive survey efforts. We applied a tree-based machine learning algorithm to eval-
uate habitat characteristics associated with detection of H. transpacificus using paired data from a 
pelagic fish survey and a lower-trophic monitoring study. Preliminary analysis using only H. trans-
pacificus data produced a model with limited predictive ability; models combining H. transpacifi-
cus with a closely related species, H. nipponensis, or a broader set of potential surrogate pelagic 
fishes were better supported. The catch per unit volume (CPUV) of the small pelagic fish commu-
nity (SPFC) was the strongest explanatory variable for both H. transpacificus and combined 
H. transpacificus–H. nipponensis detections, indicating shared habitat use among multiple spe-
cies in the estuary. Salinity and zooplankton prey density had the highest relative influence on 
SPFC CPUV. These results indicate that H. nipponensis and the SPFC are utilizing similar habitats 
as H. transpacificus and may therefore serve as appropriate proxies for H. transpacificus in habitat 
modeling or other monitoring and analysis. This finding also suggests the potential that H. transpa-
cificus may compete with multiple species for limited food resources within small patches of high-
quality habitat; the consequences of such dynamics on species recovery is identified as an impor-
tant topic for future research.  
 
KEY WORDS:  Estuaries · Hypomesus transpacificus · Machine learning · Native fish ·  
Proxy monitoring · Competition

https://crossmark.crossref.org/dialog/?doi=10.3354/esr01386&amp;domain=pdf&amp;date_stamp=2025-03-06


Endang Species Res 56: 117–134, 2025

San Francisco Bay Estuary and Sacramento-San Joa-
quin Delta (the Bay-Delta) with an annual life cycle 
(Moyle et al. 2016). In the Bay-Delta, H. transpacificus 
spawn during the winter–spring season, larval fish 
hatch in the spring and the majority of larvae make 
their way to the low salinity zone (LSZ, 0.5 to 6 ppt) 
where they transition into juveniles from summer to 
fall before migrating upstream to freshwater regions 
to spawn. Various anthropogenic stressors have con-
tributed to the decline of H. transpacificus including 
destruction of habitat, exposure to contaminants, de -
creased prey availability, introduced invasive pred-
ators, competitors and prey, changes in flow regimes 
and direct entrainment due to water diversions, and 
increased temperatures during critical life stages 
(Moyle et al. 2016, Hamilton & Murphy 2018, FLOAT-
MAST 2020). Numerous and substantial conservation 
and restoration efforts have been undertaken since H. 
transpacificus was listed as threatened under the Fed-
eral and California Endangered Species Acts in 1993 
(the California listing was upgraded to endangered in 
2009) (Moyle et al. 2016). Recently, large-scale man-
agement actions including flow augmentation during 
the fall and flow pulses during the summer were 
implemented to improve LSZ habitat for H. transpaci-
ficus (USFWS 2019, Sommer et al. 2020, Frantzich et 
al. 2021). However, H. transpacificus abundance has 
continued to decline in recent years, making detec-
tions of H. transpacificus even rarer and recovery 
efforts more urgent (Bacher 2022, USFWS et al. 2022, 
CDFW 2025). Ongoing efforts to introduce cultured 
H. transpacificus into different regions of its historical 
range began with experimental releases in 2021 (also 
known as supplementation, Lessard et al. 2018). 

Understanding habitat preferences of H. transpaci-
ficus using the best available analytical tools and data 
therefore remains crucial to restoration efforts and 
management actions (e.g. flow actions and supple-
mentation; Lessard et al. 2018, Hamilton & Murphy 
2020); many models have been produced to predict 
H. transpacificus habitat suitability or habitat usage. 
Previous efforts have identified various combinations 
of abiotic and biotic variables as important compo-
nents of H. transpacificus habitat (Feyrer et al. 2011, 
Bever et al. 2016, Hamilton & Murphy 2018, Polansky 
et al. 2018, Smith & Nobriga 2023). Other studies of 
H. transpacificus have utilized occupancy models to 
better separate the potentially independent processes 
of habitat preference and the ability to detect a spe-
cies, given its presence (Mahardja et al. 2017, Peter-
son & Barajas 2018, Duarte & Peterson 2021, Davis 
et al. 2022, Hendrix et al. 2023). While these modeling 
efforts have collectively advanced the theoretical 

understanding of historic H. transpacificus habi -
tat  preferences, verifying model results through 
additional sampling has become challenging, given 
that H. transpacificus are now rarely encountered in 
the long-term monitoring surveys on which many 
prior analyses were based. Even intensive, targeted 
H. transpacificus monitoring efforts have captured 
relatively few fish. Further insights are therefore likely 
to require novel analytical tools, new approaches for 
detecting rare species and/or use of cultured conspe-
cifics or surrogates — more common taxa with shared 
habitat preferences — for modeling purposes. 

A relatively recent development in modeling hab-
itat preferences has been the use of machine learning 
algorithms that, in theory, can overcome some of the 
challenges associated with multiple variables, includ-
ing potential interactions and non-linear relation-
ships, while relaxing some of the  assumptions associ-
ated with classical modeling approaches (e.g. linear 
and generalized linear models). Moreover, automated 
tree-based algorithms are now commonly used in 
ecological studies (Stupariu et al. 2022, Tuia et al. 
2022), and have been used previously to predict spe-
cies distribution and identify key habitat associations 
over different spatial scales for other endangered and 
threatened species (e.g. Hopkins 2009, Wang et al. 
2015). Use of tree-based algorithms including random 
forest regression, gradient boosting machines (GBMs, 
also referred to as boosted regression trees [BRTs]) 
has proliferated in the field in part due to their adapt-
ability and efficiency in generating predictive models. 
This family of machine learning algorithms are all 
fundamentally based upon classification and decision 
trees that employ various ensemble approaches to 
combine multiple, stochastically generated trees to 
improve the predictive performance and generaliz-
ability of the final ensemble. Additional advantages of 
using tree-based models are their ability to handle 
diverse types of predictor variables and accommo-
date missing data (Elith et al. 2008). When using tree-
based models, the form of relationships between 
response and predictor, and the extent of interaction 
between covariates is dictated primarily by the data 
rather than making a priori assumptions as with gen-
eralized linear and additive models (Abeare 2009). 
Recent application of both tree-based machine learn-
ing and occupancy models to H. transpacificus have 
been met with mixed success. Grimaldo et al. (2021) 
used GBMs (i.e. BRTs) to evaluate factors that could 
predict H. transpacificus entrainment at water ex -
port facilities. However, despite identifying a model 
capable of explaining a large proportion of the null 
deviance, the predictive performance of the model 
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was poor, potentially due to the ongoing decline in 
species abundance and the resulting low sample 
size. 

The initial objective of our study was to character-
ize the relative importance of abiotic factors, zoo-
plankton prey, and other potential small pelagic fish 
competitors on the presence and abundance of H. 
transpacificus. We hypothesized that salinity, turbi-
dity, and calanoid copepod prey, especially Pseudo-
diaptomus forbesi (Slater & Baxter 2014, Slater et al. 
2019), would be among the strongest predictors. We 
sought to achieve this objective by applying the pow-
erful, flexible, and interpretable BRT approach, and 
by combining 2 relatively new and high resolution 
datasets; the first resulting from an intensive sam-
pling effort targeting H. transpacificus and other 
small pelagic fishes in the Bay-Delta, and the second 
from a similarly intensive effort to sample the inverte-
brate prey-base of the Bay-Delta that was frequently 
paired in space and time with the fish sampling effort. 
The models resulting from preliminary analyses 
using H. transpacificus alone as the response variable 
had limited predictive ability, but did identify the 
presence of potential competitors, including waka-
sagi H. nipponensis, American shad Alosa sapidis-
sima, threadfin shad Dorosoma petenense, and Mis-
sissippi silverside Menidia audens, as the strongest 
predictor of H. transpacificus presence. 

These preliminary results made clear that the con-
tinued decline of the species in recent years has left 
researchers with 2 suboptimal options for analyzing 
the habitat relationships of H. transpacificus: rely on 
historical data that may have little bearing on current 
and future conditions due to the fundamental changes 
that have occurred in the Bay-Delta or rely on more 
recent data where the low rate of detections challenge 
even sophisticated models. The use of in dicator or 
proxy species may offer a third, complementary 
option to draw inferences about habitat preferences 
and quality. Studies suggest that other non-native 
potential competitors such as H. nipponensis and D. 
petenense may be suitable proxies for H. transpaci-
ficus, because they have overlapping ecological niches, 
(Feyrer et al. 2003, Davis et al. 2022), are associated 
with H. transpacificus occupancy (Hendrix et al. 2023), 
and are caught in the same monitoring gear types 
(Stompe et al. 2020, McKenzie & Mahardja 2021). 

Proxy species and community level analyses have 
been successfully used for modeling other endan-
gered and low abundance species (Dunn et al. 2015, 
Silvano et al. 2017, Rodríguez et al. 2021). Dunn et al. 
(2015) used 2 proxy bird species with similar macro-
habitat requirements to the critically endangered 

Himalayan quail Ophrysia superciliosa to model suit-
able survey areas. Rodríguez et al. (2021) used com-
munity-level models to understand vulnerable fish 
species responses to environmental stressors through 
shared species responses to the environment. Prior 
research has shown that when using proxy species, 
appropriate precautions need to be considered, such 
as if the proxy species shares the same key ecological 
traits that make the endangered species population 
vulnerable to disturbance or if the appropriate habitat 
scale is being considered (Caro et al. 2005, Loman et 
al. 2021). With these precautions in mind, and based 
on the strong, linear, and positive relationship be -
tween the presence of H. transpacificus and other 
members of the small pelagic community, we pro-
ceeded to evaluate whether a proxy species approach 
involving the grouping of H. transpacificus with 1 or 
more of the other Bay-Delta small pelagic species 
could improve model performance and identification 
of important habitat features. In addition to potentially 
increasing power to evaluate H. transpacificus habitat 
associations, this approach may provide broader in -
sight into the drivers of the Bay-Delta pelagic for-
age fishes and serve as a potential modeling frame-
work for other rare species that are now infrequently 
detected. 

2.  MATERIALS AND METHODS 

We focused our study on the upper portion of the 
Bay-Delta (Fig. 1), where the USFWS conducts rou-
tine monitoring of Hypomesus transpacificus through 
the Enhanced Delta Smelt Monitoring program 
(EDSM; USFWS et al. 2022). Sampling locations were 
chosen using a generalized random tessellated strati-
fied (GRTS) sampling design, ensuring spatially well-
distributed random sites (Stevens & Olsen 2004, 
Starcevich et al. 2016). Kodiak trawls were conducted 
from July through March for juvenile and adult H. 
transpacificus in different regions of the overall sam-
ple frame. Environmental parameters (temperature, 
turbidity, salinity, and chlorophyll a) and lower-
trophic invertebrate samples (mesozooplankton and 
macrozooplankton) were collected alongside EDSM 
sampling from 2017 to 2021 as part of the Directed 
Outflow Project Lower Trophic Study (DOP; Schultz 
& Kalmbach 2022). This paired sampling was con-
ducted with a subset of the EDSM monitoring sites; 
pairing occurred for 3 different sites weekly within a 
region. The total number of sampling strata used by 
EDSM has varied over time, and the DOP did not sam-
ple all strata visited by EDSM; 19 regions were con-
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sidered for this analysis with 5 regions typically 
sampled each week (Fig. 1). While sampling was con-
ducted year-round, this study focuses on the summer 
through late fall period (July through November) 
to  align with the Delta Smelt Summer-Fall Habitat 
Action (DWR & USBR 2023) which aims to improve the 
recruitment, growth, and survival of H. transpacificus. 
Data were examined from 2017 through 2021. Only 
fall season data were available for 2017 to 2018 from 
the DOP; summer and fall data were available for 2019 
to 2021. 

Kodiak trawling was conducted following methods 
described by USFWS et al. (2022). Between 2 and 
10 tows were completed at each site, with a minimum 
duration of 2 min and a maximum of 10 min per tow. 
The Kodiak trawl net was towed in the first few meters 
of the water column against the water current. Mean 
net mouth size was estimated to be 12.54 m2. The dis-
tance traveled during each tow was recorded using a 
calibrated mechanical flow meter (distance = vol-
ume/cross-sectional area), which was used to calcu-
late catch per unit volume (CPUV; catch per 10 000 m3). 

If a H. transpacificus was captured 
within the first 2  tows at a site, then 
the site was considered complete 
and no further tows were conducted; 
otherwise, tows were repeated until a 
H.  transpacificus was caught or the 
maximum number of tows (typically 4) 
were completed. A suite of water qual-
ity parameters was also collected dur-
ing fish sampling, including tempera-
ture (°C), dissolved oxygen (mg l–1), 
specific conductance (microsiemens 
[μS] cm–1 for freshwater and milli-
siemens [mS] cm–1 for brackish water), 
turbidity (nephelometer turbidity units 
[NTU]), and Secchi depth (cm). Water 
quality parameter measurements were 
taken from the top 1 m of the water 
column, using a YSI Pro2030 meter. 
Turbidity values were obtained using 
Hach 2100Q turbidity meters. 

Macrozooplankton and mesozoo-
plankton sampling was conducted ac -
cording to methods described by 
Schultz & Kalmbach (2022). One tow 
was conducted for each habitat type 
(shoal, channel surface, channel deep) 
present at a site. A shoal was defined 
as habitat that was roughly 3 m deep 
or  less. Channel habitat was greater 
than 3 m deep; a surface tow was 

conducted in both channel and shoal habitats in the 
first 1 m of the water column. In channels greater 
than 6 m deep, an additional tow was conducted in 
the bottom half to third of the water column. Not all 
habitat types were present at each site, so between 1 
and 3 tows were conducted per site. In 2017, inver-
tebrates were sampled with 2  Clarke-Bumpus nets 
(50 cm diameter) attached to  a bongo net frame; 
mesozooplankton were targeted with a 150 μm 
mesh size net and macrozooplankton were targeted 
with a 50 μm mesh size net. Beginning in 2018, the 
mesozooplankton net was switched to a 20 cm diam-
eter net. The tow duration was 8 min in 2017 but 
was shortened to  5  min beginning in 2018 to 
reduce sample volume and lab processing time. 
Zooplankton samples were processed according to 
methods de scribed in the Interagency Ecological 
Program’s Environmental Monitoring Program (Kay -
fetz et al. 2020), except a maximum of 10 aliquots 
were used to  account for higher sample densities 
resulting from using larger volume nets as described 
by Schultz & Kalmbach (2022). 
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2.1.  Data processing 

Fish catches were summarized to station-level 
CPUV by dividing the total catch of each species 
summed across all tows conducted at a station by the 
total tow volume. The potential for depletion across 
tow replicates was assumed to be negligible given the 
pelagic and dynamic nature of the waters sampled. In 
addition to H. transpacificus, 5 other fish species were 
incorporated into either dependent or independent 
variables in this analysis (Fig. S1 in the Supplement at 
www.int-res.com/articles/suppl/n056p117_supp.pdf). 
Although many other species may share the same 
pelagic habitat and food preferences as H. transpaci-
ficus during portions of their life histories, we 
selected the most encountered forage fish species 
from the fish survey to represent potential competi-
tors of H. transpacificus (Fig. 2). Northern anchovies 
were excluded from the potential competitors vari-
able despite a high frequency of capture in some 
areas of the Bay-Delta because of their primarily mar-
ine life-history, preference for much higher salinities 
than H. transpacificus, and very infrequent detection 
in the regions where the remnant H. transpacificus 
population now occurs. The potential competitors 
variable (Competitors_All) included Dorosoma pete-
nense, Alosa sapidissima, Menidia audens, H. nippo-
nensis, and longfin smelt Spirinchus thaleichthys; all 

taxa were filtered by fork length (i.e. proxy for life 
stage) for greater accuracy. Abundances of each of 
the potential surrogates/competitors showed a pos-
itive association with H. transpacificus presence 
(Fig.  S2), but H. nipponensis were selected as the 
most suitable single-species surrogate based on mul-
tiple characteristics including phylogeny, morphol-
ogy, and life-history (Davis et al. 2022). When model-
ing combined H. transpacificus and H. nipponensis 
catch as the response variable, H. nipponensis were 
removed from the independent potential competitor 
variable (Competitors_NoWakasagi). 

Fish catch data were zero-inflated, indicating 
patchy distributions or distinct processes governing 
presence–absence and abundance. A 2-step ap proach 
was therefore used, modeling presence–absence 
and abundance separately (Smith et al. 2019). Each 
re sponse variable was first considered as a binary 
metric of presence and absence, then as a continuous 
variable (CPUV) for positive detections. Six poten-
tial response variables were considered: presence/
absence and CPUV for H. transpacificus alone, H. 
transpacificus with H. nipponensis, and a broader 
group of small pelagic species (Table 1; the H. trans-
pacificus CPUV model was later excluded because 
of small sample size). Zooplankton were classified 
into 3 groups: Mysidae, Amphipoda, and mesozoo-
plankton (0.2 to 20 mm total length). This was then 
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narrowed to taxa verified as H. transpacificus prey 
(Slater & Baxter 2014, Slater et al. 2019; Table 1). 
Mesozooplankton were further separated into Cala-
noida, Cyclopoida, and Cladocera, then into species-
genus for  known or hypothesized H. transpacificus 
prey (Table 1). Selected calanoid and cyclopoid 
species were differentiated by life stage (adult vs. 
copepodite). Five models were evaluated for each 
response variable, with increasingly granular inver-
tebrate data (Table 1). 

Invertebrate and fish sampling were not always per-
fectly paired in time and space, many detections of 
H. nipponensis and H. transpacificus occurred when 
the invertebrate study was not sampling. Invertebrate 
data were therefore averaged across time and space to 
in crease the number of paired samples. Each fish sam-
ple was paired with invertebrate samples collected up 
to 1  wk prior in the same subregion, summarized to 
taxon-specific mean CPUV values. Invertebrate sam-
pling occurred in multiple habitats (shoal, channel 
surface, and channel deep) at each site. Invertebrate 
CPUV did not vary consistently between habitats; catch 
was averaged across all habitats sampled at a site. 
After processing, 2246 unique station–date combina-
tions remained for analysis. Training and testing data-
sets for each response variable were then created using 
the ‘create Data Partition’ function from the R package 
‘caret’ which attempts to balance the classes within 
each set (Kuhn 2022). For presence–absence models, 
all 2246 instances were used, while models using 
CPUV in the response were trained using censored 
data including only instances when the species or spe-
cies group was detected (H. transpacificus: N = 104, 
H. transpacificus–H. nipponensis: N = 284, small 
pelagic fish: N = 1517). In all cases, 70% of the data 
was used for training with 30% reserved for testing 
and cross validation. 

2.2.  Model fitting 

We first developed a range of candidate models 
incorporating combinations of abiotic habitat features 
and food variables derived from the invertebrate 
sampling data based on reported H. transpacificus 
food and habitat preferences from prior studies (Feyrer 
et al. 2011, Slater & Baxter 2014, Slater et al. 2019). 
Abiotic covariates included water quality parameters, 
a 14 d backward-looking moving average of delta 
outflow (California Data Exchange Center; CDEC), 
week of year, and region (Fig. 1). Food variables 
ranged from coarse aggregations (all mysids, amphi-
pods, zooplankton) to individual H. transpacificus prey 

taxa (Table S1). The influence of these covariates 
on  each response variable was modeled using the 
GBM algorithm in the ‘gbm’ and ‘dismo’ R packages 
(BRT models). 

To limit overfitting, we used a grid search to iden-
tify optimal values for learning rate (weight of each 
new tree) and tree complexity (number of levels per 
tree). BRT models were fitted using the ‘gbm’ func-
tion with learning rates between 0.1 and 0.0005 and 
tree complexities of 2 to 5 (Greenwell et al. 2020). 
Hyperparameter combinations were compared based 
on root mean square error (RMSE), and the lowest 
error combination was used for model fitting. Each 
model was then refit using the ‘gbm.step’ function 
from the ‘dismo’ package, which automates the identi-
fication of the optimal number of trees for a given 
complexity and learning rate (Hijmans et al. 2021). 

2.3.  Model validation 

After fitting, models were evaluated using a variety 
of cross-validation and diagnostic techniques. The 
‘gbm’ function reports internal cross-validation met-
rics, including AUC for classification models and cross-
validation correlation for regression models. AUC 
values above 0.8 indicate strong discrimination (Hosmer 
et al. 2013). Predictions were generated using reserved 
training data. For presence–absence models, predicted 
classifications were generated using threshold values 
between 0.3 and 0.7 and compared with observations 
using the ‘confusion Matrix’ function from the R pack-
age ‘caret’, which calculates performance indices like 
accuracy, no-information rate, Cohen’s kappa, sensi-
tivity, and specificity. For CPUV models, observed and 
predicted values were compared visually using scat-
terplots and Pearson’s correlation coefficients. 

The primary objective was to describe, compare, 
and visualize the influence of biotic and abiotic fac-
tors on the presence–absence or CPUV of H. transpa-
cificus and their surrogates. The most influential 
covariates were identified by comparing variable 
importance, calculated by permuting the model with 
a single covariate excluded and measuring the change 
in residual error. Relationships between dependent 
and independent variables were evaluated using par-
tial dependence plots from the ‘plot.gbm’ function, 
showing the effect of a single covariate with others 
held constant. Shapley values were estimated for 
each prediction using the ‘fastshap’ function (Green-
well 2021), indicating the contribution of each covari-
ate to a prediction and providing insight into covari-
ate importance and dependencies (Winter 2002). 
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3.  RESULTS 

3.1.  Summary 

In total, 8875 tows from the fish study and 4526 tows 
from the invertebrate study were included in the final, 
paired dataset, which, after summarizing to the sta-
tion level, resulted in 2246 paired samples. Among 
these samples, there were 104 positive detections for 
Hypo mesus transpacificus, 284 for H. transpacifi-
cus–H. nipponensis and 1517 for small pelagic fish. 
Prevalence was therefore 4.6% for H. transpacificus, 
12.6% when combined with H. nipponensis, and 
67.5% for all pelagic fish. After censoring non-detec-
tions, the average CPUV was 3.19 × 10–5, 9.77 × 10–5, 
and 1.24 × 10–3 for H. transpacificus, H. transpacifi-
cus–H. nipponensis, and small pelagic fish, respec-
tively. Mean CPUV for the 3 primary invertebrate 
groupings, amphipods, mysids, and zooplankton, 
was 9.12  × 10–1, 3.85 × 101, and 5.23 × 103, respec-
tively. In all cases, most of the catch was comprised 
of potential H. transpacificus food items (95, 99, and 
79% for amphipods, mysids, and zooplankton, re -
spectively). Summary statistics by region for specific 
zooplankton, mysid, and amphipod taxa are given 
in Table S1. 

3.2.  Delta smelt models 

Some validation metrics indicated good fits for the 
models of H. transpacificus presence and absence. 
For example, regardless of at which level invertebrate 
data were aggregated, model accuracy was 0.96. 
However, cross-validation indicated that for each of 

the models in this set, the no-information p-value was 
substantially greater than 0.05, which meant that 
simply predicting absence in all cases would result in 
greater model accuracy (Table 2). Given this indica-
tion of poor predictive performance and the low prev-
alence of H. transpacificus, we elected not to model 
censored CPUV for this response variable and inter-
pret the model results cautiously. Examination of 
variable importance scores and partial dependence 
plots nevertheless indicated an interesting and unex-
pected association with hypothesized potential com-
petitors that warranted further evaluation. We hypo -
thesized that H. transpacificus would try to avoid 
other small pelagic fishes to reduce potential compe-
tition for food resources, and that this relationship 
may be difficult to detect in our dataset (i.e. we ex -
pected a weak, negative relationship between H. trans-
pacificus presence and potential competitor abun-
dance). Contrary to these expectations, potential 
com petitor CPUV was consistently the most im -
portant variable in this set of models (Fig. 3), and 
the relationship with H. transpacificus presence was 
strong, positive, and essentially linear. This associa-
tion was confirmed visually by comparing boxplots of 
the CPUV of potential competitor species binned by 
H.  transpacificus presence and abundance (Fig. S2). 
Other variables with high importance rankings were 
salinity and delta outflow; food variables were gen-
erally ranked with lower importance across the var-
ious levels of invertebrate aggregation. The relation-
ship between H. transpacificus presence and salinity 
was nonlinear with a low probability of presence pre-
dicted at the lowest values, a rapid increase between 
~0.1 and 1 ppt, and an intermediate plateau at higher 
salinities (Fig. 4A). 
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Response                                                                Model no.               Accuracy                      Kappa                  No-information p-value 
 
H. transpacificus                                                          1                             0.96                             0.124                                      0.398 
H. transpacificus                                                          2                             0.96                             0.124                                      0.398 
H. transpacificus                                                          3                             0.96                             0.124                                      0.398 
H. transpacificus                                                          4                             0.96                             0.124                                      0.398 
H. transpacificus                                                          5                             0.96                             0.124                                      0.398 
H. transpacificus–H. nipponensis                         1                             0.92                             0.629                                      <0.001 
H. transpacificus–H. nipponensis                         2                             0.92                             0.645                                      <0.001 
H. transpacificus–H. nipponensis                         3                             0.92                             0.631                                      <0.001 
H. transpacificus–H. nipponensis                         4                             0.92                             0.634                                      <0.001 
H. transpacificus–H. nipponensis                         5                             0.92                             0.643                                      <0.001 
Small pelagic fish                                                         1                             0.78                             0.478                                      <0.001 
Small pelagic fish                                                         2                             0.78                             0.455                                      <0.001 
Small pelagicfish                                                          3                             0.78                             0.484                                      <0.001 
Small pelagic fish                                                         4                             0.78                             0.486                                      <0.001 
Small pelagic fish                                                         5                             0.78                             0.476                                      <0.001 

Table 2. Summary of model cross-validation statistics
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3.3.  Hypomesus transpacificus and H. nipponensis 
presence–absence 

Given the positive and linear association between 
H. transpacificus detection and the abundance of 
their potential competitors, we evaluated whether 
combining H. transpacificus detections with those of 
1 or more proxy species could help to improve model 
performance while still providing results relevant to 
threatened species management. Because they are 
the closest relatives of H. transpacificus among the 
small pelagic fish group, H. nipponensis were the 
most directly analogous proxy species (Davis et al. 
2022). As with the H. transpacificus-only models, 

there was little evidence of any preference for 1 level 
of invertebrate aggregation over another (Table 2); 
prediction accuracy was similar across all models in 
this set, though very slightly higher with intermediate 
levels of aggregation in the food variables. In contrast 
with the H. transpacificus-only models, the inclusion 
of H. nipponensis in the response resulted in model 
predictions that were both highly accurate and out-
performed a consistent prediction of absence (i.e. no-
information rate p-value < 0.05). Despite this im -
provement in predictive performance, the models of 
combined H. transpacificus and H. nipponensis de -
tections nevertheless indicated the same dominant 
drivers of distribution, with potential competitors and 
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Fig. 3. Variable importance rankings for selected presence–absence models. For each response variable, the first column shows 
rankings from models with relatively coarse aggregation of food items (Model 2) while the second column shows rankings from  

models with finer separation of food items (Model 4). Model variables can be found in Table S1. DS: delta smelt
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salinity consistently having the highest variable im -
portance rankings. Indeed, the inclusion of H. nippo-
nensis resulted in an even stronger influence of 
potential competitors and further reduced the rel-
ative importance of food variables (Fig. 5B); this rela-
tionship was again positive and linear. Meanwhile, 
the influence of salinity differed somewhat from the 
H. transpacificus results with a stronger peak in pre-
dicted presence in the 0.1 to 1 ppt range (Fig. 4B). Out-
flow was ranked lower than in the H. transpacificus 
models, but nevertheless retained a positive and mostly 
linear relationship with the probability of presence. 

3.4.  Small pelagic fish presence–absence 

The outsized importance of potential competitors 
in explaining the distribution of H. transpacificus, both 
alone and in combination with H. nipponensis, was 

unexpected, but suggested that a broader suite of small 
pelagic fish species may reflect to some degree the 
habitat preferences of H. transpacificus. We therefore 
progressed further in our use of proxy species, next 
modeling the presence and absence of the full small 
pelagic fish community. No further potential compet-
itor variable was available for this analysis, so the 
expectation was that these models would help to clar-
ify the relative importance of abiotic conditions and 
food availability in determining fish distribution. For 
each of the small pelagic fish presence-absence models, 
regardless of the level of taxonomic aggregation in 
the food covariates, the 4 most important variables 
were always abiotic and included salinity, tempera-
ture, delta outflow, and turbidity (Fig. 3). The probabil-
ity of presence was positively related to outflow and 
turbidity, negatively related to temperature, and again, 
related to salinity in a nonlinear fashion (Fig. 4C–E). 
In contrast with the H. transpacificus–H. nipponensis 
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Fig. 4. Conditional effect of important covariates on (A) Hypomesus transpacificus presence, (B) combined H. transpacificus 
 and H. nipponensis presence, and (C–F) small pelagic fish presence. DS: delta smelt; CFS: cubic feet per second
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models, the relationship had a broader peak and with 
the lowest probability of presence occurring at the 
highest salinities. 

3.5.  Abundance 

Abundance of H. transpacificus–H. nipponensis 
and small pelagic fish was modeled with datasets cen-
sored for presence. Cross-validation correlations and 
their significance varied little across levels of food 
aggregation for either small pelagic fish (R2 = 0.47 – 
0.49, p < 0.001) or H. transpacificus–H. nipponensis 
(R2 = 0.24 – 0.28, p < 0.001). Results of the abundance 
models shared some similarities with the presence–
absence models in terms of variable importance rank-
ings and the general shapes of the relationships (e.g. 
for salinity and potential competitor density), but also 
had some interesting differences. Zooplankton, espe-
cially Sinocalanus doerrii, became one of the most, or 
the most, important covariate(s) in the small pelagic 
CPUV models (Fig. S3), with a positive and mostly 
linear effect of these food covariates (Fig. S4E,F). A 
similar pattern was observed for the combined H. 
transpacificus and H. nipponensis CPUV response 
variable, with S. doerrii density having the highest 
relative influence (Figs. S3 & S4B,C). 

3.6.  Regional dynamics 

The choice to exclude finer regional classifications 
from the candidate covariates was intentional, with 

the reasoning that allowing the biotic and abiotic 
characteristics to capture regional differences would 
produce more generalizable and informative results. 
However, examination of model predictions across 
finer-scale regions can provide insight into whether 
the influence of a given variable is consistent through-
out the Bay-Delta, or whether there are localized 
dynamics. Calculation of Shapley values, which re -
flect the contribution of each covariate to each model 
prediction, allowed comparison of model dynamics 
on a subregional basis, even though subregion was 
not included as a covariate. Of interest was how the 
model explained the generally higher frequency of 
detection and CPUV in the Sacramento River Deep 
Water Ship Channel (SRDWSC; Fig. 1), which was pre-
viously identified as a hotspot for H. transpacificus 
population remnants (Merz et al. 2011). Based on 
examination of regional patterns in Shapley values, it 
appears that potential competitor CPUV contrib-
uted consistently to model predictions across regions 
(Fig. 6, Row 1), but that higher potential competitor 
catch densities were much more common in the 
SRDWSC. In contrast, the density of S. doerrii only 
contributed appreciably to model predictions for 
stations within the SRDWSC, and the covariate values 
had little overlap between regions (Fig. 6, Row 2.); the 
catch density for S. doerrii at SRDWSC stations 
was  consistently higher than in other areas. Lastly, 
despite substantial overlap in the ranges of salinity 
values between regions, the contribution of this co -
variate to  model predictions appeared larger within 
the SRDWSC region and interestingly, the majority 
of  H.  transpacificus or H. nipponensis detections 
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Fig. 5. Conditional effect of competitor density on (A) Hypomesus transpacificus detection probability, (B) H. transpacificus–
H. nipponensis detection probability, and (C) H. transpacificus–H. nipponensis catch per unit volume (CPUV). DS: delta smelt
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occurred within a very narrow salinity range (Fig. 6, 
Row 3). 

4.  DISCUSSION 

Our study used machine learning to evaluate the 
importance of abiotic and biotic habitat characteris-
tics in determining the distribution of Hypomesus 
transpacificus in the San Francsico Estuary. Prelimi-
nary models were of limited utility because of poor 
predictive performance, which likely resulted from 
very sparse detection of the target species. To poten-
tially circumvent some of the issues associated with 

sparse detection, we updated the analyses to include 
a hypothesized surrogate species, H. nipponensis, 
which improved predictive power and generated 
better-supported models. Contrary to our expecta-
tions, both models indicated that the abundance of 
the small pelagic fish community (which we hypothe-
sized represented potential competitors for the same 
food resources) had a strong, and positive influence 
on presence of the target and surrogate species. This 
pattern was further supported by a simple examina-
tion of abundances of H. transpacificus and other 
small pelagic species. Apart from this strong, positive 
influence of other small pelagic fishes, presence–
absence models found abiotic variables to be the most 
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Fig. 6. Shapley values relative to selected covariate values for Hypomesus transpacificus–H. nipponensis Model 4 with compari-
son of the Sacramento River Deep Water Ship Channel to other sampled regions. Shapley values reflect the contribution of a 
covariate to the individual model predictions. Colors show observed presence and absence of H. transpacificus or H. nipponensis.  

CPUV: catch per unit volume
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influential. For CPUV models, food abundance and 
salinity were typically the strongest predictors. These 
results suggest abiotic variables may limit habitat 
occupancy, while biotic variables determine abun-
dance when conditions are suitable. Given the limited 
predictive performance of models that included only 
H. transpacificus in the response variable, the results 
of these preliminary models must be interpreted cau-
tiously. The primary conclusion drawn from the initial 
models was that H. transpacificus were more likely to 
be present and relatively abundant when the abun-
dance of other small pelagic fishes was also high. This 
pattern was further evaluated by a simple comparison 
of H. transpacificus presence with the abundances of 
each of the other small pelagic species which found 
strong agreement with the modeled results (Fig. S2). 
Remaining conclusions were drawn from models that 
integrated 1 or more potential surrogate species, 
which were collectively deemed more reliable given 
cross-validation results that indicated superior pre-
dictive ability. 

The relative importance of the potential competi-
tor  variable stood out in both H. transpacificus and 
the  combined H. transpacificus and H. nipponensis 
models, far outweighing all other variables consid-
ered. These strong positive relationships are surpris-
ing, given previous research of H. transpacificus hab-
itat use that evaluated the effect of hypothesized 
competitors; Hendrix et al. (2023) found a slight 
negative relationship between Dorosoma petenense 
(a species we included in our competitor variable) 
and H. transpacificus occupancy. However, Hendrix 
et al. (2023) found a positive relationship between 
H. transpacificus occupancy and predation intensity, 
which was interpreted as some degree of overlap 
between H. transpacificus and predator habitat. In 
contrast, comparisons between H. transpacificus and 
H. nipponensis have shown overlap in ecological 
niches, distribution, and environmental tolerances 
(Swanson et al. 2000, Davis et al. 2022), while analysis 
of the declines of other pelagic fish species in the Bay-
Delta have indicated similar responses to changes in 
certain environmental variables (such as salinity and 
turbidity; Feyrer et al. 2007, Thomson et al. 2010) and 
changes to the prey community (Feyrer et al. 2003). 
Our results therefore suggest the ecological niche of 
H. transpacificus overlaps to some degree with other 
small pelagic fish species. 

The strong positive associations between H. trans-
pacificus and H. nipponensis with the small pelagic 
fish competitor variable may reflect associations be -
tween the species at smaller spatial scales and could 
result from interspecific shoaling behavior. Origi-

nally, H. transpacificus were not believed to be a 
strongly shoaling species (Moyle 2002), but shoaling 
behavior has been observed in controlled experimen-
tal settings (Ferrari et al. 2014, Davis et al. 2019). 
Shoaling behavior has multiple benefits, ranging from 
lowering cortisol levels and metabolic rates to 
increased predator avoidance (Hasenbein et al. 2016, 
Nadler et al. 2016, Chrétien et al. 2021, reviewed by 
Pavlov & Kasumyan 2000). Given the decline in the 
H. transpacificus population, individuals may associ-
ate with similarly sized and shaped fish that share an 
ecological niche, since conspecifics are either not 
present or present at only a low density, which may 
explain the strong association with other small pela-
gic species. Other fish species have been shown to 
readily shoal with morphologically similar species 
regardless of whether the other species were native or 
introduced (Camacho-Cervantes et al. 2014). 

Larger groups of fish can also find patchy food 
resources more quickly; however, this may lead to 
increased food competition in mixed species shoals, 
unless food preferences differ (reviewed by Pavlov & 
Kasumyan 2000). There is evidence that some of the 
other small pelagic fish species (D. petenense) prefer 
similar prey to H. transpacificus, mainly pelagic cope-
pods (Feyrer et al. 2003). However, results from our 
study suggest the small pelagic fish community may 
have been consuming different copepod species. In 
our study, Sinocalanus doerrii had a high relative 
influence on the CPUV of small pelagic fish, whereas 
other studies have shown that H. transpacificus feed 
primarily on Pseudodiaptomus forbesi during the 
summer and fall season. While H. transpacificus do 
consume S. doerrii, it is primarily during the adult life 
stage in the winter (Slater et al. 2019); a period not 
evaluated here. Given the general decline of zoo-
plankton in the delta, changes in community compo-
sition, and seasonal shifts in peak abundances of 
important prey species (Winder & Jassby 2011, Merz 
et al. 2016), each fish species could now be targeting 
different available prey resources (Ingram & Ziebell 
1983). Feyrer et al. (2003) observed expanded niche 
breadth and lower prey overlap in the tidal marsh fish 
community when the dominant food resource (mysids) 
greatly declined in abundance, consistent with the 
niche overlap hypothesis (Pianka 1974). The apparent 
importance of S. doerrii may also be more of a model-
ing artifact than a reflection of actual ecological dy -
namics. High densities of this species were found 
almost exclusively in the SRDWSC (Fig. 6). This sug-
gests that S. doerrii might be used by the models as a 
surrogate for an unobserved characteristic of this hot-
spot for H. transpacificus and H. nipponensis (Davis et 
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al. 2022). Alternatively, the correlation between in -
vertebrate prey and fish abundance might reflect 
shared habitat requirements rather than tracking pre-
ferred prey. Direct comparisons of diets for fish 
caught concurrently with H. transpacificus could 
help to clarify whether H. transpacificus and small 
pelagic fishes are consuming different species of 
copepod in the same environment. 

Some regions of the Bay-Delta appear to support 
the small pelagic fish community but not H. transpa-
cificus. These include parts of the lower Sacramento 
River (i.e. below the SRDWSC and Sacramento River 
confluence near Rio Vista) and Cache Slough (Fig. 3). 
Historically, Cache Slough supported H. transpacifi-
cus across multiple life stages (Sommer et al. 2009, 
Merz et al. 2011). However, the invasion of Brazilian 
waterweed Egeria densa may have reduced habitat by 
lowering turbidity (Hestir et al. 2016, Lacy et al. 2021) 
and increasing predation pressure from species like 
largemouth bass Micropterus salmoides (Brown & 
Michniuk 2007, Conrad et al. 2016). Rising surface 
water temperatures have also reduced habitat, par-
ticularly upstream (Halverson et al. 2022), including 
Cache Slough and the SRDWSC. Temporary thermal 
stratification in deep channels may provide refuge for 
H. transpacificus, explaining higher CPUV in the 
SRDWSC compared to Cache Slough (Lenoch et al. 
2021, Mahardja et al. 2022). Shad species have higher 
thermal tolerance (35°C for juvenile Alosa sapidis-
sima, Bayse et al. 2020, 33.3°C for D. petenense, Moni-
rian et al. 2010) that allows them to survive higher 
temperatures in Cache Slough, accounting for the 
high small pelagic CPUV in this region. Salinity is 
another key determinant of fish assemblages and dis-
tribution across aquatic ecosystems (Thiel et al. 1995, 
Ostrand & Wilde 2001, Barletta et al. 2005, Shaha et 
al. 2022, D’Amen et al. 2023), and in our study, it 
was  the abiotic variable with the highest relative in -
fluence across all models. For the H. transpacificus 
and H. nipponensis model, predicted presence peaked 
at 0.1 to 1 ppt, while the small pelagic fish community 
showed a wider peak, likely reflecting species diver-
sity. For example, D. petenense and juvenile A. sapi-
dissima prefer freshwater (Feyrer et al. 2007, O’Con-
nor et al. 2012), while juvenile Spirinchus thaleichthys 
and Menidia audens tolerate higher salinities (Kim-
merer et al. 2009, Mahardja et al. 2016). 

Across all 3 presence–absence models and the 
small pelagic fish CPUV model, there was a positive 
in fluence of outflow (a 14 d backward moving aver-
age of outflow). Freshwater outflow actions have been 
utilized as part of the management actions aimed at 
benefitting H. transpacificus by improving abiotic 

habitat and providing subsidies of zooplankton prey 
from upstream (Frantzich et al. 2021, Hassrick et al. 
2023, Lee et al. 2023). However, results have been 
mixed: flow actions did not always result in increased 
H. transpacificus abundances (FLOAT-MAST 2020). 
Our results support previous research and modeling 
efforts arguing that increased outflow can benefit 
H.  transpacificus (Feyrer et al. 2011, Castillo 2019). 
While the focus has been on increasing and improv-
ing habitat for H. transpacificus, our results suggest 
that increased outflow — or perhaps more accu-
rately, the broader set of Bay-Delta conditions asso-
ciated with wetter years (Mahardja et al. 2022) —
benefits other small pelagic fish species as well. 
Further research is needed to better explain and 
explore the mechanisms related to outflow and how 
this benefits the small pelagic fish community, since 
the effects of increased outflow and the overall better 
conditions during higher precipitation years may be 
difficult to  disentangle. For example, wetter con-
ditions and higher flows tend to be associated with 
cooler water temperatures from spring through fall 
which likely benefits pelagic fishes, independently 
of  habitat and food considerations (Bashevkin & 
Mahardja 2022). 

Collectively, our results demonstrate a strong pat-
tern of association between the threatened H. trans-
pacificus and a group of relatively abundant small 
pelagic fish species, suggesting the potential for use 
of surrogate species to improve the predictive power 
of ecological models and facilitate more reliable eval-
uation of management actions. However, use of sur-
rogate species in endangered species conservation 
and management is not without challenges. Caro et 
al. (2005) examined the use of surrogate species using 
a theoretical framework, concluding that in an ideal 
scenario, a surrogate species and the target species of 
interest will have a similar disturbance threshold; that 
is, the population growth rate for both species will 
move from positive to negative with a similar magni-
tude of a given disturbance. The authors then de -
scribe the information to evaluate suitability of a sur-
rogate, which include (1) the relationship between 
the disturbance, the demographic response, and the 
disturbance threshold, (2) the key traits or set of traits 
that is linked to the disturbance threshold, and (3) the 
relationship between the key trait of the target and 
surrogate species (e.g. thermal tolerance). 

Although the ideal scenario is unlikely to be achieved 
in all cases for H. transpacificus and its potential sur-
rogates, because of multiple disturbances and diver-
sity within the small pelagic community, decades of 
published research (e.g. Mac Nally et al. 2010, Moyle 
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et al. 2016), and long-term monitoring data (Bashevkin 
et al. 2022) on the Bay-Delta pelagic fish community 
can facilitate further investigation of surrogate suit-
ability for evaluating specific disturbances. Caro et al. 
(2005) identify 3 specific scenarios where using a sub-
stitute species may fail: when the target species is 
under greater disturbance than the surrogate species, 
when no relationship exists between the disturbance 
threshold of the surrogate species and the key trait 
being measured, and when the relationship between 
the disturbance threshold and key trait no longer holds 
in the surrogate species or is different compared 
to  the target species. To help avoid these potential 
pitfalls, we recommend that prior to use of surro -
gate species in any formal management or decision-
making process, analyses like those presented here 
be extended to include publicly available data from 
the multiple long-term pelagic fish monitoring pro-
grams conducted by the California Department of 
Fish and Wildlife and others. The durability of these 
relationships across a longer time period and the gen-
eralizability of the relationships across subregions 
within the Bay-Delta should be evaluated as a logical 
next step. 

Further research should not preclude using surro-
gate species to inform near-term H. transpacificus 
recovery needs. The impacts of many management 
actions intended to recover H. transpacificus remain 
uncertain due to infrequent detections. Considering 
impacts on the broader small pelagic fish community 
in re-evaluating past actions and monitoring ongoing 
actions should improve detection of meaningful im -
pacts. An additional application of surrogate species 
could inform release locations for cultured H. trans-
pacificus being introduced into the Bay-Delta. Iden -
tifying optimal release locations is challenging due 
to the dynamic nature of the Bay-Delta and multiple 
criteria influencing growth and survival. Releasing 
cultured H. transpacificus near high densities of other 
small pelagic fish could be trialed in an adaptive man-
agement framework, comparing performance with 
alternative criteria. 

Using surrogate species introduces challenges and 
uncertainties, but infrequent detection is a pervasive 
problem in the study and management of rare spe-
cies, obscuring effects of recovery actions and lead-
ing to management paralysis. Decision-makers may 
interpret a lack of sensitivity to detect impacts as in -
effectiveness, resulting in reluctance to implement 
alternatives. Demonstrating measurable change is crit-
ical to recovery efforts, and surrogate species can 
provide a viable alternative to infrequent detections 
and high management uncertainty. 
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