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Abstract

Estuaries provide critical habitat for a vast array of fish and wildlife but are also a nexus for core
economic activities that mobilize and concentrate contaminants that can threaten aquatic
species. Selenium (Se), an essential element and potent reproductive toxin, is enriched in parts
of the San Francisco Estuary (SFE) to levels known to cause toxicity, yet the risk of Se to species
that inhabit the SFE is not well understood. We quantified Se concentrations in muscle, liver
and ovary of the demersal cyprinid Sacramento Splittail from six regions in the SFE at three
time points to evaluate Se exposure risk. Selenium levels exceeded proposed EPA criteria in
ovary and thresholds of concern for liver in 15% and 20%, respectively, of fish collected in the
fall of 2010, preceding the discovery of juvenile Splittail displaying a high incidence (>40%) of
spinal deformities characteristic of Se toxicity, and again in 2011. No exceedances were detected
in muscle tissue. Selenium concentrations varied significantly among regions for muscle (Fs15 =
21.4, p <0.0001), liver (Fs115 = 30.0, p < 0.0001) and ovary (Fs114 = 20.5, p <0.0001) but did not vary
between the wet and dry years, nor were they influenced by foraging trophic level or prey
selection. Foraging location along the salinity gradient, defined by &*S values, explained
regional Se exposures in Splittail. Relationships between tissues varied among regions for
muscle and liver and muscle and ovary, but a single global relationship could be defined for
ovary and liver Se concentrations. Our results suggest that the proposed EPA Se criteria for
muscle tissue in Splittail may be under-protective as it would not have predicted exceedances in
liver or ovary tissue and that the relationship between muscle tissue and ovary and liver may be

Se concentration and seasonal dependent.
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1. Introduction

Estuaries provide invaluable habitat for migratory birds, shellfish, juvenile fish and serve as
migration corridors for anadromous fish (Nichols et al., 1986). Yet, estuaries are under threat
from a range of stressors including climate change, eutrophication, freshwater diversions,
invasive species and contaminants (Cloern and Jassby, 2012). Estuaries are arguably among the
most challenging environments to evaluate and manage contaminant risk due to complexities of
physical transport in a tidal environment, movement of species between interconnected
habitats, biogeochemical gradients, and competing resource needs of fish and wildlife and
economic development. Selenium is both an essential element and potent teratogen (Lemly,
2004) and its environmental presence is strongly tied to core economic activities (e.g.
agriculture, mining, energy production)(Chapman et al., 2010). In the San Francisco Estuary
(SFE), Se is introduced primarily through the import of agriculturally irrigated salinized soils
containing high levels of geologically derived Se in the San Joaquin Valley (Presser and Luoma,
2006; Presser et al., 1994) and within estuary point-source loading from oil refining effluents
leading to elevated Se levels in fish and wildlife (Cutter, 1989; Cutter and San Diego-McGlone,
1990; Ohlendorf et al., 1986). How movements of fish and wildlife across the SFE Se exposure
landscape at different points during their life history affect exposure risk of Se has been difficult
to resolve due to the hydrologic, biogeochemical and geomorphic complexity of the region and

multiple sources.
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Selenium is incorporated into proteins supporting certain enzyme systems, most notably
glutathione peroxidase (Stadtman, 1974). It is physiologically dynamic (rapid rates of uptake
and loss) and has a narrow range separating levels that are nutritionally limiting and those that
are toxic (Lemly, 1982; Lemly, 1997; Lemly, 1999) making it a particularly challenging
contaminant to manage in nature. When limiting in diets, Se can result in serious deficiency
disorders including white muscle disease in sheep, mulberry heart disease in pigs (Muth et al.,
1958) and cardiomyopathy “Keshan disease” in humans (Chinese Medical Association, 1979).
Conversely, when in excess, Se has been shown to cause acute toxicity in fish and birds
including teratogenesis, mortality, loss of mass in adults, reduced growth in juveniles and
immune suppression (Skorupa et al., 1998). Effects are often realized in a single season resulting

in the losses of entire age classes of fish and birds (Paulsson and Lundbergh, 1989).

Evaluating the risks posed by Se in the environment to food webs has been shown to depend on
multiple physical/chemical and biological factors. Physical and chemical factors include
loading, chemical speciation (Cutter and Cutter, 2004), particle composition (Doblin et al., 2006),
and associated partitioning coefficients (Presser and Luoma, 2010). Biological factors include
taxa specific accumulation (Baines and Fisher, 2001; Baines et al., 2001; Schlekat et al., 2002;
Schlekat et al., 2004), ontogenetic shifts in predator diets (Feyrer et al., 2003), foraging behavior
of predators (Stewart et al., 2004), developmental stage (Heinz and Hoffman, 1998), and
physiological stress (Heinz and Fitzgerald, 1993; Lemly, 1993). Ecosystem models for Se have
been developed that incorporate many of these elements to evaluate the potential risks of Se in

different environments, including the SFE (Presser and Luoma, 2010). However, refinement of
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the factors and processes applied in these models, and in particular, how to account for spatial
and temporal variation in Se concentrations in tissues of migratory species, is still needed to

effectively estimate individual and population-level impacts of Se on fish and wildlife.

Quantifying and understanding spatial and temporal variation is critical for characterizing the
extent of contamination risk not only to individuals, but also to populations during sensitive
time periods that are most critical to biological processes (e.g. juvenile growth, reproduction).
Understanding of spatiotemporal variation is also needed to identify and resolve sources of
contamination and exposures. Regulatory criteria are usually static and applied uniformly
across ecosystems, which can result in either under- or over-protection given how contaminant
effects manifest in nature. This approach is particularly problematic for estuaries, which
encompass a series of interconnected habitats with large chemical gradients (e.g. salinity, point
source loadings) that vary across hourly, daily, seasonal and interannual timescales, within
which species may occupy different habitats for different periods depending upon life stage

requirements (Lopez et al., 2006).

Several waterways in the SFE have been listed as impaired under the Clean Water Act. Recent
regulatory efforts to address this impairment include a proposed revision to the US EPA
protective criteria for Se (Environmental Protection Agency, 2016) and the development of a
total maximum daily load (TMDL) for northern San Francisco Bay (Baginska, 2015). In each
case, the regulatory statutes apply to a large geographic area and are static through time. Long-

term monitoring of the bivalve, Potamocorbula amurensis, has identified large spatial and
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temporal gradients in Se concentrations in the estuary that could potentially influence Se
exposures of benthivorous predator species such as White Sturgeon (Acipenser transmontanus)
and diving ducks (Stewart et al., 2013; Stewart et al., 2004). Both regulatory actions in the SFE
have focused predominantly on the native White Sturgeon as it is a species of great societal
interest due to sport fishing and human consumption. Ecotoxicological studies of White
Sturgeon are challenging due to the fact they are large-bodied fishes with expansive foraging
ranges exposing them to a range of diets and Se exposures from a multitude of sources both
within the estuary and the freshwater Delta. While some laboratory studies have linked Se
bioaccumulation in White Sturgeon with reproductive toxicity in the laboratory (Linville, 2006),
similar linkages have not been possible for individuals in nature due to the difficulty of
collecting fertilized embryos or even locating juveniles. Integrating Se exposures and effects
based on field data is needed to fully evaluate ecosystem risks of Se to migratory predators in

estuaries such as the SFE.

Sacramento Splittail (Pogonichthys macrolepidotus) is an endemic species to the SFE that has been
relatively well studied in terms of its developmental biology (Deng et al., 2012) and Se
toxicology (Teh et al., 2004) and is an opportune species to evaluate the risk of Se exposure over
its lifetime. Splittail are found throughout the region from the freshwater tributaries and delta
through the upper estuary and because they have dietary overlap with White Sturgeon there is
commonality of exposure as Se is predominantly accumulated via the diet (Schlekat et al., 2001;
Stewart et al., 2010; Stewart et al., 2004). Splittail are a relatively large (400 mm), moderately

long-lived (8 years) demersal cyprinid that exhibit a semi-anadromous life cycle spending the
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majority of its adult life in low to moderate salinity (0-12 psu) habitats (Feyrer et al., 2015).
Upon reaching sexual maturity at approximately 2 years they migrate upstream into freshwater
rivers and seasonally inundated floodplains for spawning during late winter and spring,
although some remain on spawning grounds year-round (Daniels and Moyle, 1983). In the
spring of 2011, young-of-year Splittail displaying a high incidence (>40%) of spinal deformities
characteristic of Se toxicity were discovered at the site of a water diversion station in the San
Joaquin Valley of the Delta (U.S. Department of the Interior, Bureau of Reclamation Tracy Fish
Collection Facility). The chronology of Se exposure in the affected juvenile fish was documented
based on Se concentrations in their otoliths (ear bones) and identified significant post-hatch Se
exposures originating from exogenous feeding (Johnson et al., submitted). However, the
affected cohort also showed elevated, but highly variable, Se concentrations originating from
their parents known to have been foraging in the estuary based on isotopic markers in their

otoliths that may have contributed to the observed deformities.

In this study, we quantified adult Splittail Se concentrations and how they vary spatially and
temporally in the SFE. Selenium concentrations were determined in muscle, ovary and liver
tissue in fish collected from five regions of the upper portion of the SFE in the fall of 2010,
preceding the discovery of deformed juveniles and again in the fall of 2011, and from their
spawning grounds in the freshwater Delta in the spring of 2017. The main goals of the study
were to determine if Se concentrations: 1) exceeded regulatory criteria or thresholds of concern,
2) varied between years and among regions, 3) were influenced by foraging behavior, based on

bulk isotopic tracers (8°C, 8°N and &*S), and 4) shared similar relationships between tissues
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across regions and years allowing Se concentrations in one tissue to serve as a surrogate for
another. The intention of this work was to illustrate the dynamic nature of tissue specific Se
concentrations in relation to fish movements and foraging behavior that will assist managers in
more effectively parameterizing ecosystem Se models and estimating the risk of Se to fish and

wildlife inhabiting estuarine environments.

2. Materials and Methods

2.1 Study design and site descriptions

The study was conducted in the northern reach of the SFE and adjacent freshwater Delta,
located on the Pacific Coast of the United States in the state of California (Figure 1). There are
several sources of Se in the region including agricultural, industrial, and municipal discharges
that mobilize and concentrate geologic sources of Se (Baginska, 2015; Presser and Barnes, 1984;
Presser and Ohlendorf, 1987; Presser et al., 1994) (Figure 1). The Sacramento River to the north
provides the largest contribution of freshwater to the estuary (Kimmerer, 2002) and lower Se
concentrations compared to the San Joaquin River to the south, which has proportionally lower
freshwater inflows and higher aqueous Se concentrations (Cutter and Cutter, 2004). There are
no known significant point sources of Se on the Petaluma or Napa Rivers. Historically, Se
concentrations tend to be highest in the food web in Suisun Bay (Linville et al., 2002; Stewart et
al., 2013; Stewart et al., 2004), which receives Se loads from three local oil refineries as well as
other municipal discharges, including one directly into Pacheco Creek (Figure 1). Ambient Se

concentrations monitored over a period of 22 years in the bivalve P. amurensis indicate that Se



175  exposures are strongly influenced by seasonal and interannual variation in freshwater inflows
176~ whereby they tend to be elevated in late fall and winter and are reduced by seasonal increases
177  in freshwater inflow in the spring or during high flow water years (Stewart et al., 2013).

178

179  Fish were collected by gill net in the late fall (November to December) of 2010 and 2011 from
180  sites aggregated into five regions representing the full range of Splittail distributions across
181  tidal freshwater rivers to estuarine habitats including Petaluma and Napa Rivers, Pacheco

182  Creek bordering Suisun Bay, Suisun Cutoff and the Confluence of the Sacramento and San
183  Joaquin Rivers (Figure 1). These regions are hereafter abbreviated to Petaluma, Napa, Pacheco,
184  Suisun and Confluence. The 2010/11 fish were previously collected as a part of another study
185  investigating Splittail population characteristics (Feyrer et al., 2015). The selected regions for
186  fish collections are important foraging and in some cases nursery habitat for Splittail, but also
187  serve other anadromous and resident fishes, as well as migratory birds, year-round species of
188  diving ducks, shorebirds and terns (Bennett et al., 1996; Conomos, 1979; Moyle et al., 2004;
189  Nichols et al., 1990; Ohlendorf et al., 1989; Sommer et al., 2001). Climatological conditions varied
190  between sample years with freshwater inflows to the estuary being lower in 2010 (dry water
191  year) and higher in 2011 (wet water year) based on long term historical data accessed from
192 California’s Department of Water Resources (DWR) website at

193 http://www.water.ca.gov/dayflow/output/Output.cfm on 19 April 2018.

194

195 A second set of fish were collected in the spring of 2017 (wet water year) from the freshwater

196  Delta, in the Yolo bypass; a seasonally inundated floodplain to the north that is commonly used
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by Splittail for spawning and rearing of juveniles (including Chinook Salmon) and has
historically lower Se concentrations in water and prey compared to the upper estuary (Cutter
and Cutter, 2004; Lucas and Stewart, 2005; Sommer et al., 2001). The Delta fish provided an
opportunity to quantify Se concentrations at the time of spawning, when maternal transfer to
eggs occurs (Conley et al., 2014), and how those concentrations differ from adults foraging in

the upper estuary in the fall.

2.2 Fish processing and tissue preparation

We used a randomized-stratified design to select 90 mature females from the total of 178 fish
collected from the 5 regions of the SFE in 2010/11 by Feyrer et al. (2015) resulting in 8-10
individuals per region and year ranging in age from 2-8 years and fork length (FL) ranging from
182-376 mm. Splittail become sexually mature at approximately 180 mm FL as they near age 2
and undergo an ontogenetic shift in their diet to include the bivalve P. amurensis (Feyrer et al.,
2003). Methods for fish collection and processing are described in Feyrer et al. (2015). Briefly,
fish were transported live to the laboratory and processed within approximately 12 hours. Fish
FL (mm) and whole fish wet weight (g) were recorded, skinless muscle fillets, liver, and gonad
tissues and otoliths were extracted, liver and gonad wet weights recorded, and tissues were
frozen in polyethylene bags at ~20°C, until they could be freeze-dried and ground into a fine
powder. Age was determined by counting annual rings using thin sections of otolith
microstructures as described in Feyrer et al. (2015). Thirty-two fish, spanning a similar size and
age range as those collected in 2010/11, were collected from the Delta during February—March of

2017. All but one fish analyzed were visually identified as female with ovaries in various stages

10
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of development, but 14 also had undeveloped testes. Synchronous hermaphrodism has not
officially been reported for Splittail, but has been documented for other species (Teh et al.,
2000). Upon collection, Delta fish were immediately frozen individually in polyethylene bags
and stored at -20°C until one year later when fish were thawed, their FL, whole fish wet weight
recorded, and tissues were extracted and processed as described for the 2010/11 fish. In addition
to skinless muscle fillets, liver, and gonad (ovary and teste), the remaining gastrointestinal tract
and carcasses were retained and processed. Carcasses were chopped into smaller pieces and
run through a stainless-steel clamp-on hand grinder with 4.8 mm grinding plates (LEM part
#1384). A sub-sample of carcass homogenate (~ 40 mL) was then transferred to a pre-weighed
polypropylene Falcon tube, a wet weight taken, the sub-sample frozen at -80°C, freeze dried
and ground using a small electric grinder with stainless steel blades. This method of sub-
sampling a larger quantity of grossly homogenized tissue for further freeze drying and grinding
has been shown to be representative of whole mass measurements in the case of caloric content
determinations (Glover et al., 2010). Morphological data including length, age (for 2010/11 fish
from Feyrer et al. 2015), and whole fish and tissue wet weights are provided in Table 1. Ages
were not directly determined for Delta fish but were estimated using length-age relationships

developed for 2010/11 fish.

2.3 Selenium and stable isotope analyses
Selenium concentrations were determined by isotope dilution-hydride generation-inductively
coupled plasma-mass spectrometry (ID-HG-ICP-MS) as in Kleckner et al. (2017). In brief, a

small tissue mass (10-20 mg dry weight) was added to a 6 mL PFA vial (Savillex, 10321 West

11
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70th Street Eden Prairie, MN 55344-3446 USA part number 200-006-20) along with 100 uL
enriched #2Se isotope spike and 600 pL of 16N HNO:s and heated in a benchtop autoclave at
126°C/20 psi for 3 hours. This step was followed by a second oxidative step where 200 pL of
30% H202 was added to the cooled samples, allowed to react and then heated to near dryness on
a hotplate. In the final pre-analysis step, reconstituted samples (by addition of 2% HCI) were
reduced (to convert all selenate to selenite) by adding equivalent volumes of sample and 12N
HCI for 50% v/v solution that was heated in a water bath and boiled for 30 minutes. The ICP-
MS used for analysis of Se was an Elan DRC II (Perkin-Elmer SCIEX, Shelton, Connecticut,
USA). The ICP-MS was combined with a Flow Injection System FIAS 400 (Perkin-Elmer SCIEX,

Shelton, Connecticut, USA) for hydride generation (HG).

Quality assurance/quality control (QA/QC) data are provided in (Stewart, 2019) and include, for
each analytical run, procedural blanks (n=3), duplicates (10% of each sample run), and certified
reference materials (CRMs) (two SRM matrices, n=3), including National Institute of Science and
Technology (NIST2976) mussel tissue, National Research Council Canada (NRCC) dogfish
muscle (DORM2), dogfish liver (DOLT3), and lobster hepatopancreas (TORT3). Background
concentrations for analytical calibration blanks quantifying instrument noise and procedural
blanks were subtracted from sample concentrations. Procedural blanks were always less than
10% of sample concentrations, precision for samples run in duplicate was on average <4.5%
(standard deviation/mean) and CRMs averaged 101% recoveries (n=73) with individual values
falling within + 20% of the certified value. QA/QC data are provided along with raw Se

concentration data in Stewart (2019).
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Isotope ratios of C, N and S were determined in muscle tissues at the Stable Isotope Facility
(SIF), University of California, Davis. Analyses were performed on a single tissue sub-sample
for C and N (~1-2 mg dry weight) using a Europa Scientific Hydra 20/20 continuous flow
isotope ratio mass spectrometer in conjunction with a Europa ANCA-SL elemental analyzer to
convert organic C and N into CO2 and N: gas. Nitrogen isotope samples were standardized

against N2 in air as follows:

0N (%) = [(Rsample / Rstandard) — 1] x 1000

where R =15N/“N. A similar relation for 3C (R = 3C/12C) was used to standardize carbon
isotope samples against Pee Dee Belemnite. Long-term instrument precision reported by the SIF
was 0.1% for carbon and 0.3% for nitrogen based on replicate analyses of standard reference
materials. Sulfur 84S isotope analysis of organic solid materials was done on a tissue sub-
sample (~3 mg dry weight) using an elemental analyzer and pre-concentration unit interfaced
with a continuous-flow isotope-ratio mass spectrometer. Final 6*S values were obtained after
adjusting the provisional measurements such that correct 5*S values for laboratory QA
materials are obtained (as above for ’N). Laboratory reference materials were calibrated
directly against IAEA S-1, S-2, and S-3, as well as NBS-127, SO-5, and SO-6. The SIF reports

long-term reproducibility of this method for 3S to be + 0.4 %o.

2.4 Data analysis
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Selenium concentrations are reported on a dry weight (dw) basis in micrograms per gram
(ng/g). Whole body Se concentrations were estimated by dividing the summed mass of Se
measured in each tissue (muscle, liver, ovary, teste (if present), gastrointestinal tract and
carcass) by the summed mass of each tissue for each fish. Selenium concentrations were In-
transformed (when required) to meet assumptions of heteroscedasticity and normality of
residuals. We used the statistical packages in JMP®14 (SAS Institute Inc., 2018). We applied a
tiered statistical approach to evaluate regional Se exposures in Splittail as outlined by our study

goals.

2.4.1 Exceedance of requlatory criteria and thresholds of concern: For each region, year, and tissue, we
determined the geometric means and standard error of Se concentrations. Geometric means are
preferable as the values were positively skewed. To do this, the means for natural log
transformed values were back transformed to linear values and standard errors were estimated
with the Delta method (Seber, 1982). We then compared values to proposed EPA regulatory
criteria (ERC) for Se in fish skin-less muscle (11.3 pg/g dw) and ovary (15.1 ug/g dw)
(Environmental Protection Agency, 2016). There are no ERC for liver tissue so we compared
values to a threshold level of concern (TLC) for liver (12 ug/g dw) derived by Presser and

Luoma (2006; 2010) based on literature values.

2.4.2 Variation in Se concentrations between years and regions: Differences in freshwater inflow
among years have been shown to influence Se concentrations in bivalves (Stewart et al., 2013)

and so we first tested for an effect of year on upper estuary Se concentrations for paired 2010

14
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and 2011 fish, representing a dry and wet year, respectively. We used a fixed effects model that
included region + year as fixed effects and region x year as interactions, and ran the model
separately for each muscle, liver and ovary Se concentration. There was a significant interaction
between year and region for ovary tissue (p = 0.02) and so we used pairwise t-tests to determine
which regions differed between 2010 and 2011. Only one region (Confluence) showed a
statistical difference between years (p = 0.007), so we combined years within upper estuary
regions to test for differences among regions (including Delta 2017 fish) in a fixed effects model
with region as the main factor. Post-hoc differences in Se concentrations among regions were

evaluated by Tukey’s HSD.

2.4.3 Influence of spatiotemporal variation in foraging behavior on Se concentrations: Selenium is
predominantly accumulated via the diet (Luoma et al., 1992) making understanding of foraging
behaviors (i.e., prey selection and foraging range) and how they vary spatially an important
step in resolving exposure patterns in fish. Ratios of bulk stable isotopes of carbon, nitrogen and
sulfur (¥C/2C, BN/"“N, #5/%25) have been shown to be useful tools in understanding feeding
behaviors in fish (Peterson and Fry, 1987; Vander Zanden et al., 1998; Vander Zanden and
Rasmussen, 1999). Carbon isotopes can be used to identify contributions of carbon sources that
are shared between predator and prey (France, 1995) and when combined with nitrogen
isotopes, which estimate trophic level (Vander Zanden et al., 1997), provide an integrated
measure of prey selection (Peterson and Fry, 1987). In estuaries, isotopic gradients in 8*C and
&S can be used to estimate a predator’s foraging range by matching the 8C and &*S values of

predator tissues to the isotopic signature of the source water (e.g. riverine vs. bay water) at the

15
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location where the prey was consumed. For example, the 8°°C signature of dissolved inorganic
carbon (DIC) is enriched along the salinity gradient, moving from land (freshwater) to sea
(marine) (Spiker & Schemel 1979). As phytoplankton cells grow, they incorporate the salinity-
specific DIC &"C signature (Canuel et al. 1995, Cloern et al. 2002), which is transferred to
consumers providing a means to geographically bound their foraging ranges. The
freshwater/marine isotopic gradient is even sharper for S, whereby the depleted &S
signature of sulfur found in reducing sediments in freshwater habitats is rapidly enriched upon
exposure to marine sulfate, which strongly influences &*S values in food webs even at low

salinities (Peterson et al., 2017).

To evaluate the influence of foraging behavior on Se concentrations in fish, we first created
biplots (8"°N by &°C and &*S, mean+95% CI) by region and year. We then used a fixed effects
model that included region + year as fixed effects and region x year as interactions and ran the
model separately for each of the isotopes for the upper estuary. There was a significant
interaction between year and region for all isotopes (see results) and so we tested the effect of
region by year for the upper estuary and Delta, using pairwise t-tests to determine which
regions and years differed from the global average for all regions and years. We then tested for
the influence of isotopic signatures directly on Se concentrations using a fixed effects model
with region + 8C + Ind"N + &*S as factors. Only sulfur was found to have a significant effect on
Se concentrations in all three tissues and so we re-ran the initial fixed effects model with both
region and &S as fixed effects to see if the addition of sulfur isotopic signatures improved the

original model performance to estimate tissue Se concentrations based on AIC scores.
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2.4.4 Relationships between tissue Se concentrations: Tissues selected for monitoring purposes are
often different from those tissues used to set regulatory criteria. As a result, Se concentrations in
one tissue are often used to estimate Se concentrations in another. However, relationships
between Se concentrations in tissues have been shown to vary among tissues, species and
developmental stages (Janz et al., 2010) and it is not well known how relationships vary among
regions or seasons, particularly in environments with sharp gradients in concentration. We
evaluated relationships between muscle, liver and ovary for all regions of the upper estuary and
between whole body and muscle, liver and ovary for Delta 2017 fish. The years 2010 and 2011
were combined within regions for the analyses because there was no year by region interaction
for any tissue combinations, except for ovary by muscle at Pacheco. We first determined
regression relationships and report individual slopes and intercepts for each region. Regions
and tissue combinations without significant relationships were dropped from further analyses
(i.e. Petaluma). We then tested the relationships for differences in slope among regions using an
ANCOVA model whereby InSe tissue 1 =region + InSe tissue 2 + region x InSe tissue 2. We then
removed the interaction term (where appropriate) and tested for differences in intercepts
among regions to evaluate if a single global model was appropriate for all regions. Significant
differences in intercept from the average model response were assessed for each region by ¢-
test, which tests the null hypothesis that the difference in the response is zero. For tissue
combinations where no regional differences in intercept were found (i.e. ovary by liver) region

was removed from the model and a single global relationship was determined.
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3. Results

3.1 Splittail Se concentrations and exceedance of regulatory criteria and thresholds of concern
Splittail Se concentrations spanned a broad range exceeding ERC and TLCs in some regions of
the upper estuary in the fall of 2010 and 2011, but not on their spawning grounds in the North
Delta in the spring of 2017. Selenium concentrations in fish were highest in ovary (3-20 ug/g
dw) and liver (4-18 ug/g dw) and substantially lower in muscle tissue (0.8-2.1 ug/g dw) (Table
2). The proposed ERC for Se was never exceeded in muscle tissue (11.3 ug/g dw) but was
exceeded in ovary (15.1 pg/g dw) in 10 of 15 fish at Pacheco, in 3 of 17 fish at Suisun and in 3 of
28 fish at Confluence. Liver TLCs (12 pg/g dw) were exceeded in 11 of 15 fish at Pacheco, in 3 of
17 fish at Suisun and in 3 of 28 fish at Confluence. Despite the consistently low muscle Se
concentrations across all regions and years and no exceedances, the frequency of exceedance in
liver and ovary were high for Pacheco ranging from 60-80% (range for both tissues and years),
followed by Suisun in 2011 (33%) and the Confluence in 2010 (17%). Exceedances were not

recorded for any fish from the Petaluma or the Delta.

3.2 Interannual and Regional differences in Se concentrations

Selenium concentrations in fish from the upper estuary were similar between the dry year of
2010 and wet year of 2011 for muscle (Fs79=0.2, p=0.7), liver (Fss = 0.01, p = 0.9), and ovary (Fazs
=0.40, p = 0.5) (Table 3). There was a significant interaction between region and year for ovary,
but only for one region (Fs7s = 3.0, p = 0.02) (Table 3). Ovary Se concentrations at the Confluence
in 2011 were almost 2-fold lower (f-Ratio = -2.76, p = 0.007) compared to 2010, but were not

different between years for Petaluma, Napa, Pacheco or Suisun regions.
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Selenium concentrations were found to be highly significantly different among regions
(including Delta fish) for muscle (Fs,15 = 21.4, p < 0.0001), liver (Fsus = 30.0, p <0.0001) and ovary
(Fs114=20.5, p < 0.0001) (Table 3, Figure 2). Muscle Se concentrations (ug/g dw) were well below
ERCs with slightly higher geometric mean (roughly equivalent to median value of a log-normal
distributed data) concentrations (+SE) (pooled years by region) in Pacheco (1.95+0.14) and the
Delta (1.56+0.08), followed by Suisun (1.26+0.05) and the Confluence (1.11+0.06), Napa
(0.98+0.05) and the Petaluma (0.94+0.04) (Figure 2A). Considerably sharper regional gradients
were observed for liver and ovary with geometric mean Se concentrations being markedly
higher at Pacheco (liver: 17.51+2.10, ovary: 20.21+3.10) relative to other regions (Figure 2B and
C). The remaining regions had similar geometric mean concentrations decreasing in order from
Suisun (liver: 7.15+0.70, ovary: 7.43+1.25) and the Confluence (liver: 6.49+0.62 ovary: 6.76+0.97),
followed by the Napa (liver: 5.84+0.53, ovary: 5.03+0.46), Petaluma (liver: 5.02+0.25, ovary:
6.94+0.98) and with the lowest being found in the Delta (liver: 3.55+0.27, ovary: 3.16+0.31)

(Figure 2B and C).

3.3 Influence of foraging behavior on Se concentrations

Overall foraging behavior, as reflected in carbon, nitrogen and sulfur stable isotope signatures,
was more variable within than among regions and between years although some differences
were evident, particularly for sulfur (Figure 3). For the upper estuary regions, there was a
significant interaction between region and year for 8°C (Fas0 = 3.06, p = 0.02), "N (Fs,80 = 4.00, p =

0.005), and &S (Fas0 = 5.64, p = 0.0005). With the exception of the Petaluma (Fi0111=8.89, p <
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0.0001), which differed between years and were significantly more enriched in 8"*N values,
Splittail appeared to feed at a similar trophic level across regions and between years, as inferred
by a less than 3.4%o. difference in regional mean 8N values (Napa, Pacheco, Suisun,
Confluence, and Delta regions range = 13.99 to 15.27; Petaluma range = 16.28 to 19.2) (Table 1,
Figure 3). Petaluma fish showed a large drop in 8N values between 2010 and 2011 (t-Ratio = -
3.55, p =0.007). There were no sharp gradients in carbon isotope values among regions but fish
within each region tended to reflect the general position of the region along the salinity gradient
ranging from -25.6 %o to -22.2, with those from the less saline regions of the Delta and the
Confluence being the most depleted (Table 1, Figure 3A). Carbon isotopic signatures were not
different between the dry and wet years in the upper estuary, except at Suisun where 8C
values were more depleted in the wet year of 2011 (¢-Ratio =-2.78, p = 0.006). There were small
statistical differences in 8°C values among regions in the upper estuary, but only in 2011 with
the Confluence being more depleted than the Petaluma (t-Ratio =-3.61, p = 0.0005) and Suisun
being more depleted than Petaluma (¢-Ratio = -4.15, p = 0.0001) and Pacheco (t-Ratio =-3.63, p =
0.0004). Delta fish 8"*C were not different from regions sampled in 2010/11 with the exception of
being more depleted than the Petaluma (t-Ratio = -4.48, p <0.0001) and Pacheco (t-Ratio =-3.81,
p =0.0002) in 2011. Sulfur isotope values were the most variable within (CV range 23 to 63%)
and among (CV 28%) regions with &*S values becoming progressively more enriched in fish
moving seaward from the freshwater regions of the Delta ~Petaluma ~ Confluence < Napa ~
Pacheco (Figure 3B) (Fi,111 = 15.6, p <0.0001). There were no significant or consistent differences
between years within regions, although the Confluence &S values were lower in 2011 relative

to 2010 (Figure 3B, t-Ratio = -3.58, p = 0.0005).
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After statistically accounting for the effects of region by year (i.e., upper estuary regions are
tested separately for each year), sulfur isotopic signatures were found to have significant effect
on muscle, liver and ovary tissue Se concentrations, while nitrogen had a marginal effect on Se
concentrations in muscle (Fio107 = 5.22, p = 0.02). Addition of &*S values as a main effect in a
fixed effects model with region (there were no significant interactions for &S x region) resulted
in a slight improvement of the model performance compared to the model with region alone, as
indicated by lower AIC scores, in explaining variation in Se concentrations in muscle, liver and

ovary throughout the upper estuary and Delta (Table 3).

3.4 Relationships between tissue Se concentrations

Tissue Se concentration combinations — muscle by liver, muscle by ovary, and liver by ovary —
were significantly related to each other within each region in the SFE and the Delta with one
tissue explaining between 18 to 74% (adjusted R?) of the variation in the other tissue’s Se
concentrations (Table 4, Figure 4). The only exception was the Petaluma where no significant
relationships were found between any of the tissues and so the Petaluma was not considered in
further analyses. The relationship slopes were not statistically different among regions for liver
by muscle (ANCOVA Figs =1.07, p = 0.4) or ovary by muscle (ANCOVA Fs9=1.91, p=0.1) and
was marginally significant for ovary by liver (ANCOVA Fags = 2.52, p = 0.05). We dropped the
interaction term (InSe tissue x region) from the ANCOVA model for liver and ovary by muscle
to assess differences in intercepts among the regions. Relationships between muscle and liver or

muscle and ovary differed across regions as indicated by a significant region effect in the
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ANCOVA model for liver by muscle (Fs102 = 55.8, p <0.0001) and ovary by muscle (Fs112=33, p <
0.0001) (Table 5). For example, for a given muscle Se concentration liver Se concentrations were
significantly higher at Pacheco (t Ratio = 5.58, p <0.0001) and Confluence (t Ratio = 2.05, p = 0.04)
and significantly lower at the Delta (f Ratio =-13.96, p = 0.0001) compared to the mean intercept
for all regions (Table 5). Similarly, ovary Se concentrations were higher at Pacheco (t Ratio =
3.92, p=0.0002) and Confluence (¢ Ratio =2.63, p = 0.01) and lower at the Delta (t Ratio =-12.00,
p <0.0001) relative to the mean intercept for all regions for a given muscle Se concentration. For
liver and ovary, region did not have a significant effect on the relationships between liver and
ovary Se concentrations either when tested with separate slopes (Fs9 = 1.10, p = 0.36) or with the
interaction term removed (Fs102 = 0.77, p = 0.5) (Table 5). Removing the effect of region from the
model we estimated a global linear relationship between liver and ovary for Splittail in the SFE

of InSe Ovary =-0.26 + 1.12 x InSe Liver (R>=0.77, p <0.0001).

Whole body Se concentrations measured in Delta fish were significantly related to muscle, liver
and ovary tissue Se concentrations explaining ~60% of the variation in the tissues (Table 4). The
relationship slopes between whole body Se and other tissues were lowest for muscle (0.55)
followed by liver (0.76) and ovary (1.0) and fell within the range reported for other tissue

combinations.

4. Discussion

4.1 Selenium exposure risk in the San Francisco Estuary
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Selenium concentrations exceeded thresholds of concern in liver in 20% (8 of 41 fish) and EPA
regulatory criteria in ovary in 15% (6 of 39 fish) of adult Sacramento Splittail collected in the
upper estuary of San Francisco Bay during the pre-spawning season (late fall) of 2010. The
frequency of exceedances in individual fish was highest in the Pacheco (liver — 80%, ovary —
60%) and Suisun (liver — 33%, ovary — 33%) (Table 2) regions located in the more saline portions
of the upper estuary near several industrial sources of Se. This is also a region where their prey
P. amurensis are abundant and have Se burdens that exceeded ERC for bivalves (Stewart et al.,
2013). The toxic Se levels measured in liver and ovary of adult Splittail were consistent with
elevated levels of Se detected in otoliths of juvenile Splittail collected from the freshwater Delta
in the following spring of 2011 that also exhibited deformities characteristic of Se toxicity
(Johnson et al. submitted). Johnson et al.(submitted) identified that Se in the inner rings or the
maternally-deposited regions of the otoliths (i.e., during yolk absorption and prior to exogenous
feeding 1-10 days post-hatch; Deng et al., 2012) originated from parents that spent time foraging
in the estuary rather than the North Delta based on unique strontium isotopic values. While it is
not possible to directly establish that elevated Se concentrations in adult SFE Splittail were
causing the spinal deformities in the juveniles, these results establish that Se levels were
sufficiently elevated to cause toxicity in offspring based on established regulatory criteria. The
frequency of exceedances of ERCs and TLCs in ovary and liver was similar in 2011, despite it
being a wet year. Conversely, Se concentrations were uniformly low in tissues in adult Splittail
collected in the spring of 2017 on their spawning grounds in the North Delta. While adult
Splittail might be expected to have recently migrated to the Delta from the estuarine portion of

SFE to spawn, it is unclear given the high rate constant of loss of Se from tissues (Baines et al.,
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2002; Stewart et al., 2004) what their tissue concentrations may be after feeding on prey with
lower Se concentrations for a period of weeks and the impact of those concentrations on
developing eggs. Selenium concentrations in water in the North Delta compared to those in the
South Delta and the San Joaquin River have consistently been lower (Cutter and Cutter, 2004).
Without examining the strontium isotopic signature of the Delta fish, it is not possible to know
the recent foraging location of the Delta Splittail. Notably, none of the muscle Se concentrations
measured in the present study approached ERCs for muscle tissue (11.3 pg/g dw), indicating
that muscle tissue Se concentrations would not have predicted the exceedances in liver or ovary
tissues, potentially underestimating Se exposure risk in this species. EPA’s regulatory criteria
for muscle tissue was developed based on relationships with Se concentrations in other tissues
in species where Se toxicity has been documented in the laboratory and field (Environmental
Protection Agency, 2016); however, these relationships appear to vary across Se concentrations

in nature (see section 4.6).

4.2 Sharp regional estuarine gradients drive Se exposures

Selenium concentrations in Splittail were strongly linked to the region where the fish were
collected and their foraging range. Although Splittail move throughout the northern reach of
the SFE, they appear to exhibit strong site foraging fidelity as evidenced by sharp regional
gradients in Se concentrations (Figure 2). Region had the largest effect on Se exposures in a
tixed effects model followed by muscle sulfur isotopic signatures (Table 3). Splittail from the
Pacheco region, near the mouth of Pacheco Creek and near several point source discharges from

oil refineries and wastewater treatment plants, had distinctly higher Se concentrations in all
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tissues compared to other regions. Adjacent regions, Suisun Cutoff, and the Confluence of the
Sacramento and San Joaquin Rivers, had the next highest Se concentrations but also were highly

variable.

The higher levels of Se in adult Splittail from the Suisun Bay region of the SFE correspond to
those observed throughout their food web starting with filtered water (Cutter and Cutter, 2004),
particulate material (Doblin et al., 2006) and the estuarine bivalve P. amurensis (Linville et al.,
2002; Stewart et al., 2013). The pathway of accumulation whereby dissolved Se is actively taken
up at the base of the food web by algae and bacteria (Baines and Fisher, 2001; Baines et al., 2004)
and particulate associated Se is efficiently assimilated by deposit and filter-feeding bivalves
(Lee et al., 2006; Schlekat et al., 2000) has been well described. Biogeochemical models
describing behavior and distributions of Se in the SFE (Chen et al., 2012; Meseck and Cutter,
2006) also indicate higher Se concentrations in water and particulate material in the Carquinez
Strait/Suisun Bay portions of the SFE compared to less saline regions. Long-term (17+ years)
measurements in P. amurensis have found, despite fluctuations with freshwater inflow, clam Se
concentrations are persistently and significantly higher in the region of Carquinez Straight, near
Pacheco Creek (Stewart et al., 2013). White sturgeon collected in Suisun Bay and the upper
estuary have higher Se concentrations compared to those apparently foraging in the freshwater
habits of the SFE or seaward towards South Bay (Sun et al. unpublished data; Linares-Casenave

et al., 2015).

4.3 Effect of freshwater inflow on Se exposures
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Selenium concentrations did not differ in Splittail collected in the dry year of 2010 and wet year
of 2011, with the exception of ovary tissue at the Confluence which was lower in 2011 compared
to 2010. This was surprising as Se concentrations in Splittail prey P. amurensis have been shown
to vary both seasonally and interannually in response to changes in freshwater inflow (Stewart
et al., 2013). It is thought that large contributions of Sacramento River water that is comparably
lower in Se serves to dilute within estuary sources of Se (Cutter and Cutter, 2004). Selenium
concentrations in P. amurensis in the fall months (September — November) declined by 30% and
10% at U.S. Geological Survey long-term water quality monitoring stations 4.1, near our
Confluence region, and 8.1, near our Pacheco region, respectively, between 2010 and 2011
(Stewart et al., 2013). The interannual difference between Se concentrations in P. amurensis is
small, particularly at the station closest to Pacheco, compared to the >60-80% regional difference
between Se concentrations in liver of fish from the Confluence and Pacheco in either year.
Indeed, the larger interannual difference in Se concentrations in P. amurensis at station 4.1 may
explain why a year effect was only detected at the Confluence. Small differences in fish Se
concentrations between years may also be further confounded by fish movements between
regions indicating that larger samples sizes would be needed to detect more subtle differences

between years due to changes in freshwater inflow.

4.4 Effect of trophic level and prey selection on Se
Selenium concentrations in Splittail in the upper estuary and delta did not appear to be
influenced by differences in trophic level or carbon pathway. Trophic enrichment is less

pronounced for Se than for mercury (Hg) (Stewart et al., 2010) and is highly dependent on the
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physiological uptake of Se by its prey (Schlekat et al., 2002). Bivalve-based food sources were
found to result in significantly higher Se levels in their consumers than crustacean-based food
sources due to overall lower concentrations of Se in crustaceans stemming from faster loss rates
from their tissues (Schlekat et al., 2004; Stewart et al., 2004). Thus, adult Splittail foraging on P.
amurensis might be expected to have higher Se concentrations than those that were feeding on a
different invertebrate species or even at a higher trophic level (i.e., fish) within a non-bivalve
based food web. With few exceptions, Splittail did not appear to differ in trophic level based on
the fact that 8°N values in muscle tissue were consistent across regions, except for the Petaluma
(see below). While it is possible that baseline "N could have varied across regions (Cabana and
Rasmussen, 1996), measured 8N values for P. amurensis collected from a monitoring station
near the Confluence (station 4.1) and near Pacheco Creek (station 8.1) in the late fall of 2010 and
2011 (Kleckner et al., 2010) suggest that there was only a limited difference in 8°N (2010 A=1.41
%0; 2011 A= 0.53 %0) between these stations that might confound the interpretation of trophic
level in Splittail. The average &N value of Splittail across all regions and years was 14.70 + 1.27,
which is approximately 1 trophic level or ~ 3.4 %o above P. amurensis, based on an average &N
values for the preceding 3 months (September through November) of 10.21 + 1.09 and a A of
4.49 %o (Cabana and Rasmussen, 1994; Vander Zanden et al., 1997). While Splittail forage on a
range of food including organic matter, insects and bivalves, since P. amurensis invaded the SFE
this clam has been an important component of Splittail diets in habitats where these clams are
found (Feyrer et al., 2003). The enriched 8N values in Splittail from the Petaluma River in both
years indicate either an enriched baseline, often associated with water treatment or

urbanization, or foraging at a higher trophic level (e.g. fish). Age-0 Splittail collected from the
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Petaluma in 2002 and 2003 were found to eat predominantly invertebrates, based on gut
analysis, and had similar '°N values (~18%o) as adult Splittail in this study, suggesting that an
elevated baseline in 8'°N was likely the cause of the higher values at the Petaluma (Feyrer et al.,

2007).

4.5 Effect of foraging location on selenium exposures

The positive relationship between sulfur isotopes and Se concentrations in fish tissues suggests
that as fish spend more time foraging in the more saline regions of the SFE, in this case Suisun
Bay, they may be exposed to higher Se (Table 3). Unlike the discrete assignment of fish to a
specific region, sulfur isotopes provided an opportunity to examine the continuous relationship
between Se concentrations and foraging location in the SFE as has been shown for other species
in South San Francisco Bay (Peterson et al., 2018) and estuaries and watersheds elsewhere
(Hesslein et al., 1991). The foraging gradient represented by continuous &S values of individual
tish did identify a point in the estuary (or salinity field) that was associated with a rapid and
significant increase in Se concentrations in Splittail tissues. Beyond a &S value of ~14%.,
concentrations of Se increased in liver and ovary from a median of 4.78 and 4.62 to 7.57 and
9.50, which constitutes an increase of 58% and 106%, respectively. Although region had the
largest effect on Se concentrations in Splittail, S was also a significant explanatory variable.
This suggests that *S may be a particularly useful biomarker for other species (e.g., White
Sturgeon, birds) that show less site foraging fidelity making the discrete variable “Site” a less

effective predictor of Se site exposures in environments where exposures vary along the salinity
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gradient. Further, combining &S with isotope markers in fish otoliths may provide further

resolution of exposure history (Johnson et al., submitted).

4.6 Variability in tissue Se relationships across concentration gradients

Selenium concentrations in tissues were significantly related to each other for all tissues and
regions with the exception of the Petaluma. Excluding Petaluma, relationships were slightly
better in regions where Se concentrations were higher such as Pacheco (range R?= 0.55-0.74) and
between liver and ovary (mean for 5 regions R?= 0.54) tissues rather than muscle and liver
(mean for 5 regions R?= 0.39) or ovary (mean for 5 regions R?= 0.39). While a single global
relationship could be used to relate liver Se concentrations to ovary Se concentrations
independent of region, year or season (i.e., fall pre-spawning fish in upper estuary verses
spawning fish in the Delta), the same was not possible for liver or ovary by muscle. Those
relationship shared similar slopes, but different intercepts depending on the region. For a given
muscle Se concentration the predicted liver and ovary concentration would be significantly
higher at the Pacheco and Confluence and significantly lower at the Delta compared to a global
model. The lower predicted concentrations for Delta fish may not be unexpected as the fish
were spawning or getting ready to spawn which could affect how Se was being partitioned into
liver and ovary. Indeed, lower liver Se might be expected if Se is being transferred from the
liver to eggs in the form of yolk vitellogenin and then the Se enriched eggs are removed from
the ovary during spawning, a process well described in White Sturgeon (Kroll and Doroshov,
1991; Linares-Casenave et al., 2003; Linville, 2006). The higher Se concentrations in liver and

ovary relative to muscle tissue at Pacheco and the Confluence is more difficult to explain, but
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perhaps related to a similar mechanism. As the collections took place in late fall
(November/December), it is possible that Splittail were undergoing egg development resulting
in a rapid translocation of recently accumulated Se to liver and ovary tissue for vitellogenesis
and ovary maturation. This indeed was observed between pre-vitellogenic and vitellogenic
White Sturgeon females who had significantly different Se concentrations, but also relative
differences between Se concentrations in muscle, liver and gonad tissue (Linares-Casenave et
al., 2015). Selenium concentrations in gonad and liver relative to muscle tissue were
considerably higher in vitellogenic relative to pre-vitellogenic White Sturgeon females. These
results suggest that muscle to liver or ovary relationships may vary both in response to Se
exposure concentrations, but also season and spawning status. The exceedances of toxicity
thresholds and criteria in liver and ovary, but not muscle, are further suggestive that inter-
species differences may be important in developing relationships between tissues for regulatory
criteria. The proposed EPA criteria were developed based on White Sturgeon tissues and
translation factors between tissues that may not be appropriate for fish species with different
physiologies and life histories. For example, offloading of mercury from muscle to liver and
eggs/embryos has been shown to increase with mercury concentrations in some fish species
depending on their reproductive strategy (Drevnick et al., 2006; van Hees and Ebert, 2017).
Further studies of relationships among Se concentrations in muscle and liver and ovary across a

range of species are warranted.

4.7 Evaluating risk across sharp exposure gradients and sensitive time periods
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Our study provided a unique opportunity to evaluate Se sources and factors influencing Se
exposures in the endemic minnow Sacramento Splittail, Pogonichthys macrolepidotus, in relation
to proposed protective criteria and thresholds of concern for Se developed to protect fish and
wildlife inhabiting the SFE. Selenium concentrations in 6 ovary and 7 liver of the 41 individual
Splittail collected from the upper estuary in 2010 were found to exceed proposed EPA criteria
for ovary and thresholds of concern for liver. Despite the exceedances in liver and ovary tissue,
no fish muscle Se concentrations exceeded EPA criteria. These elevated Se liver and ovary
concentrations preceded the discovery of juvenile Splittail in the freshwater Delta in 2011
displaying spinal deformities characteristic of Se exposures and a chronology of Se exposure
associated with both maternal foraging in the upper estuary and post-hatch exogenous foraging
in the San Joaquin River region (Johnson et al., submitted). Despite the wide distribution of Se
sources in the SFE and movements of Splittail among regions and migration to the freshwater
Delta for spawning, Se exposures were found to be spatially distinct and well described by
collection sites grouped by region. Differences in tissue Se levels among regions were much
larger than interannual differences due to freshwater inflows resulting in similar exceedances in
liver and ovary tissue in 2010 and 2011 and matched geographical distributions of Se
concentrations in Splittail prey. While the highest levels of Se appear to be constrained to a
relatively narrow geographical region of the SFE, it is a region highly utilized by fish whose
populations are at risk from multiple stressors (Sommer et al., 2007). Bulk isotopes of nitrogen
and carbon confirmed that Splittail did not vary across regions in terms of prey selection or
trophic level, while sulfur isotopes helped resolve individual variation in foraging behavior, not

considered in the discrete assignment of region. Our results suggest that the proposed EPA
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criteria for muscle tissue in Splittail may be under-protective as they would not have predicted
Se exceedances in liver or ovary tissue and that the relationship between muscle tissue and

ovary and liver may be concentration and seasonally dependent.

Selenium muscle concentrations observed for Splittail in the SFE (0.83 to 2.09 pg/g dry weight)
appeared to be in the range observed for fish species in other marine environments including
off the coast of Long Island NY (0.27 to 0.44 ug/g wet weight ~1.37 to 2.2 ug/g dry weight)
(Karimi et al., 2013) or Portugal (0.42 to 0.92 ug/g wet weight ~2.1 to 4.6 pg/g dry weight)
(Cabanero et al., 2005) but lower than those reported for fish from a seagrass food web in
Australia (4 to 9.3 ug/g dry weight). Indeed, Se concentrations in the Australian study exceeded
levels shown to elicit sub-lethal effects in freshwater fish, although no Se concentrations were
provided for other tissues (Barwick and Maher, 2003). A study of fish Se and Hg levels in the
Guanabara Bay estuary on the southern Brazilian coast showed a similar range in median Se
concentrations in muscle tissue for four fish species (0.27 to 2.01 pg/g dry weight) but a smaller
range in median liver Se concentrations (2.61 to 8.1 pg/g dry weight) compared to SFE Splittail
(liver range 4.97 to 17.85 ug/g dry weight). This lack of coherence between Se concentrations in
muscle verses other tissues both across fish species and ecosystems appears to be consistent
with earlier conclusions that extrapolation of tissue-tissue relationships should be site, species,

and life stage specific (Janz et al., 2010).

These results highlight some of the challenges faced by managers tasked with developing

regulatory approaches and protective criteria that are appropriate across aquatic species in
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estuaries with distributed contaminant source loading. Physiology (i.e., uptake and depuration
rates, translocation among tissues) combined with life histories that include movements across
large geophysical and chemical gradients that vary by season, influence a species’ individual
and population exposure risk. Despite the extensive spatial variation, these results also offer
some considerations for identifying factors to include in large scale ecosystem models based on

the regulatory goals and processes (e.g. reproduction) they are meant to address and protect.
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Figure captions

Figure 1. Map of the northern reach of the San Francisco Estuary showing regions
where Sacramento Splittail were collected in the fall of 2010 and 2011 (Petaluma River,
Napa River, Pacheco Creek, Suisun Cutoff, Confluence) and in the North Delta in the
spring of 2017. Black filled circles - sites of fish collections. Dashed black shapes:
Regions. Red arrow — agricultural irrigation sources from the San Joaquin Valley. Red
stars — oil refineries. Red triangles — wastewater treatment plants.

Figure 2. Selenium (Se) concentrations in Sacramento Splittail tissues by region in the
San Francisco Estuary. A. Muscle. B. Liver. C. Ovary. Box plot values: median
(horizontal line), box (1st and 3rd quartile), whiskers (minimum and maximum quarter of
values), circles (outliers - 1.5 times interquartile range). Dashed lines represent
proposed EPA criterion level (muscle — 11.3 (not shown), ovary — 15.1) or threshold
level of concern (liver - 12). Regions (years combined) with different lowercase letters
are different (p < 0.05). Petaluma — dark blue. Napa - orange. Pacheco - yellow.
Suisun - grey. Confluence - light blue. Delta — green.

Figure 3. Biplots of stable isotope values in Sacramento Splittail muscle from the San
Francisco Estuary by region and year. A. 6N versus 6'3C. B. §'°N versus and §34S.
Values are means = 95% CI. Petaluma - dark blue. Napa - orange. Pacheco - yellow.
Suisun — grey. Confluence - light blue. Delta — green. Filled circles — 2010. Open circles
—2011. Filled square — 2017.

Figure 4. Relationships between selenium concentrations (Se) in Sacramento Splittail
tissues for regions of the San Francisco Estuary. A. Liver verses muscle. B. Ovary
verses muscle. C. Ovary verses liver. Petaluma — dark blue. Napa - orange. Pacheco -
yellow. Suisun - grey. Confluence - light blue. Delta — green. Dashed black line
represents equivalent concentrations between tissues (shown only for ovary verses

liver).
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Table 1. Fish length, whole body weight, age, liver and gonad tissue weights and muscle 8C, N and &S isotope signatures

for Sacramento Splittail from regions of the San Francisco Estuary. Values are regional and yearly means + SD, n represents the

number of fish sampled.

Region Year n Forklength  Weight Ageb Gonad Liver =~ Muscle 3°C Muscle 8N Muscle &S
(mm) (g ww) (yr) (gww)  (gww)
Petaluma 2010 2 193 £ 15 99 +17 20+00 21=+01 23+08 -23.10+0.32 19.2+0.49 10.29+1.24
2011 10 238 +22 172+48  3.5+1.0 71+x44 29x10 -2217+1.20 16.28+0.55 9.04 +2.22
Napa 2010 8 289 +28 319+85 53+1.0 225+134 41+13 -23.74+133 1444+059 13.07+1.44
2011 10 297 +38 372+147 55+11 212+165 45+22 -2449+178 14.65+1.17 14.29+2.00
Pacheco 2010 5 275+ 43 307+141 44+15 158+175 43+15 -2459+232 1527+043 13.82+1.87
2011 10 272+ 32 277+99  45x1.1 83+58 29x12 -2261+202 144+0.87 15.94 +1.67
Suisun 2010 8 308 +25 412+87 58+09 278=+14.6 52+10 -23.18+1.48 14.7+0.64 1521+ 1.34
2011 9 297 +36 369+131 54+09 135+11.6 38+14 -25.62+212 1412+125 12.49+258
Confluence 2010 18 297 + 38 379150 5.6+x1.0 232+189 4.6+x19 -2531+192 1399+0.69 13.85+243
2011 10 331 £41 562+204 6.5+x12 419+31.2 6.5+£32 -2510+228 1431+1.18 9.62+4.24
Delta 2017 32 310+ 36 430+133 59+12 305+400 51+32 -2511+171 14.67+0.93 6.61 £4.13

awet weight (ww)— recorded upon collection, except for Delta fish (and tissues) which were recorded after freezing/thawing.

b ages were determined from counting rings on fish otoliths as reported in Feyrer et al. 2015, except for Delta fish which were

estimated based on length by age relationship derived for fish from other regions (Fork length = 28.7 x Age + 136.9; R2=0.91, p

<0.0001).



Table 2. Geometric mean fish tissue selenium (Se) concentrations in Sacramento Splittail tissues for regions of the San

Francisco Estuary for each region and year (+ SE), n represents the number of fish sampled. Geometric mean values that

exceeded regulatory criteria or thresholds of concern are underlined and the number and percentage of individual fish

exceedances are reported for a given tissue, region and year.

Region Year n  MuscleSe  Number of Liver Se Number of Ovary Se Number of
(ug/g dw?)  individual (ng/g dw) individual (Lg/g dw) individual
exceedances exceedances exceedances
Petaluma 2000 2 0.83+0.07 0 5.25+0.68 0 12.26° 0
2011 10  0.97+0.05 0 4.97 +£0.29 0 6.56 + 0.94 0
Napa 2010 8  0.88+0.07 0 5.80 +0.80 1(13%) 4.38 +0.28 0
2011 10 1.07+0.04 0 6.66 +0.75 0 5.62 +0.86 0
Pacheco 2010 5  2.09+0.24 0 17.85 + 4.64 4 (80%) 20.29 +7.22 3 (60%)
2011 10 1.88+0.18 0 16.56 + 2.37 7 (70%) 20.19+3.31 7 (70%)
Suisun 2010 8  1.23+0.07 0 5.69 + 0.54 0 5.71+1.00 0
2011 9 1.30 £ 0.08 0 9.73+1.19 3 (33%) 9.38 +2.47 3 (33%)
Confluence 2010 18 1.19+0.09 0 7.26 £ 0.97 3 (17%) 8.62+1.54 3 (17%)
2011 10  1.00+0.08 0 5.30 + 0.46 0 4.47 +0.84 0



Delta 2017 32  1.56+0.08 0 3.55+0.27 0 3.16 +0.31

@ dw — dry weight

b single value was determined



Table 3. Fixed effects models explaining factors influencing In-transformed selenium (Se)

concentrations in Sacramento Splittail tissues for regions of the San Francisco Estuary.

Significant model effects are noted with an asterisk.

Tissue  Model Effect DF Sumof FRatio p-value AICscore
Squares

InSe Muscle = Region*+  Model 9 5.58 1146  <0.0001*
Year + Region x Year Region 4 4.99 23.1 <0.0001*

Year 1 0.01 0.20 0.65

Region x Year 4 0.43 1.99 0.10
InSe Liver = Region® + Model 9 15.9 10.2 <0.0001*
Year + Region x Year Region 4 12.8 18.4 <0.0001*

Year 1 0.001 0.008 0.93

Region x Year 4 1.43 2.05 0.09
InSe Ovary = Region® + Model 9 222 6.95 <0.0001*
Year + Region x Year Region 4 17.2 12.1 <0.0001*

Year 1 0.14 0.40 0.53

Region x Year 4 4.26 3.01 0.02%
InSe Muscle = Region® Model 5 6.82 21.4 <0.0001* 19
InSe Liver = Region® Model 5 26.8 30.0 <0.0001* 143
InSe Ovary = Region® Model 5 37.2 20.5 <0.0001* 228
InSe Muscle = Region®+  Model 11 8.11 13.3 <0.0001* 9.9
&S Region 10 7.94 14.4 <0.0001*

&S 1 0.87 15.7 0.0001*
InSe Liver = Region® + Model 11 29.8 16.7 <0.0001* 140
&S Region 10 13.8 8.53 <0.0001*

S 1 1.49 9.22 0.003*



InSe Ovary = Region® + Model 11 44.1 12.6 <0.0001* 220
S Region 10 21.2 6.65 <0.0001*
S 1 2.53 7.96 0.0057*

aModel does not include Delta fish

"Model includes Delta fish, upper estuary 2010 and 2011 data combined



Table 4. Relationships between selenium (Se) concentrations in Sacramento Splittail tissues for regions

of the San Francisco Estuary and Delta. Slopes are reported with +95% confidence intervals. Significant

relationships are noted with an asterisk.

Region Regression Model n Intercept Slope R?  p-value
a b
Petaluma InSe Muscle = g + bInSe Liver 12 1.63 0.27+0.80  -0.04 0.5
Napa 18 1.79 1.24+0.80  0.38  0.005*
Pacheco 15 2.02 1.27+0.64  0.55  0.0009*
Suisun 17 1.69 1.16+1.16 0.18 0.05*
Confluence 27 1.74 1.34+0.44 0.59 <0.0001*
Delta 31 0.93 0.75+0.45 0.26  0.002*
Petaluma InSe Muscle = a + blnSe Ovary 11 1.92 -0.27+22  -0.1 0.79
Napa 18 1.63 0.97+0.92  0.19 0.04*
Pacheco 15 1.84 1.75¢0.72  0.65  0.0002*
Suisun 17 1.46 2.34+1.89 0.27 0.02*
Confluence 26 1.69 1.98+0.70  0.57 <0.0001*
Delta 32 0.70 1.02+0.59 0.27 0.001*
Petaluma InSe Liver =a + bInSe Ovary 11 0.72 0.76x19  -0.02 0.40
Napa 18 0.75 0.49+0.47  0.18 0.04*
Pacheco 15 -0.17 1.11+0.38 0.74 <0.0001*
Suisun 17 -0.86 1.46+0.50 0.70 <0.0001*
Confluence 27 -0.37 1.21+0.36  0.64 <0.0001*
Delta 31 0.03 0.87+0.37  0.43  <0.0001*
Delta? InSe Wholebody = a + bInSe Muscle 32 0.10 0.55+0.16  0.62  <0.0001*
InSe Wholebody = a + bInSe Liver 31 0.79 0.76+0.24  0.58 <0.0001*
InSe Wholebody = a + bInSe Ovary 32 0.51 1.0+0.31 0.59 <0.0001*

aWhole body Se measurements were only done on Delta fish.



Table 5. ANCOVA model relationships between selenium (Se) concentrations in Sacramento

Splittail tissues for regions of the San Francisco Estuary. Terms are model coefficients and t-tests

test if estimates are different from zero. Significant estimates are noted with an asterisk.

Tissue Model® Term Estimate SD Error t Ratio Prob>tl
Liver by Muscle Intercepta 1.64 0.05 33.03 <0.0001*
InSe Muscle b 1.09 0.13 8.59 <0.0001*
Region[Napa] 0.15 0.08 1.83 0.07
Region[Pacheco] 0.50 0.09 5.58 <0.0001*
Region[Suisun] 0.07 0.07 1.03 0.3
Region[Confluence] 0.13 0.06 2.05 0.04*
Region[Delta] -0.85 0.06 -13.96 <0.0001*
Ovary by Muscle Intercept a 1.50 0.07 21.32 <0.0001*
InSe Muscle b 1.51 0.18 8.41 <0.0001*
Region[Napa] 0.14 0.11 1.24 0.2
Region[Pacheco] 0.49 0.13 3.92 0.0002*
Region[Suisun] 0.15 0.10 1.46 0.1
Region[Confluence] 0.24 0.09 2.63 0.01*
Region[Delta] -1.02 0.09 -12 <0.0001*
Ovary by Liver  Intercepta -0.11 0.18 -0.58 0.6
InSe Liver b 1.05 0.09 11.49 <0.0001*
Napa -0.12 0.09 -1.43 0.2
Pacheco 0.12 0.12 0.95 0.3
Suisun 0.05 0.09 0.63 0.5
Confluence 0.04 0.07 0.56 0.6
Delta -0.09 0.09 -0.96 0.3
Ovary by Liver  Intercepta -0.26 0.11 -2.28 0.02*
(global model) InSe Liver b 1.13 0.06 18.94 <0.0001*



“Tissue models are linear regressions where InSe Tissue 1 = a + regional estimate adjustment +

bInSe Tissue 2. E.g., Suisun InSe Liver = 1.71 + 1.09 x InSe Muscle.



Se conc. (ug/g dw)

25

20

15

10

Threshold
of concern
EPA
criterion

Liver

EPA
criterion

Ovary

122°30'0"W 122°15'0"W 122°0'0"W 121°45'0"W
| 1 | |

38°3?‘O"N

38°1 ;5'0”N

38°0|'0"N

North
Delta
[ J
)
Napa River f
@etaluma River s
Sacramento River \
. Suisun
Suisun utoff
N &
San Pablo Bay /
3 JBrk ge
A* A .
; N7 pacheco San Joaquin
Eepainea Confluence River
Straight Creek
N
AKX
Q57,10 20
A _:—AKm Esri, DeLorme, GEBCO, NOAA NGDC, and other

contributors

|
38°30'0"N

I
38°15'0"N

I
38°0'0"N

I T T T
122°30'0"W 122°15'0"W 122°0'0"W 121°45'0"W



Se conc. (ug/g dw)

25

20

15

10

|

Threshold
of concern
EPA
criterion

Muscle

Liver

[

EPA
criterion

Ovary

122°30'0"W 122°15'0"W 122°0'0"W 121°45'0"W
| | | |
z z
o o
O — o
o o
@ @
3] ™
North
Delta
Napa River
z z
<] <]
0 etaluma River — 0
3 3
Sacramento River \
< Suisun
Suisun Cutoff
S :
A San Pablo Bay A /
JAnk g®
z Ak N pach A San Joaquin | £
o e . Confluence i 5
g Straight Creek Rivey g
3] N A >* 3]
OF57,,10 20
A _:—AKm Esri, DeLorme, GEBCO, NOAA NGDC, and other
contributors
I I I I
122°30'0"W 122°15'0"W 122°0'0"W 121°45'0"W





