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1.  INTRODUCTION

Intersections among structural and dynamic fea-
tures in estuaries largely determine their suitability
for the growth, survival, and production of estuarine
fishes (Beck et al. 2001, Peterson 2003, Niklitschek &
Secor 2009, Nagelkerken et al. 2015). Dynamic estu-

arine gradients in water quality (e.g. temperature,
salinity, and clarity) vary in response to natural varia-
tion in climatic and oceanographic drivers that affect
local patterns in precipitation, air temperature, wind,
and upwelling. However, anthropogenic changes to
the climate and local hydrology of estuaries can also
alter these gradients, thus impacting habitat suitabil-
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West and Central Delta, and lowest in the North Delta, also corresponding with patterns in envi-
ronmental conditions. Here, we provide new evidence for how vital rates of wild delta smelt vary
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tions often provide the first direct look at how the vital rates of wild fish respond to environmental
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ity for estuarine species (Gillanders et al. 2011, Brown
et al. 2013, 2016, James et al. 2013, Robins et al. 2016,
Muhling et al. 2018). For example, temperature in -
creases metabolic rates and subsequent growth rates
(Jain & Farrell 2003, Green & Fisher 2004) until ther-
mal limits are reached, after which growth is sup-
pressed (Houde 1989, Pörtner & Farrell 2008,
Neuheimer et al. 2011, Wenger et al. 2016, Dahlke et
al. 2020, Neubauer & Andersen 2020). Similarly,
changes in salinity can influence metabolic demands,
contingent upon the osmoregulatory physiology of a
given species (Lankford & Targett 1994, Baltz et al.
1998, Labonne et al. 2009, Komoroske et al. 2016),
and turbidity can enhance growth and survival by
reducing predation risk and enhancing foraging suc-
cess of larval fishes (Blaber & Blaber 1980, Cyrus &
Blaber 1987, 1992, Gregory 1993, Rypel et al. 2007,
Tigan et al. 2020). Suitable habitat, therefore, can
become limiting when anthropogenic modifications
uncouple key structural (e.g. habitat) and dynamic
(e.g. water quality) features of estuaries that affect
the growth, survival, and recruitment of fishes.

The delta smelt Hypomesus transpacificus is a
pelagic osmerid fish that is endemic to the tidal fresh
and low-salinity waters of the upper San Francisco

Estuary (SFE), Cali fornia (USA), including open-
water, slough, and wetland habitats of Suisun Bay
and the Sacramento−San Joaquin River  Delta (here-
after ‘Delta’) (Moyle et al. 1992, 2016, Hobbs et al.
2019) (Fig. 1). As a result of precipitous population
declines since the 1980s (Mac Nally et al. 2010,
Thomson et al. 2010, Hobbs et al. 2017), delta smelt
are currently listed as threatened, endangered, and
Critically En dangered according to federal, state,
and international population status assessments, re -
spectively (US Fish and Wildlife Service 1993, CDFG
2010, NatureServe 2014). Though not yet extinct, sev-
eral long-term surveys have failed to detect even a
single fish over the last 3 years. Multiple factors have
likely contributed to this decline, in cluding hydrolog-
ical alterations, habitat degradation, non-native com-
petitor and predator species, agricultural and munic-
ipal pollution, climate change, and mortality due to
water exports (Knowles & Cayan 2002, Bennett 2005,
Feyrer et al. 2007, Cloern & Jassby 2012, Fong et al.
2016, Moyle et al. 2016, 2018, Smith et al. 2020). Con-
servation efforts have occasionally im pacted fresh-
water deliveries to California’s multi-billion-dollar
agriculture industry and 29 million southern resi-
dents, thus putting this endangered species in the

political crossfire between advocates
of species conservation versus those
focused on water conveyance and agri-
culture (Feyrer et al. 2011, Moyle et al.
2018, Reis et al. 2019, Scoville 2019). In
order to effectively manage the system
for water conveyance while also pro-
tecting sensitive species such as delta
smelt, an understanding of how spe-
cies respond to natural and anthro-
pogenic variation in environmental
conditions is needed.

The responses of species to environ-
mental variation (e.g. temperature,
salinity, and clarity) are often assessed
empirically using distribution models
based on field survey data (e.g. occu-
pancy modeling) or mechanistically us-
ing controlled laboratory studies. Based
on field surveys, delta smelt are typi-
cally captured at temperatures <25°C,
practical salinities <15, and clarity
(Secchi depth) <0.25 m (Bennett 2005,
Feyrer et al. 2007, Nobriga et al. 2008,
Komoroske et al. 2014). Similarly, acute
critical thermal maxima of cultured
delta smelt in laboratory experiments
range from 24 to 30°C, depending on
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Fig. 1. Upper San Francisco Estuary (SFE). Polygons indicate subregions;
CSSPB: Carquinez Strait and San Pablo Bay; SBM: Suisun Bay and Marsh;
LSR: Lower Sacramento River; LSJR: Lower San Joaquin River; CSLI: Cache
Slough and Liberty Island; SDWSC: Sacramento Deep Water Shipping Chan-
nel; USR: Upper Sacramento River; SD: South Delta. Strata of similar shades
represent broader regions: West Delta (WD), Central Delta (CD), North Delta
(ND), and SD (Table 1). All specimens included in this study were collected in
the WD, CD, and ND regions of the SFE (orange circles). Subregions adapted
from the Enhanced Delta Smelt Monitoring 2017 Survey ‘strata’ (Text S1 in
Supplement 1 at www. int-res. com/ articles/ suppl/ m676 p037 _ supp .pdf). Delta 

smelt artwork by Adi Khen
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acclimation temperature and ontogenetic stage (Ko-
moroske et al. 2014), and sublethal physiological
stress responses can be elicited at temperatures as
low as 23°C (Komoroske et al. 2015, 2016). For
younger life stages, foraging activity and success in
cultured delta smelt are generally maximized at low-
light levels and higher turbidities of 18− 80 neph-
elometer turbidity units (NTU) (Lindberg et al. 2013,
Tigan et al. 2020). Foraging by older life stages, how-
ever, may be less sensitive to turbidity and even re-
duced at very high (e.g. >80 NTU) turbidity values
(Hasenbein et al. 2013, Hammock et al. 2019).

Although field-occupancy and laboratory studies
of cultured fish are valuable and informative, it re -
mains important to address likely limitations of these
studies for understanding the responses of wild delta
smelt to variation in the abiotic environment, in situ.
In surveys, fish may often occur in lower-quality
habitats, especially if they cannot detect or move
freely across suitability gradients. Thus, empirical
habitat suitability models based on occurrence may
be insensitive to sublethal physiological effects of
stressors on fish condition and population dynamics.
Similarly, acute mechanistic thresholds established
by short-term laboratory experiments using cultured
fish may not account for the importance of chronic
exposures to sublethal levels of stress, or complex
interactions in situ, and thus may also mischaracter-
ize the responses of wild populations to environmen-
tal patterns (Speers-Roesch & Norin 2016, Morgan et
al. 2019). To address these limitations, studies exam-
ining the biological responses of wild specimens to
variation in ambient environmental conditions are
needed.

Growth is a key vital rate in the early life stages of
fishes that integrates their physiological responses to
environmental variation. Rapid growth corresponds
with increased survival due to enhanced predator
avoidance and prey capture. Therefore, given the
high mortality rates experienced by early life-stages
of fishes, small differences in growth and survival
rates can lead to large variation in recruitment and
year-class strength (Hjort 1914, Anderson 1988,
Houde 1989, Cushing 1990). In annual fishes, such as
delta smelt, poor growth corresponds with delayed
maturity, lower fecundity, higher mortality, and
reduced population growth (Bennett 2005, Rose et al.
2013a,b, Damon et al. 2016). Growth rate can there-
fore be used as a biologically meaningful metric for
assessing habitat suitability for wild specimens in
their natural habitats. By understanding how envi-
ronmental conditions influence the growth rates of
wild fish populations, we can more confidently assess

how human activities are likely to impact their
dynamics.

A powerful tool for assessing the growth rates of
wild fishes is otolith microstructural analysis (Pan-
nella 1971). Otoliths (‘ear stones’) are bone-like struc-
tures found in the inner ear of fishes that are used for
hearing and balance. They are formed by the ac -
cretion of calcium carbonate and proteins around a
primordium, creating daily light and dark bands
(increments) that can be used to estimate age for
early life stages of fishes. Since otolith accretion is
often correlated with somatic growth (Campana &
Jones 1992), the widths of daily increments can also
be used to reconstruct the growth history of individ-
ual fish. Such otolith-based ap proaches have been
previously validated and applied to delta smelt to
describe their life history and the timing of migra-
tions (Hobbs et al. 2007, 2019).

To enhance our understanding of how wild delta
smelt respond to natural and anthropogenic variation
in their physical environment, we examined otolith-
based growth rates among regions and as functions
of water quality (salinity, temperature, and clarity) in
the upper SFE. We then contrasted patterns in the
vital rates of the wild population with existing hypothe-
ses based on occupancy and laboratory studies which
indicate upper water temperature thresholds of 24−
25°C due to thermal stress (Feyrer et al. 2007, Ko -
moroske et al. 2015), optimal growth conditions at
practical salinities of 1−4 where osmoregulatory stress
is limited and foraging is enhanced (Komoroske et al.
2016, Hammock et al. 2017), and varying effects of
water clarity (Hasenbein et al. 2013, Tigan et al.
2020). By contrasting the responses of wild individu-
als with predictions based on previous models, we
aimed to verify or modify our current understanding
of habitat suitability, population dynamics, and the
most promising options for conserving this Critically
Endangered species.

2.  MATERIALS AND METHODS

2.1.  Study site

The SFE is the largest coastal estuary in California,
characterized by an ‘upper estuary’ which receives
the majority of freshwater inputs from the Sacra-
mento River and San Joaquin River watersheds that
each flow into the North and South Delta, respec-
tively (Fig. 1). The 2 rivers meet at their confluence in
the Central Delta and are tidally mixed downstream
into the more brackish waters of the West Delta, and
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eventually out into the saltier bays of the lower estu-
ary. The estuary is a ‘radically transformed’ ecosys-
tem serving 7.5 million local residents, a large com-
mercial shipping industry, several coastal fisheries,
and is the final destination of 50 municipal sewage
treatment plants (Cloern & Jassby 2012). Over 95%
of its tidal marsh habitats have been degraded, and
its hydrograph has been highly altered. Over 100%
of the mean annual rainfall can be captured behind
major dams that exist on most tributaries, and over
30% of the freshwater flowing into the estuary is
diverted annually by state and federal pumping facil-
ities to support agricultural and municipal needs in
the southern part of the state, thus impacting the
many species that live within or migrate through the
upper estuary. To monitor the ecological effects of
these anthropogenic alterations, several long-term
state and federal monitoring programs have been
established, each yielding detailed records of fish
abundances, environmental conditions, and histori-
cal archives of specimens that can be analyzed by
researchers to better inform management and policy
decisions (Text S1 in Supplement 1 at www. int-res.
com/ articles/ suppl/ m676 p037 _ supp .pdf).

Environmental conditions in the SFE are highly
dynamic. In general, the estuary exhibits a salinity
gradient from freshwater upstream habitats in the
North and South Delta to low-salinity (e.g. practical
salinities of 1−10) brackish habitats in the West Delta,
with variable conditions between in the Central
Delta. Freshwater inflow and spatial salinity gradients
vary seasonally, marked primarily by wet winters and
dry summers (Cloern & Jassby 2012). Similarly, water
temperatures and clarity vary spatially and season-
ally, with temperatures varying by more than 20°C
and water clarity varying from cm to several meters
in Secchi depth. Native species, such as delta smelt,
have evolved to cope with these dynamic physical

attributes; however, anthropogenic alterations to the
hydrograph and local climate are increasingly com-
pressing the quality and quantity of habitats avail-
able to native species (Cloern et al. 2011). For exam-
ple, as the estuary continues to warm, thermal stress
is likely to increasingly impact the population dy -
namics of delta smelt (Brown et al. 2016). Reductions
in freshwater outflow due to diversions, combined
with sea level rise due to climate change, are likely to
push salinity gradients further inland, reducing the
amount of low-salinity habitat, and further exacer-
bating warming trends (Nobriga et al. 2008, Feyrer et
al. 2011, Brown et al. 2016). Continuing increases in
water clarity due to sediment capture by dams and
expanding aquatic vegetation, as well as changes in
weather patterns, are also likely to impact turbidity-
seeking species such as delta smelt (Hestir et al.
2016, Bever et al. 2018). Improved under standings of
relationships between species and environmental
conditions can yield better predictions about the
likely impacts of future environmental change, as
well as the re sponses of species to specific water
management and conservation actions.

2.2.  Sample collection and processing

We used a long-term archive of wild delta smelt
otoliths to explore variation in growth rate in relation
to the region and environmental conditions at cap-
ture. Wild delta smelt of 51.2 ± 6.8 mm (mean ± SD)
fork length were collected throughout their range
during August−November of 2011−2019 (Fig. 1,
Table 1) by several long-term monitoring programs
and special studies conducted by the California
Department of Fish and Wildlife (CDFW) and US Fish
and Wildlife Service (Text S1 and Tables S1−S3 in
Supplement 1). This time period and life stage were
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Region Subregion                                        Subregion    2011   2012   2013   2014   2015   2016   2017   2018   2019   Total
                                                              code

ND Cache Slough and Liberty Isl.            CSLI           15        6         1        21        2         0         0        32        1        78
ND Sacramento Deep Water                  SDWSC          0         0         0         0         0         0         2        27        1        30

Shipping Channel
CD Lower Sacramento River                      LSR             5        62       43       72       22        3        36       17        2       262
CD Lower San Joaquin River                    LSJR            0         0         2         0         0         0         1         0         0         3
WD Suisun Bay and Marsh                        SBM           34        4         0         0         0         0        33        6         4        81
WD Carquinez Strait & San Pablo Bay     CSSPB           5         0         0         0         0         0         0         0         0         5

                                                              Total           59       72       46       93       24        3        72       82        8       459

Table 1. Total delta smelt (N = 459) included in the study by year, region, and subregion (Enhanced Delta Smelt Monitoring
2017 ‘strata’). Regions and subregions are ordered from upstream (top) to downstream (bottom): ND: North Delta, SD: South 

Delta, CD: Central Delta, WD: West Delta (Fig. 1)

https://www.int-res.com/articles/suppl/m676p037_supp.pdf
https://www.int-res.com/articles/suppl/m676p037_supp.pdf
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selected because they represent a critical period in
the life cycle of this fish, when environmental varia-
tion is likely to influence vital rates such as individual
growth, fecundity, and subsequent population growth
(Rose et al. 2013b), and when management actions
(e.g. flow augmentation) have been focused to im -
prove environmental conditions to help restore the
delta smelt population. During surveys, each fish was
generally given a unique serial number upon cap-
ture, its fork length measured to the nearest 1 mm,
and its body preserved in either 95% ethanol or liq-
uid nitrogen. If a field fork length could not be iden-
tified, it was estimated using standard conversion
equations for ethanol or liquid nitrogen-preserved
specimens (Text S1).

Water quality parameters, including temperature
(°C), practical salinity (calculated from specific con-
ductance in μS cm−1), and Secchi depth (m), were
measured during each collection event using stan-
dard practices. Temperature and specific conductance
were measured by each survey using boat-deployed
sondes (e.g. YSI Pro30 or a Sea-Bird Scientific CTD),
and salinity was calculated from specific conduc-
tance using standard equations for low (0−2) and
high (2−42) practical salinity values (Lewis & Perkin
1981, Hill et al. 1986). Water transparency (clarity, in
cm) was measured using a standard 20 cm Secchi
disk. Measurements at capture were assumed to rep-
resent an approximation of the recent local environ-
mental conditions experienced by each fish. Due to
the rarity of this Critically Endangered fish and the
fact that samples were archived across multiple inde-
pendent surveys, archived specimens were often dis-
tributed unevenly in space and time, thus limiting
our ability to account for fine-scale variation among
years, months, and regions (Table 1; Fig. S1 in Sup-
plement 2). However, specimens were collected
across broad regions and gradients in environmental
conditions, providing an opportunity to examine how
vital rates, such as growth, vary regionally and in
relation to the physical environment (Table 1).

2.3.  Otolith preparation

Otolith preparation and analysis followed standard
protocols previously described for delta smelt (Hobbs
et al. 2007, 2019). Sagittal otoliths (Fig. 2A) were dis-
sected from fish and stored dry in tissue culture trays
or in 95% ethanol in 1 ml polypropylene tubes.
 Be fore mounting, dry otoliths were soaked in 95%
ethanol for up to 24 h, and adherent tissue was re -
moved from all otoliths. Otoliths were then air dried

and mounted onto glass slides with Crystal Bond®
thermoplastic resin in the sagittal plane. Each otolith
was sanded to the core on both sides with 1200 grit
wet− dry sandpaper and polished with 0.3 μm alumina
on a polishing wheel (MTI). Otoliths were imaged at
200× magnification using a 10 megapixel AM Scope
digital microscope camera attached to an Olympus
CH30 compound microscope. Multiple images of
each otolith were merged into a single composite
image using Adobe Photoshop (ver. 21.1.1), and an
aging transect was drawn from the core to the dorsal
edge at approximately 90° to the rostral−postrostral
axis of the otolith (Fig. 2A,B).

2.4.  Analysis of otolith microstructures

Daily increments were annotated along the dorsal
lobe (core to edge) of each composite otolith image
using Image-J 4.0 (United States National Institutes
of Health; https://imagej.nih.gov/ij/) (Fig. 2B). The
total number of increments represented each speci-
men’s age (in days post hatch, dph), while incre-
ment widths, converted from pixels to microns using
a stage micrometer, represented the daily otolith
growth rate (in μm d−1). Prior to analysis, image
quality at the dorsal edge of each otolith (Fig. 2C)
was scored from 1 to 3, with 1 being highest quality,
and images with the lowest-quality edges (3) were
excluded from analysis. Multiple increment profiles
were generated for each otolith by 2 or more inde-
pendent analysts, and the inter-operator precision
was evaluated for each sample using the average
coefficient of variation (ACV) (Welch et al. 1993,
Herbst & Marsden 2011). If consensus (ACV <10%)
was not achieved for all age readings, the estimate
furthest from the mean was discarded and ACV was
recalculated until consensus was achieved among a
minimum of 2 reads, or the sample was excluded
from analysis. ACV was evaluated similarly for
edge distance of the last 14 d of growth. Following
the above procedures, the final dataset included
otoliths from a total of 459 delta smelt (Table 1;
Tables S1−S3).

2.5.  Growth rate

Recent growth rate was quantified for each speci-
men using the widths of the last 14 daily increments
accreted prior to capture. The 14 d interval was cho-
sen as a compromise to maximize both the precision
of growth estimates and their temporal proximity to
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environmental measurements (Fig. S2 in Supple-
ment 3) (Baltz et al. 1998). Daily otolith growth rates
(μm d−1) were converted into somatic growth rates
(mm d−1) using the biological intercept model:

La = Lc + (Oa – Oc) (Lc – Li) (Oc – Oi)–1 (1)

where La is the back-calculated length of the fish at
age a, Oa is the otolith size at age a, Lc and Oc are the
size (length) of the fish and otolith at capture, respec-
tively, and Li and Oi are the size (length) of the fish
and otolith at the biological intercept, respectively
(Campana 1990, Campana & Jones 1992, Hobbs et
al. 2007). This method assumes consistent propor-
tionality in the otolith−somatic size relationship over
the size range of fish examined, which has been con-
firmed for delta smelt >10 mm in recent validation
studies (Xieu et al. in press). Recent growth rate (G)
of a given fish was calculated as the log10-trans-
formed mean somatic growth rate:

(2)

where yi is the somatic growth rate (mm d−1) for day
i, and n is the number of days included in the growth
interval (n = 14). The log10 transformation was used to
homogenize the variance across age groups. Adjusted
growth rates (Ga) were estimated using the residuals
of the intrinsic model (see Section 2.6).

2.6.  Statistical analyses

We used generalized additive models (GAMs) to
quantify how delta smelt growth rates varied in rela-

tion to intrinsic and extrinsic factors. GAMs were
preferred over linear models because they are more
flexible for describing complex non-linear relation-
ships between response and predictor variables
(Wood 2017). Intrinsic factors included prior growth
and daily age, which accounted for inherent indi -
vidual and ontogenetic variation in growth rates.
Extrinsic factors included region, year, temperature,
salinity, and clarity, together representing many of
the spatial, temporal, and environmental factors over
which growth rates are likely to vary. Water quality
attributes were transformed to limit leverage and im -
prove model performance, and correlations among
each transformed metric were examined to assess
collinearity among predictors. Density plots of water
quality attributes were used to identify and exclude
outlying values that were too sparse to yield confi-
dent predictions.

All GAMs were constructed using a Gaussian dis-
tribution, identity link function, thin-plate regression
spline, and restricted maximum likelihood (REML) to
estimate smooth parameters in the ‘mgcv’ package
(Wood 2017) in R version 3.6.3. Model complexity
was limited to a basis dimension of k = 4 for main
effects or k = 3 for interactions to limit over-smooth-
ing and maintain generalizability (Grimaldo et al.
2017). Interactive effects of environmental conditions
on growth rates were modeled using tensor product
smooths (‘ti’ in ‘mgcv’). Growth responses were exam-
ined by plotting partial residual smooths for each of
the variables in the model (2-D plots) and their inter-
actions (3-D plots), and model assumptions were as -
sessed using the ‘gam.check’ and ‘concurvity’ func-
tions in ‘mgcv.’
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Fig. 2. Otolith of a 215 d post hatch delta smelt. (A) Whole otolith showing dorsal age trajectory (blue box). (B) Polished dorsal
age trajectory (magnification of the blue box in panel A) showing daily rings and last ~60 d prior to capture (outlined by the
blue box). (C) Zoomed-in edge of the polished age trajectory (blue box in panel B) showing the last ~60 daily increments prior 

to collection



Lewis et al.: Environmental effects on delta smelt growth

2.6.1.  Intrinsic models

Growth rates were first modeled as individual and
combined functions of 2 intrinsic factors, age-at-cap-
ture (herein ‘age’) and prior (larval) growth rate (0−
30 dph), that often explain significant variation in the
growth rates of young fishes (Hinrichsen et al. 2010,
Schismenou et al. 2014, 2016). For example, intrinsic
models account for the inherent dependence struc-
ture of otolith increments with age (ontogenetic ef -
fect) and previous growth rates (e.g. individual vari-
ation or increment autocorrelation) (Morrongiello &
Thresher 2015, Barrow et al. 2018). Adjusted growth
rate (Ga) for each fish was calculated as the residual
variation in growth after accounting for the selected
intrinsic model (Shima & Swearer 2019).

2.6.2.  Extrinsic growth models

Several extrinsic models were constructed to examine
how growth rates (Ga) of delta smelt vary as functions
of the individual and interactive effects of ambient
physical environmental conditions (i.e. water temper-
ature, salinity, and clarity), aggregated regions (West
Delta [WD], Central Delta [CD], North Delta [ND],
and South Delta [SD], see Table 1) and among years
(2011−2019). First, a series of hierarchical ‘environ-
ment-only’ models were constructed, which included
temperature, salinity, and clarity as fixed additive and
interactive smooth factors, with parameters selected
using a maximum likelihood (method = ‘ml’) estimator.
Models were compared using the dredge function
from the ‘MuMIn’ package in R (Bartoń 2019), with
model criteria (estimated degrees of freedom, coeffi-
cient of determination [R2], and corrected Akaike’s in-
formation criterion [AICc]) used to select the preferred
model that was logical, parsimonious, and provided a
relatively good fit to the data (Pedersen et al. 2019).
These environment-only models were constructed
under the simplifying assumption that any variation
observed in growth rate was related to variation in the
observed physical environmental conditions, inde-
pendent of other spatiotemporal variation (e.g. years
and regions) or environmental conditions (e.g. prey
abundance, toxins, etc.) that could influence growth.

Other unmeasured environmental conditions (e.g.
prey abundance, etc.), however, may have also varied
in time and space and influenced the observed growth
patterns. To assess potential spatial variation in growth
rates, we constructed a generalized additive mixed ef-
fects model, the ‘global-regional model,’ which in-
cluded strata that were aggregated into regions as

parametric fixed effects, year as a random smooth ef-
fect (bs = ‘re’), as well as the main effects of tempera-
ture, salinity, and clarity, each modeled as a fixed
smooth effect. By including region as a fixed effect
and year as a random effect, we aimed to test for evi-
dence of significant spatial variation in growth while
controlling for the main fixed effects of environmental
conditions and random interannual variation (Peder-
sen et al. 2019). Since regions exhibited evidence of
different growth responses given global environmen-
tal smooths, but also varied greatly in the ranges of
each environmental metric (especially salinity, see
Section 3), as well as variation in the re spective years
with available delta smelt specimens, growth rate was
also modeled separately for each region as a function
of the environmental variables and random effect of
year, the ‘region-specific models,’ thus allowing us to
assess region-specific responses in Ga to environmen-
tal conditions, without assuming global smooth func-
tions or equivalent ranges for each environmental
metric (as in previous models).

3.  RESULTS

3.1.  Intrinsic growth model

Intrinsic models varied in complexity with 1−7 esti-
mated degrees of freedom (Fig. 3A), explaining
20−60% of the variation in growth. Age alone (χ2 =
442.3, df = 3.03, p < 0.001) explained >60% (R2 = 0.61)
of the variation in log-transformed delta smelt growth
rates (G). Prior growth (R2 = 0.18) and its additive (R2 =
0.63) and interactive (R2 = 0.64) effects with age con-
tributed little to the fit of intrinsic growth models
(Fig. 3B), indicating that marginal growth rates were
largely independent of early growth history. Although
additive and interactive intrinsic models explained
2−3% more variance than age alone, the complexity
(EDF) of these models was considerably higher, re-
sulting in similar AIC values (Fig. 3C); therefore, the
age-intrinsic model was selected as the most parsimo-
nious model for describing intrinsic drivers of delta
smelt growth rates (Fig. 3D−F). Residuals of this
model provided log-transformed growth rates (Ga)
which were independent of ontogenetic influences on
the mean and distribution of growth values.

3.2.  Environmental attributes

Archived wild delta smelt specimens used in this
study were collected across broad ranges of environ-
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mental conditions that varied in both space and time
(Fig. 4). Water temperatures ranged from 12.5 to
23.9, practical salinity ranged from 0.06 to 6.38, and
clarity ranged from 0.16 to 0.67 m Secchi depth.
Since distributions of temperature and salinity were
left- and right-skewed, respectively, each was trans-
formed (temperature: cubic; salinity: log) to improve
model performance and reduce leverage of clustered
values. Transformed water quality metrics associated
with delta smelt collections were largely uncorre-
lated, thus allowing us to examine the individual and
combined effects of each metric (Fig. 4D−F, Table 2).

3.3.  Extrinsic growth models: 
‘environment-only’ model

Extrinsic abiotic habitat attributes (temperature,
salinity, clarity) in the environment-only models ex -
plained up to 20% of the variance in adjusted growth
rates (Fig. 5; Fig. S2). Although models including the
3-way interaction resulted in a lower AICc and
higher R2, the limited sample size and dispersion
across all 3 dimensions, and high (>0.9) concurvity
for many terms suggested this model was likely over-

fit. Therefore, we selected the tsc interactive model
with each of the 2-way interactions (tsc*, Model 18;
see Table S4 in Supplement 3), which was similar in
all evaluation criteria to Models 12 and 15 (Fig. S2),
yet allowed for visualization of interactive effects on
growth for each pair of predictor variables (Fig. 5,
Table 3). The tsc* model explained 16% of the vari-
ance in Ga and was significantly different from the
null model (χ2 = 281.8, df = 14.13, p < 0.001, Table 3).
Overall, Ga declined with increasing temperatures
above approximately 20°C (p < 0.001, Fig. 5D), in -
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Correlation                           r              t            df           p

Temperature−Salinity      −0.03      −0.43       159       0.665
Temperature−Secchi        −0.07      −0.85       159       0.394
Secchi−Salinity                 −0.05      −0.58       159       0.560

Table 2. Results of correlation analyses among pairs of the
abiotic environmental attributes measured with each sam-
ple, including their respective transformations: temperature
(cubic), salinity (log10), and Secchi depth (none). Pearson’s
correlation coefficient (r), t-statistic (t), degrees of freedom
(df), and p-value (p) are provided for each correlation. All
pairwise correlations were relatively weak (|r| = 0.04−0.07), 

and none was significant
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creased with practical salinity values of 0.1−6 (p =
0.007, Fig. 5E), and exhibited a non-significant de -
creasing trend with water clarity (p = 0.217, Fig. 5F,
Table 3). A significant temperature−clarity interac-
tion (p = 0.005, Table 3) indicated that growth rates
were highest in turbid-cool, clear-cool, and even tur-
bid-warm conditions, but lowest in clear-warm envi-
ronments (Fig. 5G). Other interactions were not sig-
nificant (p > 0.05).

3.4.  Extrinsic growth models: 
‘global-regional’ model

Qualitative exploration of spatial and temporal
variation in growth indicated that, overall, growth
appeared to vary more within years and regions than
among years and regions, but some trends were
worth noting (Table 1; Fig. S1). Annual patterns in
growth indicated a potential decline in growth rates
during warm drought conditions from 2013 to 2016,
and recovery following several wet years in 2017−
2019. In 2012, growth was generally higher in the
western portion of the delta smelt range (i.e. Lower
Sacramento River and Suisun Bay−Marsh) than in

the North Delta. In Suisun Bay−Marsh and the Lower
Sacramento River, growth was higher in 2012 than in
2017. A few fish were collected from the Upper Sacra-
mento River in 2015 (during the warmest drought
period), many of which exhibited low growth rates.
Conversely, a few fish were collected in the Far
Western region in 2011, many of which exhibited
high growth rates.

The ‘global-regional’ model (Fig. 6, Table 4), which
accounted for environmental, interannual, and spa-
tial effects, accounted for 30.0% of the variance in Ga

(χ2 = 168.0, df = 15.4, p < 0.001, Table 4) and indi-
cated a significant positive effect of salinity on delta
smelt growth (p = 0.049, Fig. 6C), whereas the effects
of temperature, salinity, and region did not con-
tribute significantly to the model (p > 0.05). In con-
trast, removing the random year term from the model
resulted in a model that explained 12% of the vari-
ance in Ga (χ2 = 59.5, df = 7.2, p < 0.001, Table 4) and
included significant region and temperature effects
(Fig. 6E,F). For this model, delta smelt captured in
the WD and CD exhibited higher growth rates than
those captured in the ND (p = 0.001, Fig. 6A) and
reduced growth at higher temperatures. The con-
trasting results of these 2 models (with and without
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the random year term) indicated a significant nega-
tive effect of temperature that partially co-varied
among years, as well as a positive effect of salinity
that largely co-varied among regions (Fig. S1).

3.5.  Extrinsic growth models: 
‘region-specific’ models

As demonstrated previously, Ga of delta smelt var-
ied among regions when also incorporating global

environmental smooths and random year effects
across the full dataset (Fig. 6, Table 4). The subset of
years and ranges of environmental conditions corre-
sponding with the sample set, however, also varied
among regions (Table 1; Fig. S1). For example, delta
smelt were not captured in all regions in all years
(Table 1), thus the number of years with specimens
for each region were 8, 9, and 5 for ND, CD, and WD,
respectively. Furthermore, the ranges of each envi-
ronmental metric from which delta smelt were cap-
tured also varied among regions; most notably prac-
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tical salinity, where delta smelt from the ND were
mostly captured in waters at values <0.5 and the CD
at values <4, whereas fish from the WD were cap-
tured in the full range of salinities in the dataset,
from values of 0.1 to 6.4 (Fig. S1G). Temperatures
were generally warmer for fishes captured in the ND
and clarity was generally higher in the CD; however,
the ranges of these metrics exhibited more overlap
among regions than salinity (Fig. S1F,H).

Due to the potential effects of this region-specific

variation, we fit separate region-specific GAMs that
examined Ga as a function of the additive smooth
effects of the physical environmental attributes (tem-
perature, salinity, and clarity), and the random effect of
year (2011−2019), thus allowing us to as sess region-
specific and year-independent responses of Ga to
environmental variation without assuming global
smooth functions or similar ranges for each environ-
mental attribute across regions. Models for all 3
regions were significantly different from the null (p <
0.001) and ac counted for 20−45% of the variance in
growth (Ga) (Fig. S4 and Table S5 in Supplement 5).
In the CD, Ga declined significantly at temperatures
above 20°C (Fig. S4D) and increased linearly with in -
creasing salinity values from 0.1 to 6 (Fig. S4E), while
exhibiting no significant effects of clarity (Fig. S4C).
In contrast to the CD, the ND and WD exhibited only
significant interannual variation in growth, with no
significant effects of the environmental metrics
(Fig. S4A−C).

4.  DISCUSSION

Growth is a key vital rate of fishes that serves as an
integrated proxy for the effects of environmental
variation on individual fitness and subsequent popu-
lation dynamics (Hjort 1914, Houde 1989, 2008, Rose
et al. 2013a). Here, we utilized an archive of wild
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Factor                                 EDF     RDF         F             p

Temperature                      1.86      2.24     10.46      <0.001
Salinity                               2.60      2.86       5.35      <0.001
Clarity                                2.29      2.63       1.79       0.217
Temperature×Clarity        1.92      1.99       5.68       0.005
Temperature×Salinity       1.00      1.00       0.04       0.844
Clarity×Salinity                 2.60      3.21       1.29       0.312

Table 3. Statistical results of the selected ‘environment-only’
model (Model 18, tsc*) examining variation in age-indepen-
dent growth rates (Ga) of wild delta smelt as the additive and
interactive effects of the physical environmental attributes
measured at capture (temperature, salinity, and clarity) (χ2 =
79.6, df = 15.6, R2 = 0.159, p < 0.001). Estimated degrees of
freedom (EDF), referenced degrees of freedom (RDF), F-
 ratio, and p-values are provided for each term in the model.
Significant p-values (p < 0.05) for each coefficient and
smooth term are in bold. Additional models are described
and compared in Table S4 and Fig. S2 in Supplement 3
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delta smelt otoliths to assess how growth rates of this
Critically Endangered fish vary ontogenetically and
in relation to in situ environmental conditions experi-
enced at capture. The environment-only model indi-
cated that temperature, salinity, and clarity each ex -
plained a significant fraction of the age-independent
variation in growth rates. Growth rate rapidly de -
clined by 19% as temperatures increased from 16 to
23°C, increased by 16% as salinity increased from
0.1 to 4.0, and exhibited a complex temperature-
dependent response to clarity, with cool-turbid water
corresponding with 38% faster growth relative to
warm-clear habitats (e.g. 16°C and 0.2 m Secchi
depth vs. 23°C and 0.7 m Secchi depth, respectively).
Results of the spatially explicit global model (without
year) indicated that growth rates were 13% higher in
the WD versus the ND, while region-specific models
indicated distinct patterns among regions in growth−
environment relationships.

Despite this complexity, these results strongly indi-
cate that the negative physiological responses of wild
delta smelt to continued warming may be even more

severe than previously described
(Feyrer et al. 2007, Nobriga et al. 2008,
Komoroske et al. 2014, 2015, Brown et
al. 2016, Jeffries et al. 2016), and that
concurrent increases in water clarity
throughout the Delta (Hestir et al.
2016, Bever et al. 2018) are likely to
further exacerbate the effects of
warming on the wild population. With
delta smelt on the brink of ex tinction,
managers are seeking science-based
guidance regarding effective manage-
ment options to conserve this species
(Hobbs et al. 2017, Moyle et al. 2018).
Several options have gained traction,
in cluding indirect food-web augmen-
tation via wetland restoration and flow
modification, direct population aug-
mentation via the release of cultured
fish into the species’ existing habitat,
and transplanting delta smelt into
new, more environmentally hospitable
habitats. Our results indicate that as
habitats within the existing range of
this species continue to warm and clar-
ify, they will become increasingly
inhospitable for delta smelt; thus, any
long-term solution likely needs to
address these impending changes.

4.1.  Intrinsic effects

We first assessed and controlled for a dominant
intrinsic ontogenetic pattern in growth rate, which is
a critical initial step in assessing variation in daily
growth rates of young fishes (Weisberg et al. 2010,
Morrongiello & Thresher 2015, Barrow et al. 2018,
Shima & Swearer 2019). Using a 2-step modeling
approach (Morrongiello & Thresher 2015, Shima &
Swearer 2019), we were able to partition the variance
be tween intrinsic ontogenetic and extrinsic abiotic
environmental and regional factors to assess rela-
tionships between environmental conditions and
age-independent growth rates of wild delta smelt.
Approximately 60% of the variation in growth rates
was explained by age, alone, with growth rates rang-
ing from 0.1 to 0.6 mm d−1, decreasing rapidly with
daily age from 50 to 200 dph. Inclusion of prior
growth rates did not improve the intrinsic growth
models, suggesting that the age-specific pattern in
growth was largely independent of an individual’s
prior growth history. Although age-specific growth
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Table 4. Statistical results of the ‘global-regional’ generalized additive model
(GAM) examining variation in age-independent growth rates (Ga) as a func-
tion of the fixed parametric effect of region, and the additive smooth effects of
temperature, salinity, and clarity, both with and without the random effect of
year (Model). The estimated coefficients (coefficient), standard error of the es-
timate (SE), t-statistic (t), and p-value (p1) are provided for each parametric
term. Estimated degrees of freedom (EDF), referenced degrees of freedom
(RDF), F-ratio (F), and p-values (p1) are provided for each smooth term in the
model. The overall R2 and p-value (p2) of each model are also provided. Sig-
nificant p-values (p < 0.05) are shown in bold. WD: West Delta; CD: Central 

Delta; ND: North Delta

Model: + Year                                                                            R2            p2

Parametric Terms     Coefficient      SE             t              p1         0.3   < 0.001
Intercept (WD)             –0.031       0.026      –1.170     0.243
CD                                0.029       0.021      1.359     0.175
ND                                –0.006       0.023      –0.251     0.802

Smooth Terms                EDF          RDF           F             p1
Temperature                 1.000        1.000       2.331      0.128
Salinity                          2.226        2.593       3.896      0.028
Secchi                            1.001        1.001       2.590      0.108
Year                               7.014        8.000      14.273     <0.001

Model: – Year                                                                            R2            p2

Parametric Terms     Coefficient      SE             t              p1        0.12   <0.001
Intercept (WD)             0.024       0.015      1.623      0.105
CD                                –0.017       0.018      –0.943      0.346
ND                                –0.061       0.021      –2.947      0.003

Smooth Terms                EDF          RDF           F             p1
Temperature                 1.002        1.004      17.382     <0.001
Salinity                          2.576        2.863      2.026     0.084
Secchi                            1.000        1.000      0.845     0.358
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rates are often correlated with the prior growth his-
tory of an individual (e.g. for inherently fast- and
slow-growing fish), variation in daily growth can
exhibit little correlation with prior growth if sepa-
rated by longer time intervals (Hinrichsen et al. 2010,
Schismenou et al. 2014, 2016), possibly explaining
why the 14 d recent growth interval did not exhibit
autocorrelation with prior larval growth.

4.2.  Extrinsic effects: temperature

Otolith-based reconstructions of growth rates for
wild delta smelt indicated that growth declined rap-
idly as temperatures increased to over 20°C (Fig. 5D),
especially in the Lower Sacramento River (Fig. S4D).
In ectothermic fishes, growth rate is typically strongly
and positively correlated with water temperature
due to the kinetic effects of temperature on metabo-
lism. Both growth and metabolism increase with tem-
perature until a maximum growth rate is reached,
after which growth rate is suppressed due to thermal
stress or metabolic imbalance between energy ex -
pense and consumption (Brett & Groves 1979, Pört-
ner & Peck 2010, Schismenou et al. 2016).

We did not observe a positive response in growth
as temperature increased from 13 to 20°C. Instead,
growth rate remained relatively high and stable up
until approximately 20°C, after which growth de -
clined rapidly with increasing temperature. These
re sults suggest that wild adult delta smelt may grow
best in cooler waters and exhibit suppressed growth
at temperatures above 20°C, either due to physiolog-
ical limits or other interacting environmental condi-
tions. This observed decline in growth may indicate
that wild delta smelt are chronically stressed through-
out much of the upper SFE during the warmest
 summer− fall conditions, especially in the Lower
Sacramento River. For example, rapid warming of
the upper SFE during the 2014−2015 drought likely
reduced growth rates and survival, and shortened
the maturation window of delta smelt, possibly
explaining the low abundances observed during
these warmer years.

Delta smelt have been captured in trawl surveys at
temperatures as high as 27°C in the summer, but
most subadult fish are observed at temperatures
below 22−24°C (Bennett 2005, Komoroske et al.
2014). Such catch data, combined with environmen-
tal covariates, have been used to describe habitat
suitability for delta smelt, suggesting that tempera-
tures below 24−25°C are generally suitable (Feyrer
et al. 2007). However, Nobriga et al. (2008) indicated

that temperature during summer was the poorest
predictor of the distribution of delta smelt in the wild,
although this was due in part to the limited, high
temperature ranges (mostly >20°C) observed in July
and a likely non-linear decline in predicted capture
probabilities at approximately 25°C that was not cap-
tured well by the model. Though informative, such
habitat suitability models based on occupancy may
not reflect the population-level effects of exposure
to specific environmental conditions (Neubauer &
Andersen 2020). For example, the presence of fish in
waters with temperatures above 25°C does not indi-
cate that conditions are favorable, as it is possible
that such fish were trapped in unsuitable conditions
that negatively impacted their growth, survival, and
future reproductive output. Physiological impair-
ment could decrease swimming activity or net avoid-
ance, thus making fish easier to capture in more
stressful conditions. High catches in suboptimal con-
ditions, therefore, could obscure important patterns
in physiological condition. Therefore, additional stud-
ies are needed to describe the physiological limits
most likely to influence population dynamics.

Laboratory studies using cultured fish have exam-
ined a variety of behavioral and metabolic responses
to acute lethal and sublethal levels of thermal stress.
Such experiments have demonstrated a critical ther-
mal maximum (CTmax) of 25−30°C for cultured delta
smelt (Swanson et al. 2000, Komoroske et al. 2014).
In contrast, sublethal responses in behavior and gene
expression have been consistently observed at tem-
peratures of 23−25°C (Komoroske et al. 2015, Jeffries
et al. 2016, 2018). The results of these laboratory
studies corroborated prior field occupancy models,
each suggesting that physiological limits constrain
optimal delta smelt habitat to <25°C in the wild
(Feyrer et al. 2007, Nobriga et al. 2008), with adults
being more sensitive than juvenile life stages
(Komoroske et al. 2014). As observed in field studies
(Bennett 2005), nearly all delta smelt included in our
study were observed at <22°C, which is slightly
cooler than the sublethal thresholds (23−25°C) iden-
tified in laboratory experiments using cultured fish.

Though growth rates began to decline at tempera-
tures below 20°C in the environment-only model
(Fig. 5D), fish captured in waters >22°C exhibited the
greatest reductions in growth, and the thermal in -
flection in the CD region-specific model suggested a
slightly higher threshold (e.g. 21°C, Fig. S4D). Few
laboratory studies have examined physiological ther-
mal thresholds below 20°C, but an increase in sus-
ceptibility to disease (caused by Ichthyophthirius
multifiliis) in the laboratory was observed at 18°C
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relative to fish reared at 16°C (Frank et al. 2017), and
growth rates of cultured fish were highest at 20°C,
with lower growth rates at both lower (17°C) and
higher (23°C) temperatures (B. Baskerville-Bridges
unpubl. data). These results suggest that a lower
thermal threshold for growth may be linked to mech-
anisms other than commonly measured physiological
traits. In sum, our results using otolith-based growth
rates of wild fish corroborate previous laboratory and
field occupancy studies, each indicating that delta
smelt commonly experience stressful thermal condi-
tions in situ that are likely to impact fitness and pop-
ulation dynamics. Our results also suggest that
growth rates of wild delta smelt may be suppressed
at temperatures below commonly used thresholds
established using field occupancy models and physi-
ology experiments with cultured specimens.

4.3.  Extrinsic effects: salinity

Delta smelt are euryhaline, and thus can tolerate
short-term exposures to the full range of salinities
from 0 to 32 ppt, and exhibit little evidence of physi-
ological stress at practical salinity values <15 (Swan-
son et al. 2000, Nobriga et al. 2008, Hasenbein et al.
2013, Komoroske et al. 2016, Hammock et al. 2017).
At practical salinities >15, however, delta smelt ex -
hibit significant molecular and physiological impair-
ment, suggesting that prolonged exposure at higher
salinities would be energetically detrimental, likely
leading to reduced growth rates and other measures
of fitness (Hasenbein et al. 2013, Komoroske et al.
2016). This likely limits the range of delta smelt to
lower salinities of the upper estuary. In the wild,
however, relatively few fish are ever observed at
practical salinities >6, suggesting that delta smelt
avoid even lower salinities than those predicted by
laboratory studies examining physiological responses
to salinity (Kimmerer 2002, Bennett 2005, Komoroske
et al. 2016).

In our study, all specimens were captured at practi-
cal salinities of 0.1−6.5 (Fig. S1). This range lies well
within the ‘suitable’ range for delta smelt described
above. Growth rates in the environment-only model
exhibited a positive, significant relationship with
salinity (Fig. 5D). This result corroborated prior stud-
ies indicating that foraging success in downstream
low-salinity brackish habitats is higher than in
upstream freshwater habitats (Hammock et al. 2017).
Together, these results indicate that enhanced forag-
ing by delta smelt in low-salinity brackish habitats
also confers a measurable and significant increase in

individual growth rates. This joint variation in feed-
ing and growth may therefore be a mechanism
selecting for the downstream migration of many
juvenile−subadult delta smelt from fresh to low-
salinity brackish habitats (Hammock et al. 2017,
Hobbs et al. 2019). Similarly, by including region as a
parametric fixed term in the global-regional model,
results indicated that growth was highest in the WD
and CD and lowest in the ND (Fig. 6A), also suggest-
ing that growth rates of delta smelt are maximized
further downstream, where higher foraging success
is correlated with low-salinity brackish habitats
(Hammock et al. 2017, 2019). Since salinity varied
strongly with region (Fig. S1), however, a significant
salinity effect was not detected in the global-regional
model.

In contrast to the positive salinity−growth relation-
ship in the environment-only model, region-specific
models indicated different salinity effects (Fig. S4,
Table S5 in Supplement 5). In the ND, growth rates
were generally low, and practical salinity values only
varied from 0.1 to 0.5, thus no region-specific effects
of salinity were observed (Fig. S4A). In addition to
higher foraging success downstream, there is also
evidence that higher exposure to contaminants in
upstream habitats may also result in poorer fitness
(Hammock et al. 2015). In the CD, where most fish
were sampled, growth rate exhibited similar patterns
as the environment-only model, increasing with
practical salinity values of 0.1 to 4 (Fig. S4B). In the
WD, however, where salinity was highest and most
variable, growth rates did not vary significantly with
environmental conditions (Fig. S4C), possibly due to
the lower sample size and the presence of most fish
in downstream habitats only in high-flow years (year
effect). It is also possible that finer-scale interactions
with other habitat features (e.g. tidal marshes) that
influence foraging and growth (Hammock et al.
2019) could complicate such analyses. Future obser-
vational and experimental studies examining differ-
ences in growth rates among habitat types within the
WD are needed to shed further light on such habi-
tat−environment interactions.

4.4.  Extrinsic effects: clarity

Turbid conditions can enhance growth and sur-
vival of fishes by reducing predation risk and
enhancing foraging success (Moore & Moore 1976,
Rypel et al. 2007). In the wild, delta smelt occurrence
is positively correlated with higher turbidity (Feyrer
et al. 2007, 2011, Nobriga et al. 2008), and in labora-
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tory studies of larval delta smelt, foraging activity
and success are maximized in low-light or highly tur-
bid (e.g. 18−80 NTU) conditions (Lindberg et al.
2013, Komoroske et al. 2016, Tigan et al. 2020). Tur-
bidity per se may have less of an effect on foraging
by adult delta smelt, and at very high turbidities (e.g.
125−250 NTU), foraging success may be reduced for
adult delta smelt (Hasenbein et al. 2013). The non-
significant main effect of water clarity in the environ-
ment-only, global-regional, and region-specific model
appears to support this previous result.

Growth rates of wild delta smelt, however, ap peared
to respond to a significant interactive effect of water
clarity and temperature, with individuals exhibiting
stable growth rates when captured in more turbid
conditions (e.g. Secchi depths <0.2 m), even when
water temperatures were high (Fig. 5F,G). In con-
trast, wild delta smelt exhibited the strongest decline
in growth rate with increasing temperature when
also observed in clearer waters with higher Secchi
depth values. This significant temperature−clarity
interaction suggests that enhanced foraging or
reduced energetic costs (e.g. due to reduced preda-
tion risk or higher prey availability) in turbid condi-
tions may help facilitate growth compensation dur-
ing periods of thermal stress, as has been shown for
other temperate fishes (Lusardi et al. 2020). If so, this
may explain, in part, the ability of some freshwater
resident delta smelt to survive otherwise thermally
stressful conditions during warm summer conditions
(Hobbs et al. 2019, Mahardja et al. 2019).

4.5.  Statistical considerations

Catches of this Critically Endangered species are
rare and patchy in the wild; thus, samples were often
unbalanced in time, space, and in relation to environ-
mental variation. For this reason, we constructed
multiple models to examine specific patterns in the
data given varying assumptions. Since delta smelt
are not known to school, individuals were assumed
to have been dispersed within regions with similar
environmental conditions for the last 14 d prior to
capture and were thus treated as independent to
maximize the information provided by each fish. It is
possible, however, that individual fish experienced
different recent environmental histories, thus limit-
ing the relevance of the measured environmental
data to each individual; or to the contrary, that tow-
specific variation may have resulted in a lack of inde-
pendence among individuals for reasons other than
similarity in environmental histories. Next, samples

were distributed unevenly among years, subregions,
regions, and environmental conditions. For example,
most specimens were from just 3 subregions includ-
ing the Lower Sacramento River, Suisun Bay and
Marsh, and the Cache Slough and Liberty Island
complex. Therefore, smaller strata were aggregated
up into regions, possibly obscuring finer-scale subre-
gional patterns (e.g. Suisun Marsh versus Suisun
Bay). Furthermore, most delta smelt captured fur-
thest downstream in the WD region were primarily
collected following the wettest years (e.g. 2011− 2012,
2017) with higher freshwater outflows that disperse
fish and low-salinity habitats further downstream.
Similarly, salinity was spatially structured, with spec-
imens from the ND having only experienced fresh-
water conditions, whereas specimens from the Lower
Sacramento River experienced both fresh and low
salinity values, and specimens from the WD experi-
enced an even broader range of salinity values.

Our modeling approach included (1) an environ-
mental-only model, (2) a global-regional mixed
effects model, and (3) separate region-specific mixed
effects models, allowing us to examine how infer-
ences regarding growth responses to environmental
and spatiotemporal variation might change given
different modeling assumptions. Though hierarchi-
cal factor-smooth models can be informative for these
types of questions (Pedersen et al. 2019), we chose
this modeling approach as the most conservative way
to account for the nuances described above. Environ-
ment-only models assumed that environmental driv-
ers, alone, explained the variation observed in growth
rates, while ignoring temporal and spatial structure
in the data. In contrast, the global-regional model
assumed that all environmental smooths were identi-
cal among regions, and that only the intercepts were
affected by region and the global random effect of
year. Region-specific models accounted for interan-
nual variation and had the fewest assumptions, but
also the smallest sample sizes and lowest power to
estimate environmental and interannual effects. The
use of multiple models allowed us to examine how
growth varies in relation to the environmental attrib-
utes when accounting for different structures in the
data, thus providing additional confidence in consis-
tent patterns that emerge, while suggesting caution
in the interpretation of results that appear less stable.
We believe, therefore, that the conclusions reported
herein are robust, yet we also emphasize the impor-
tance of expanding upon this study, where feasible,
to enhance statistical power and to better partition
fine-scale spatiotemporal and environmental pat-
terns in delta smelt growth rates.
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4.6.  Management implications

Conservation efforts for delta smelt currently focus
on managing freshwater flows to maintain suitable
low-salinity habitats further downstream during
summer− fall. During this period, juvenile and subadult
delta smelt often occur in low-salinity habitats (e.g.
salinities of 0.1−4 ppt) of the upper SFE (Moyle et al.
1992), and it is during this period that variation in
vital rates, such as growth, are likely to have strong
effects on future reproductive output and subsequent
population growth rates (Rose et al. 2013b). Prior
studies suggest that higher freshwater flows into the
estuary during summer−fall could significantly im -
prove the quantity and quality of low-salinity habi-
tats for delta smelt by improving the abiotic environ-
ment (Feyrer et al. 2007, 2011) and increasing food
availability (Miller et al. 2012). For example, the
highest-quality summer−fall habitats for delta smelt
are believed to occur near the 2 ppt isohaline (‘X2’),
with both the quantity and quality of low-salinity
habitats further enhanced when X2 is further down-
stream (e.g. < river kilometer 81) toward Suisun Bay−
Marsh (Moyle et al. 1992, Jassby et al. 1995, Kim-
merer 2002, Dege & Brown 2004). Field studies link-
ing the vital rates of wild delta smelt to dynamic and
static habitat features are needed to explore these
hypotheses and the mechanisms likely to confer the
theorized benefits of specific freshwater flow man-
agement actions.

The patterns in otolith-based growth rates of delta
smelt described herein shed additional light on the
responses of this species to environmental and geo-
graphic habitat attributes, thus improving inferences
regarding likely responses to different management
actions. Environment-only models indicated that delta
smelt grow faster in low-salinity brackish versus
freshwater habitats, corroborating previous ob -
servations of enhanced foraging by individuals cap-
tured further downstream (Hammock et al. 2017).
Global-regional models indicated that geographic
patterns matched the above predictions, with delta
smelt growing slowest in upstream freshwater habi-
tats of the ND, and fastest in the saltier downstream
habitats of the CD and WD. While growth rates
increased with practical salinity in the CD, this pat-
tern was not evident in the WD region-specific model,
possibly due to its lower sample size. In aggregate,
these results confirm that improved feeding and
growth in downstream low-salinity habitats are
likely key mechanisms selecting for a migratory life
history in delta smelt (Hammock et al. 2017, Hobbs et
al. 2019). Our results suggest that water manage-

ment actions designed to enhance downstream dis-
persal and the extent and quality of low-salinity
habitats in the summer−fall are likely to benefit delta
smelt.

We did not identify clear evidence for a unique
effect of salinity on growth rates between the CD and
WD; therefore, our results do not provide clear evi-
dence for or against a specific value of X2 (e.g. rela-
tive to river km 81) that maximizes delta smelt
growth. Nevertheless, our results further indicate
that reductions in freshwater outflow due to droughts
and diversions, especially combined with rising sea
levels, increasing transparency, and continued warm-
ing due to climate change, are likely to exacerbate
eastward intrusion of more saline waters, which is
likely to further compress and degrade the remain-
ing limited low-salinity habitats of delta smelt
(Feyrer et al. 2011, Hasenbein et al. 2013, Brown et
al. 2016, Komoroske et al. 2016). Specifically, our
results suggest that such changes in the upper SFE
are likely to negatively impact growth rates of delta
smelt, which will likely correspond with reduced fit-
ness and net reproductive output (Hjort 1914, Houde
1989, Cushing 1990, Leggett & Deblois 1994, Rose et
al. 2013b). Therefore, flow management actions that
are designed to increase the extent of suitable low-
salinity habitats (Kimmerer et al. 2009) and enhance
downstream transport to higher-quality habitats are
likely to benefit wild delta smelt. Several hypotheses
regarding the benefits of such flow actions focus on
associated increases in the intersection of dynamic
low-salinity conditions with fixed geographic habitat
features such as wetlands and marshes that occur
further downstream (e.g. Suisun Marsh). Future
otolith-based studies that examine the growth rates
of fish captured across these different fixed geo-
graphic features, while also controlling for intrinsic
growth effects and dynamic environmental attributes
such as salinity, could shed further light on the
potential benefits of brackish wetland habitats and
associated flow management actions for this species.

We are still discovering new facets of the basic
biology of delta smelt that have yet to be accounted
for in life-cycle and population models, conservation
efforts, and the captive breeding program (Hobbs et
al. 2019). The presence of multiple life-history phe-
notypes including freshwater residents (FWRs) sug-
gests that year-round residence of delta smelt in
freshwater habitats is likely an important mechanism
for population resilience and stability (Nobriga et al.
2008, Hobbs et al. 2019). However, our findings sup-
port previous studies suggesting that freshwater
habitats are becoming increasingly unsuitable in
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summer− fall due to multiple factors, including ther-
mal stress (Nobriga et al. 2008, Moyle et al. 2016,
Hobbs et al. 2019). The likely loss of this life-history
phenotype in the SD and its continuing decline in the
ND may greatly reduce population resilience, push-
ing delta smelt ever closer toward extinction. This is
especially true if growth is suppressed at tempera-
tures above 20°C, and further still if this effect is
exacerbated in clearer waters, as indicated in this
study. FWR delta smelt may, however, compensate
for reduced growth rates by avoiding the energetic
costs and mortality risk associated with migrating
upstream to freshwater spawning grounds. Further-
more, since FWR delta smelt live adjacent to optimal
spawning habitats and mature earlier (Hobbs et al.
2019), they may also compensate for reduced growth
and size-at-spawning by producing a greater num-
ber of broods per spawning season (Damon et al.
2016). Comparative studies of the reproductive biol-
ogy of different life-history phenotypes would shed
further light on their relative fitness and per capita
contributions to delta smelt population dynamics.

4.7.  Conclusions

Our results examining the vital rates of wild delta
smelt corroborate and emphasize prior work using
cultured fish and occupancy models, all of which
indicate that future increases in temperature are
likely to negatively impact delta smelt physiology
and growth (Nobriga et al. 2008, Komoroske et al.
2014, Brown et al. 2016). Our results also corrobo-
rate studies indicating that increasing water clarity
(Hestir et al. 2016, Bever et al. 2018) and landward
intrusion of higher-salinity waters (Brown et al.
2016, Komoroske et al. 2016, Moyle et al. 2016) are
likely to exacerbate the negative effects of future
warming on delta smelt. For example, our models
indicate strong, interacting effects of environmental
conditions on the growth of wild delta smelt, with up
to a 38% decline when conditions are both warm
and clear. These results can be coupled with hydro-
dynamic models to assess past and future changes
in the quantity, quality, and distribution of suitable
habitat for delta smelt. Future studies using field
mesocosms or factorial laboratory experiments may
shed additional light on the responses of delta smelt
to multiple stressors. Nevertheless, future changes
to the upper SFE environment are likely to increas-
ingly limit the extent and quality of suitable habitats
for delta smelt, while management actions have the
potential to either mitigate or further exacerbate

these imminent effects. Bold and creative strategies
such as flow actions that distribute low-salinity
habitat to cooler downstream regions, the establish-
ment of thermal refuges, and population supple-
mentation are likely needed to prevent the ex -
tinction of delta smelt in the wild.
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