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Abstract

Selenium (Se) toxicity to fish is primarily manifested via maternal transfer to the eggs. Several regulatory jurisdictions have adopted Se
criteria or guidelines expressed as the Se concentration in fish eggs (typically expressed as egg/ovary Se concentrations, thereby suggest-
ing these are equivalent). Because it is not always feasible to sample fish eggs or ripe ovaries at a site, it can be necessary to sample mus-
cle or whole-body (WB) tissue. This study evaluated whether there were consistent relationships in tissue Se concentration within and
across fish species. Additionally, based on findings in a companion study, we evaluated whether ovary Se concentrations are inversely
related to oocyte development in a wide range of fish species. Consistent with the companion study, the spawning status of the wide
range of fish species had a significant influence on Se concentrations, with Se concentrations in eggs and ripe ovaries typically lower and
less variable than those in unripe ovaries. Considering Se data for eggs|ripe ovaries, there was a consistent relationship with muscle or
WB Se over a wide range of fish species. Additionally, for a majority of fish species, the relationships between egg|ripe ovary Se concentra-
tions versus muscle and WB Se concentrations had slopes significantly different than 1, indicating that single-tissue Se ratios are not
applicable over a broad range of muscle or WB Se concentrations. Considering these findings, we recommend future studies clearly report
whether eggs or ovaries were sampled and provide other diagnostic measures of reproductive status such as the gonado-somatic index.
We also conclude direct comparison of Se concentrations from unripe ovaries to egg Se thresholds is not appropriate.
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USEPA, 2016). However, sampling of fish eggs or ripe ovaries can
be logistically challenging, because it can be difficult to locate
and catch females in spawning condition or it may not be possi-
ble to obtain sufficient sample mass for reliable Se analyses.
Further, unless eggs can be readily expressed, sampling of eggs
or ripe ovaries is not always an option when there is a desire for
nonlethal sampling or to coordinate sample collection with fish
consumption monitoring when assessing human health risks.
For these reasons, regulatory jurisdictions in the United States
and Canada also developed Se criteria and guidelines based on
muscle and/or WB Se tissue.

There is greater uncertainty when the muscle or WB Se crite-
ria are implemented over the egglovary Se criterion, because
these tissues provide an indirect measure of exposure relative to

Introduction

Several regulatory jurisdictions in North America have adopted
fish tissue-based selenium (Se) criteria or guidelines. The United
States Environmental Protection Agency (USEPA), for example,
recommends Se criteria of 15.1mg/kg dry weight for fish
eggs|ovaries, 11.3mg/kg dry weight for fish muscle, and 8.5mg/
kg dry weight for whole-body (WB) fish tissue (USEPA, 2016,
2021). Several U.S. states have adopted these or comparable cri-
teria into their water quality standards. Similarly, the Canadian
federal environmental quality guidelines for Se are 14.7 mg/kg
dry weight for fish eggs|ovaries, and 6.7 mg/kg dry weight for WB
fish tissue (Environment and Climate Change Canada
[ECCC], 2022).

Selenium toxicity to fish primarily results from maternal

transfer of Se to the eggs, which can result in larval mortality, de-
formities, or edema in developing larvae as the yolk sac is
absorbed (Janz et al., 2010). As such, Se concentrations in eggs, or
by association ripe ovaries, are considered the most reliable indi-
cator of potential Se toxicity to fish (ECCC, 2022; Janz et al., 2010;

the most sensitive endpoints based on maternal transfer to eggs.
This is why the USEPA’s Se criterion for eggs|ovaries supersedes
its recommended muscle and WB Se criteria. Although expressed
as an “egglovary” Se criterion, it is inferred that the ovary be ripe
because the criterion was derived from maternal transfer toxicity
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studies in which Se concentrations were measured in eggs or ripe
ovaries. In Appendix K of USEPA’s ambient water quality criteria
document, it is stated that “ripe or gravid” females need to be col-
lected from a site for comparison to the egg/ovary Se criterion
(USEPA, 2016; 2021). Further, the USEPA’s technical support doc-
ument for fish tissue monitoring states that ovaries should be
ripe, and that unripe or developing ovaries should not be used for
implementing the egg/ovary Se criterion (USEPA, 2024a).

Understanding Se concentration relationships among tissues
is important for implementing the USEPA's muscle and WB crite-
ria versus the egg/ovary criterion and managing the associated
uncertainty. If we assume that the egg/ovary, muscle, and WB Se
criteria are applicable to all fish species, it will not matter which
tissue is analyzed for determining compliance with the Se crite-
ria. For this hypothetical assumption, the egg-to-muscle Se con-
centration ratio would be 1.3 (egglovary Se criterion divided by
the muscle Se criterion), and the egg-to-WB Se concentration ra-
tio would be 1.8 (egg|ovary Se criterion divided by the WB Se cri-
terion). However, these ratios do not apply to all fish species. If a
fish species has an average egg-to-muscle Se concentration ratio
>1.3, that species could be in compliance with the muscle Se cri-
terion but not the egg/ovary Se criterion. Conversely, if a fish spe-
cies has an average egg-to-muscle Se concentration ratio <1.3,
that fish species could be out of compliance with the muscle Se
criterion but in compliance with the more relevant egg/ovary
Se criterion.

Understanding Se concentration relationships among tissues
is also important for developing site-specific Se bioaccumulation
models to support site-specific Se water quality criteria or site-
specific assessments. These site-specific Se bioaccumulation
models are often based on WB Se concentration data, either be-
cause WB Se data are more readily available for the water body
of interest or because the model was developed from literature-
based trophic transfer factors that are based on WB Se concen-
trations (Mendes et al., 2025; Presser & Naftz, 2020; USEPA,
2024a, 2024b). Because these models are typically based on WB
Se concentrations, or relationships between WB Se and muscle
Se, that are then applied to an egg/ovary criterion, one or more
tissue conversion factors are usually required.

The objective of this study is to develop between-tissue Se con-
centration relationships that can support regulatory and site-
specific Se assessment needs. In part, this study represents an up-
date to tissue Se relationships previously compiled by the USEPA,
which were used to support development of updated Se criteria
(USEPA, 2016). In addition to considering additional datasets that
may not have been available to the USEPA at that time, this study is
a companion to Brix et al. (2025), which demonstrates that oocyte
development stage has an important influence on the magnitude of
ovary Se concentrations, using four fish species as an example:
northern pikeminnow (Ptychocheilus oregonensis), mountain whitefish
(Prosopium williamsoni), peamouth chub (Mylocheilus caurinus), and
redside shiner (Richardsonius balteatus). Based on the results of that
study, the present study provides a meta-analysis to evaluate
whether similar observations on Se concentrations relative to co-
cyte development apply to other fish species, and then to determine
the implications of the relationship between oocyte development
and Se concentration in developing Se relationships in eggs and
ovaries versus muscle and WB tissue. This study also evaluates
relationships between Se concentrations in muscle and WB tissue.

The first step of the study was to compile a database of Se
concentrations for eggs, ovaries, muscle, and WB tissue for a
suite of fish species representing several families and orders.
This database was then used to test the following hypotheses: (1)

Ovary Se concentrations are inversely related to oocyte develop-
ment as characterized by gonado-somatic index (GSI) or qualita-
tive descriptions of spawning status; (2) Variability in Se
concentration relationships between ovaries and muscle or WB
tissue among fish species is reduced when only data for eggs or
ovaries of spawning females are considered; and (3) Tissue Se
concentration relationships observed across fish species are
influenced by phylogenetic relationships.

Methods
Terminology

In compiling data for this study, it became apparent that the
terms “eggs” and “ovaries” were sometimes used interchangeably
by study authors or in monitoring reports and databases. In the
present study, we use the term “eggs” when eggs were clearly
sampled and “ovaries” for all other samples of female reproduc-
tive tissue. If a study noted that the fish sampled was of spawn-
ing status or that the ovary was otherwise ripe, we refer to the
sample as “ripe ovaries.” If the ovary sample was noted as unripe
or if no information on oocyte development was provided, then
we refer to the sample simply as “ovaries.”

Fish tissue Se database

Fish tissue Se data were obtained by directly contacting potential
data holders (e.g., mine operators with Se monitoring programs),
querying publicly available online databases, and through searches
of peer-reviewed and grey literature. A standard data template was
developed that included fields for fish species, tissue sampled, and
the water body from which the fish was collected, as well as any
available measurements from the sample such as the length and
mass of the sampled fish, and the GSI, which can be used to infer
oocyte ripeness (Brix et al, 2025; McGarvey et al, 2021). Lastly,
when available, qualitative descriptions of spawning condition of
the fish were tabulated. If Se tissue concentrations were reported
on a wet weight basis (less than 0.01% of the samples), they were
converted to dry weight concentrations based on an assumed mois-
ture content of 61% for rainbow trout and brook trout eggs, and
80% and 76% for centrarchid muscle and ovaries, respectively
(USEPA, 2016). Data were excluded from the study if there were
fewer than two tissue types reported per sample out of egg, ovary,
muscle, and WB, or if there were fewer than five samples for a sin-
gle species. No effort was made to independently review the analyt-
ical data quality from these studies; all data were assumed to be of
adequate quality.

Hypothesis 1: Ovary Se concentrations are
inversely related to oocyte development

In the companion to this study, Brix et al. (2025) observed that in
northern pikeminnow and mountain whitefish, two species with
synchronous oocyte development, an inverse relationship between
ovary Se concentrations and GSI was observed (R*> = 0.72-0.82).
They also observed in redside shiner, a species with asynchronous
oocyte development, a relationship between Se concentrations in
expressible eggs and the remaining ovary, with egg concentrations
on average 59% of those observed in the ovary. In a fourth species,
peamouth chub, where it is unclear whether oocyte development is
synchronous or asynchronous, a weak relationship (R? = 0.08) be-
tween ovary Se and GSI was observed. To evaluate whether egg|o-
vary Se concentrations decrease with increasing egglovary ripeness
for other fish species, similar analyses based either on GSI data or
qualitative measures of egglovary ripeness were conducted.
Because quantitative GSI data or qualitative information on
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egglovary ripeness were not always reported, this evaluation was
completed on a subset of species.

For species with GSI data, trends and relationships between
tissue Se concentration ratios (e.g., egglovary-to-muscle) and GSI
were tested using correlation and ordinary least squares (OLS) re-
gression. Because fish samples were potentially collected from a
range of Se exposure conditions, the egglovary Se concentrations
were normalized to corresponding muscle Se concentrations
based on the assumption that muscle Se concentrations more di-
rectly reflect Se exposure and are less influenced by the spawn-
ing status of the fish. Although muscle Se concentrations may
theoretically be reduced as Se is mobilized during vitellogenesis,
changes in muscle Se concentrations are less responsive to
changes in spawning status than ovary Se concentrations (see
additional discussion in online supplementary material S1).
Correlation and OLS regression were performed for all species
that had paired tissue-concentration ratios and GSI measure-
ments for at least 10 samples, and a minimum GSI range of at
least fivefold (11 species). These minimum sample size and GSI
ranges were selected so that any conclusions regarding the pres-
ence or absence of statistically significant relationships were
based on adequate data. These minimum sample size and GSI
ranges were applied to support this meta-analysis of a suite of
fish species; alternative minimum ranges may be appropriate for
specific species in support of focused assessments.

For fish species with qualitative data on egg|ovary ripeness, we
evaluated tissue Se concentrations for ripe females compared with
other pre-spawning categories, which were grouped into a single
“unripe” category. Eight species had datasets with Se concentra-
tions for ripe/gravid females and at least one other spawning sta-
tus. For each of these eight species, egg|ovary Se concentrations in
ripe versus unripe females were compared using two methods:
nonparametric analysis of covariance (ANCOVA) and nonparamet-
ric multiple contrasts. The nonparametric ANCOVA compared
egglovary Se in the two groups using muscle Se concentrations as a
covariate that represented Se exposure. This method was con-
ducted in the R software environment (R Core Team, 2024) using
the “fANCOVA” package (Wang, 2020) with significance evaluated
using the ANOVA-type statistic (a = 0.05; Dette & Neumeyer, 2001).
This method is the more robust of the two methods; however, the
number of species analyzed using nonparametric ANCOVA was re-
duced from eight to four as the method required that species-
specific datasets have similar range and overlap of muscle Se con-
centrations in both the ripe and unripe categories. Nonparametric
multiple contrasts were performed as a secondary analysis to cor-
roborate the ANCOVA and test the remaining four species.
Therefore, for all eight species, egg|ovary-to-muscle Se concentra-
tion ratios were compared in the ripe versus unripe spawning sta-
tuses within each species using nonparametric multiple contrast
tests with simultaneous confidence intervals and the log odds as-
ymptotic approximation method (Noguchi et al., 2020; familywise
error rate=0.05).

Hypothesis 2: Variability in Se concentration
relationships between ovaries and muscle or WB
tissue is reduced when only data for eggs or
ovaries of spawning females are considered

Linear regression was used to compare relationships between
egglovary Se and muscle or WB Se. All available species-specific
datasets were first reduced to only samples qualitatively de-
scribed as “ripe females.” Individual species were first evaluated
using both OLS and total least squares (TLS) regression to assess
the presence of a linear relationship between egg|ripe ovary Se
and muscle or WB Se. Due to concerns that a narrow

concentration range in the predictive tissue (i.e., muscle or WB)
for a species could interfere with the ability to determine the
presence or nature of the relationship with egg|ripe ovary Se, spe-
cies with a concentration range <10 mg/kg dry weight in the pre-
dictive tissue were omitted if the predictive R? was <0.35. Species
with a significant slope and a linear relationship (qualitatively
assessed using residual diagnostic plots) were included in the fol-
lowing multiple linear regression (MLR) models:

log (Egg|Ripe Ovary Se) = log (Muscle Se)+ Species + log (Muscle Se) * Species

(1)
2

log (Egg|Ripe Ovary Se) = log (WB Se) + Species + log (WB Se) x Species

Hypothesis 3: Tissue Se concentration
relationships observed across fish species are
influenced by phylogenetic relationships

This hypothesis was evaluated using tissue concentration regres-
sions tested in Hypothesis 2, and also using unadjusted tissue con-
centration ratios from samples in each of the three tissue pairings
(ie., egg|ripe ovary-to-muscle, egg|ripe ovary-to-WB, and WB-to-
muscle). Linear models and tissue ratios were then qualitatively
assessed to determine whether similar patterns were observed for
fish species within taxonomic levels (genus, family, order).

Based on the conclusion from Hypothesis 1, only relationships
between muscle and WB versus eggs or ripe ovaries were in-
cluded in this evaluation. To evaluate relationships between WB
and muscle Se, however, the dataset was not limited to data for
ripe females. It has previously been hypothesized that muscle Se
concentrations in females may be higher prior to vitellogenesis
and lower during vitellogenesis and post-spawning as Se is mobi-
lized to the ovaries, but evaluation of the current dataset does
not support this hypothesis (see online supplementary material
S1). For WB tissue in females, Se concentrations may be lower
post-spawning as Se is depurated from the fish along with the
eggs (although the corresponding loss in egg mass may partially
mitigate the change in Se on a concentration basis). In the pre-
sent study, due to paired muscle and WB Se data for ripe females
only being identified for three fish species, and because the need
to translate between muscle and WB Se concentrations may not
be limited to ripe females, we used all paired muscle and WB Se
data regardless of spawning status. In addition, this allowed use
of muscle and WB Se concentration data for male fish.

Results
Fish tissue Se database

Paired egglovary and muscle Se concentrations were compiled for
40 species (n=2,533), paired egglovary and WB Se concentrations
were compiled for 30 species (n =428), and paired muscle and WB
Se concentrations were compiled for 24 species (n=497; Table 1).
For the paired egglovary and muscle data, GSI data were available
for 19 species (n=1,143) and data for ripe females were available
for 21 species (n=499; Table 1). For paired egg|ovary and WB data,
GSI data were available for 16 species (n=112) and data for ripe
females were available for 7 species (n=172; Table 1). All raw data
are provided in online supplementary material S2.

Hypothesis 1: Ovary Se Concentrations are
Inversely Related to Oocyte Development
Relationships between egg|ovary Se and GSI

A total of 19 fish species with paired egglovary and muscle Se
concentrations had GSI data for at least a subset of the dataset.
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Table 1. Numbers of samples and fish species represented for each tissue pairing.

GSI data Qualitative “ripe” data
Tissue pair Total no. of samples Total no. of species No. of species No. of samples No. of species No. of samples
Eggs|ovaries 2,533 40 19 1143 21 499
and muscle
Eggs|ovaries 428 30 16 112 7 172
and WB
Muscle and WB 497 24 - - -

Note. GSI, gonadosomatic index; WB, whole body.

Based on our established minimum data requirements, relation-
ships between egg|ovary-to-muscle Se ratios and GSI could be
evaluated for 10 species, of which six had significant negative
correlations and negative regression slopes with GSI once data
were log-transformed (Figure 1). For WB tissue, a total of 17 fish
species had paired egglovary Se concentrations and GSI data for
at least a subset of the dataset, but minimum data requirements
were met for only four species. All had negative correlations with
GSI once data were log-transformed, but none were significant,
and neither were the regression slopes (Table 2).

Qualitative evaluation of the residuals plots from the tested
regressions suggested potential relationships between model
residuals and GSI, so a follow-up analysis tested the relationship
between the absolute value of each model’s residuals against GSI
as the predictor. Model residuals exhibited significant negative
correlations with GSI for two species in the egglovary-to-muscle
Se models (northern pikeminnow [p<0.001] and Sacramento
splittail [p<0.001]), while a negative trend was observed for
mountain whitefish (p=0.076). Only Sacramento splittail exhib-
ited a significant negative correlation in the egglovary-to-WB Se
model residuals (p =0.01; Table 2). The presence of model resid-
uals that are not independent from the predictor variable viola-
tes a regression assumption necessary for testing the significance
of model coefficients (i.e., slope and intercept) and fitting predic-
tion intervals. Although this occurrence did limit the interpret-
ability of the regressions that were modeled for the GSI analysis,
it showed that for several species, as GSI increases, the variability
of Se tissue concentration ratios decreases. Thus, as the spawn-
ing status approaches ripe, the relationship between egglovary Se
and muscle or WB Se becomes more predictable.

Overall, the evaluation confirms that spawning status, as in-
ferred by GSI, has an important influence on both the magnitude
and variability in egg|ovary-to-muscle and egglovary-to-WB rela-
tionships for most of the species evaluated.

Egglovary Se concentrations as a function of
spawning status
In the analysis based on qualitative descriptions of spawning sta-
tus, 5 of the 8 tested species showed significant differences be-
tween egglovary-to-muscle Se ratios in ripe versus unripe
samples (Table 3). For the four species that could be tested using
both the ANCOVA and the multiple contrasts, there was agree-
ment on the conclusion of the tests between the two methods for
three species (rainbow trout, brook trout, and mountain white-
fish) and disagreement for westslope cutthroat trout (nonpara-
metric ANCOVA p =0.01; nonparametric multiple contrast p=1).
The ANCOVA is a more robust analysis to test this hypothesis
and is capable of detecting more nuanced differences between cate-
gorical groups than multiple contrasts. A graphical representation
of the ANCOVA performed on rainbow trout, a species with agree-
ment between ANCOVA and multiple contrasts, and westslope cut-
throat trout, a species with disagreement between the two

methods, is provided in Figure 2. For westslope cutthroat trout,
nonparametric regressions of the ripe and unripe groups diverge
from one another while still exhibiting large overlap (Figure 2B).
The divergence was not detected when contrasting ripe versus un-
ripe tissue ratios (Figure 3). However, the corroboration of results
for the other three species supports accepting the multiple contrast
results for the four remaining species that could not be tested using
ANCOVA. As with fish species that had decreased variability in
residuals with increasing GSI, there was less variability in
egglovary-to-muscle Se ratios in samples from ripe females than
unripe females (Fligner-Killeen test, a < 0.05; Figure 3).

Results of this meta-analysis are consistent with the findings
from the focused study reported in the companion study (Brix
et al.,, 2025), which is that spawning status has an important in-
fluence on the magnitude and variability in ovary Se concentra-
tions. As such, evaluating relationships between ovary Se
concentrations and muscle or WB Se concentrations must be
based on Se concentration in ripe ovaries to be meaningful for
comparison to egg-based criteria or guidelines.

Hypothesis 2: Variability in Se Concentration
Relationships Between Ovaries and Muscle or WB
Tissue Is Reduced When Only Data for Eggs or
Ovaries of Spawning Females are Considered

Of the 19 species with paired egg|ripe ovary and muscle Se data,
datasets for 12 species passed the regression acceptability
requirements (i.e., minimum five samples per tissue pair; pres-
ence of a linear relationship based on OLS; and predictive R? >
0.35 when the muscle Se range was <10mg/kg dry wt) and were
included in the final pooled MLR model (Table 4; Figure 4a). Of
the seven species excluded from the model, five were omitted for
not exhibiting a relationship (i.e., slope) significantly different
from O (largemouth bass, white sucker, walleye, bull trout, and
mountain whitefish; see online supplementary material S3A). It
is unclear whether the species omitted for lack of a significant
slope had no detectable relationship due to limitations of the
available dataset or because of a true absence of relationship be-
tween tissue concentrations.

Of the 12 species included in the pooled MLR, bluegill had a
broad range of muscle Se concentrations and a median slope rel-
ative to the other species and was therefore selected as the base-
line model species against which the other species were
compared in the MLR. The bluegill regression model is:

log (Egg|Ripe Ovary Se) = 0.86 x log (Muscle Se)+0.29  (3)

Of the remaining 11 species included in the MLR analysis,
many did not have significantly different slopes and intercepts
relative to bluegill (Table 4). The predictive R? for the pooled MLR
model with all species retained is 0.95 (Figure 4A), and the predic-
tive R? for the OLS models for individual species ranged from 0.61
t0 0.94 (median predictive R? = 0.84; Table 4).
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Figure 1. Relationships between egglovary-to-muscle selenium (Se) ratios and the gonadosomatic index (GSI) for 10 fish species. Correlation statistics

were calculated using log10-transformed values and are represented as either Kendall's T or Pearson's r and are marked with an asterisk (*) when
significant («=0.05). Orange circles used egg Se concentrations from samples from de Bruyn et al. (2023), which also provided paired concentrations of

ovary Se.
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Table 3. p-values resulting from comparing egglovary-to-muscle selenium (Se) concentrations in ripe versus unripe samples within

each listed species.

Species Scientific name Nonparametric ANCOVA Nonparametric multiple
comparisons

Rainbow Trout Oncorhynchus mykiss p=0.005 p =5E-05

Brook Trout Salvelinus fontinalis p=0.005 p=0.003

Westslope Cutthroat Trout® Oncorhynchus clarkii lewisi p=0.02 p=1

Mountain Whitefish Prosopium williamsoni p=03 p=1

Bull Trout Salvelinus confluentus na p=0.2

Northern Pike Esox lucius na p = 2E-05

Walleye Stizostedion vitreum na p=0.001

White Sturgeon Acipenser transmontanus na p=1

Note. The nonparametric multiple contrasts compared muscle Se-normalized versus egglovary Se concentrations. Bolded p-values are significantly different
(a=0.05). “na” indicates the test could not be performed for that species (data unsuitable).

a

differences between ripe and unripe samples of this species (Figure 2B).

Rainbow Trout

>

O  Ripe female
O  Unripe female (all other spawning statuses)

10 32 100

Log10-transformed egg|ovary Se (mg/kg dry wt.)
3.2

Nonparametric ANCOVA:
p =0.005

1 3.2 10 32 100

Log10-transformed muscle Se (mg/kg dry wt.)

The nonparametric nonparametric analysis of covariance (ANCOVA) is a stronger test for this question and is more capable of detecting the subtler

B Westslope Cutthroat Trout

8 | B Ripe female

® | © Unripe female (all other spawning statuses)
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2] Nonparametric ANCOVA:

p =0.02
T T T T T
3.2 10 32 100 320

Log10-transformed muscle Se (mg/kg dry wt.)

Figure 2. Egglovary selenium (Se) versus muscle Se concentrations fitted with weighted smoothing function for samples from ripe and unripe females

for (A) rainbow trout and (B) westslope cutthroat trout.

For the pooled MLR model for egg|ripe ovary versus WB Se, all
species met the criteria for inclusion in the MLR (Table 4;
Figure 4B). As with the muscle Se model, the MLR predicting
egg|ripe ovary Se from WB Se was evaluated relative to bluegill.
The bluegill regression is:

log (Egg|Ripe Ovary Se) = 0.91 x log(WB Se)+0.35 (4)

Only brown trout exhibited a significantly different slope from
the bluegill model, and brown trout, desert pupfish, and Dolly
Varden each had significantly different y-intercepts (Table 4). The
predictive R? was 0.88 (Figure 4B), and the predictive R” for individ-
ual species OLS regressions ranged from 0.70 to 1.0 (Table 4), indi-
cating, as for muscle Se, predictable Se tissue concentration
relationships when females are in ripe spawning status.

A primary outcome of the MLR modeling analysis is demon-
stration that much of the variability in egglovary-to-muscle Se
and egglovary-to-WB Se relationships among species is reduced
when data for eggs and ripe ovaries are considered. There are, as
noted, some species for which intercepts or slopes are signifi-
cantly different, and some species that did not meet minimum
requirements for being included in the MLR analyses, so there is

not a “universal model” that can be used to predict egg|ripe ovary
Se concentrations from muscle or WB Se concentrations. The pri-
mary models, however, provide a useful starting point for evalu-
ating fish species lacking tissue Se relationship data. For species
included in the pooled MLR models for predicting egg|ripe ovary
Se concentrations from muscle or WB, we recommend using all
species-specific model adjustments, whether or not they were
significantly different from the pooled model (Table 4). It is not
recommended to extrapolate relationships beyond the range of
data on which the model is based.

As noted in the Methods, TLS regression was also tested and
compared to OLS regression (results are reported in online sup-
plementary material S3). Once the dataset was reduced to only
samples with eggs|ripe ovaries, the differences between OLS and
TLS models were minimal.

Hypothesis 3: Tissue Se Concentration
Relationships Observed Across Fish Species are
Influenced by Phylogenetic Relationships

Of the 12 species represented in the egg|ripe ovary-to-muscle
MLR, five are from the order Salmoniformes, two each are from
Hiodontiformes and Perciformes, and one each is from
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Figure 3. Comparison of egg|ovary-to-muscle selenium (Se) ratios for samples from ripe and unripe females within each species. Boxes denote
interquartile range (IQR; 25th-75th percentiles) with horizontal line denoting the median. Lower whisker denotes smallest value greater than 25th
percentile — 1.5 x IQR, and upper whisker denotes largest value less than 75th quantile + 1.5 x IQR. Species plotted with green circles exhibited a
significant difference between the ripe and unripe samples using nonparametric multiple contrasts.

Acipenseriformes, Cypriniformes, and Esociformes. The slopes of
the linear models do not indicate that any groupings or patterns
are due to taxonomic relatedness; they are distributed through-
out the range of slopes (Table 4). This also applies to mountain
whitefish, which is a salmonid that was removed from the MLR
model because its tissue concentration relationships did not ex-
hibit a slope different from O (see online supplementary material
S3A). The family Hiodontidae had two modeled species that also
shared the same genus, but, as with taxonomic order, the models
for these species did not exhibit similarities.

Because all species in the Salmoniformes order are also in the
Salmonidae family, the genera were evaluated for the salmonids
instead. In this instance, it was noted that, when multiple species
were present within genera (Oncorhynchus and Salvelinus), they
grouped together in the overall ranking of slopes. This suggests a
possible phylogenetic effect in the tissue concentration relation-
ships. The two Salvelinus species in particular (brook trout and
Dolly Varden) have effectively the same slope albeit different
intercepts, while the slopes of the two Oncorhynchus species
(westslope cutthroat trout and rainbow trout) are less similar,
differing by 0.1 on a log scale. Overall, though, within-genus com-
parisons were limited, and data for additional taxa are needed
before a phylogenetic pattern is concluded.

The species that passed minimum data requirements for the
egg|ripe ovary-to-WB MLR were fewer in number and dominated
by the order Salmoniformes, making patterns or groupings diffi-
cult to evaluate (Table 4). Unlike the muscle dataset, there were
no duplicate families or genera represented across the seven
available species. Rather, the overall similarity of slopes exhib-
ited across the available species indicates a possible consistency
of Se partitioning.

For relationships between WB and muscle Se, an interesting pat-
tern in taxonomic similarities emerges. The same regression
requirements were applied to samples with paired WB and muscle
Se concentrations; however, because there is little effect of spawn-
ing status on Se concentrations in either tissue, all available sam-
ples were included regardless of spawning status (see Methods). In

addition, the datasets with paired muscle and WB Se concentra-
tions were not necessarily linked only to females, so the issue of
spawning status does not apply to the entire dataset. Indeed, all
species that had the minimum sample size and range of muscle tis-
sue concentrations required to test in regressions showed linear
relationships with log-transformed tissue concentrations with a
similar distribution of predictive R? as the egg|ripe ovary-to-muscle-
and egg|ripe ovary-to-WB regressions (Table 4; Figure 4C).

The regression models for 10 of the 17 fish species did not have
y-intercepts that were significantly different from 0 and all were
from either the orders Cypriniformes or Perciformes. By contrast, 5
of the 7 remaining species with intercepts significantly greater than
0 were salmonids (0.128-0.917), exhibiting a distinct pattern in
model coefficients not shown in either of the two egg|ripe ovary
models. This indicates salmonids are generally characterized by
greater WB Se concentrations compared to muscle, particularly at
lower muscle Se concentrations. This is the opposite of that ob-
served for the orders Cypriniformes and Perciformes, which had
intercepts of 0 and slopes between 0.75 and 1, indicating their WB
tissue Se concentration is consistently lower than muscle
(Sacramento splittail was the only observed exception, showing
again that these patterns are not universal). The slopes for the sal-
monids are diverse with two in the range of 0.75-1 exhibited by the
other orders, two significantly lower (0.5-0.65), and one significantly
higher (i.e., 1.19). The intercepts of the WB-to-muscle Se relation-
ships for salmonids are consistently greater than for the two non-
salmonid orders, but there is still high variability in the magnitudes
of both intercepts and slopes among salmonid species.

Some of the same patterns seen in the regression models for
each of the three tissue pairing types can also be seen when com-
paring tissue concentration ratios (Table 5; Figure 5). The two sal-
monids in the genus Salvelinus that had similar egg|ripe ovary-to-
muscle slopes also share similar medians, but otherwise orders, fami-
lies, and genera are distributed without apparent pattern throughout
the ratio medians of the available species for both egg|ripe ovary-to-
muscle or egg|ripe ovary-to-WB Se ratios. For the WB-to-muscle Se ra-
tios, the taxonomic pattemns can also be observed. Salmonids are
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Figure 4. Relationships between egg|ripe ovary selenium (Se) concentrations and (A) muscle Se and (B) whole body (WB) Se, and between (C) WB Se and
muscle Se. Multiple linear regression model statistics and coefficients can be found in Table 4.

mostly characterized by median ratios >1, and species in the orders
Cypriniformes and Perciformes are mostly characterized by median
ratios <1. The only exceptions are the Sacramento splittail, which
was the only Cypriniformes species with either a slope or intercept
significantly larger than the other Cypriniformes or Perciformes, and
the salmonids Dolly Varden and brown trout, which had median ra-
tios slightly less than 1 rather than greater than 1.

The clearest difference between the regressions and ratios is
the high level of precision with which regressions can predict tis-
sue concentrations juxtaposed against the poor predictive capac-
ity of the ratios. The linear regressions that emerge after a log
transformation of the tissue concentrations translate to wide
ranges of ratios within a species. Several species exhibited as
much as a fivefold difference in egg|ripe ovary-to-muscle ratios,
whereas their corresponding linear regression had predictive R?
> 0.85. For prediction of egg Se concentrations, the reported

linear regressions are more accurate over a wider range of mus-
cle or WB Se concentrations compared with the use of the tissue
concentration ratio.

Discussion

Impact of spawning status on Se tissue
concentration relationships

This study presents three analyses that each support the conclu-
sion that spawning status has a significant impact on the rela-
tionships between egglovary Se and muscle or WB for many fish
species. Correlating tissue Se concentration ratios with measured
GSI showed that as oocytes develop and the ovary mass
increases, the difference between the Se concentration in the
eggs|ovaries and the muscle or WB tissue decreases for several
species (Figure 1; Table 2). For species where this is observed, the
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Figure 5. (A) Egg|ripe ovary-to-muscle selenium (Se) ratios; (B) egg|ripe ovary-to-whole body (WB) Se ratios; and (C) WB-to-muscle Se ratios. Box plots
are as defined in Figure 3. Points with the same color are in the same taxonomic order.

pattern is driven by decreasing egg|ovary Se concentrations with
increasing GSI, as muscle and WB Se concentrations tend not to
vary over the GSI range. This pattern is also supported by the
analysis comparing egglovary-to-muscle Se ratios in ripe and un-
ripe samples (Table 3; Figure 2). Species that exhibited a differ-
ence in egglovary-to-muscle Se or WB Se ratios between samples

from ripe and unripe females consistently had lower tissue Se
concentration ratios in the ripe sample group than the unripe
group (Figure 3). Although significant patterns were not detected
for all species evaluated, either as correlations between egg|o-
vary-to-muscle Se or egglovary-to-WB Se ratios versus GSI or as
detected differences between ripe and wunripe sample
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populations, for several species it is clear that spawning status
influences egglovary Se concentrations and subsequent ratios
with muscle and WB Se. As a result, analysis of Se concentrations
in eggs|ovaries from unripe females or from females of uncertain
ripeness may result in erroneous estimates of larval exposure to
Se via maternal transfer (i.e., an overestimation of Se concentra-
tions in ripe eggs|ovaries). The data in the present study and the
companion study (Brix et al., 2025) support this observation.
Possible mechanisms are discussed in Brix et al. (2025).

The analyses using GSI and spawning status both showed a
decrease in variability of egglovary-to-muscle Se or WB Se ratios
once females are ripe—even for species that did not have signifi-
cantly different ratios in the ripe and unripe sample populations
or significant correlations with GSI (Figure 3; Table 2). This find-
ing shows that, not only can the ripe spawning status impact the
relationship between Se concentrations in eggs|ovaries versus
muscle or WB, it also impacts variability in the relationship and
accuracy of predictions made based on the relationship. The rela-
tionship between egglovary Se for ripe and unripe rainbow trout
samples (Figure 2A) demonstrates how the tissue concentration
relationships become more predictable once the females become
ripe. The samples in the unripe group exhibit high variability that
sometimes deviate far from the weighted smoothing line, partic-
ularly around 3-5mg/kg dry weight muscle Se where egglovary
Se ranges from as low 5.6 mg/kg dry weight to as high as 59.3mg/
kg dry weight. By contrast, samples in the ripe group form a lin-
ear relationship.

Based on the high variance that can be introduced by includ-
ing all stages of oocyte development, and that egg|ripe ovary Se
concentrations tend to decrease as the fish approaches the ripe
status, only ripe samples were used to generate predictive mod-
els for egg|ripe ovary Se based on muscle or WB Se.

Tissue Se ratios versus regression-based
relationships

In the present study, we evaluated regression-based approaches
for comparing tissue Se relationships among species and con-
cluded that there are significant log-log linear relationships be-
tween egg|ripe ovary and muscle Se concentrations for many
species. For example, in the MLR evaluation for these relation-
ships, species with a log-log slope <1 meant that modeled
egg|ripe ovary Se concentrations increased at a lower rate than
corresponding increases in muscle Se concentrations when not
log-transformed (Figure 6). For species with a log-log slope >1,
the opposite is true: the egg|ripe ovary-to-muscle Se ratios for

species in the model were not constant but increased at a higher
rate than corresponding increases in muscle Se concentrations.
In contrast, evaluations of median tissue Se concentrations do
not consider the potential influence of varying Se exposure con-
ditions that could influence the ratio. We evaluated both
approaches in the present study, depending on the hypothesis
being addressed.

For most fish species in our evaluation, the range and stan-
dard deviation of tissue Se concentration ratios (i.e., egg|ripe
ovary-to-muscle, eggripe ovary-to-WB, WB-to-muscle) were high
compared to the median or mean ratio (Figure S; Table 5). For ex-
ample, coefficients of variation for egglripe ovary-to-muscle,
egg|ripe ovary-to-WB, and WB-to-muscle averaged 29%, 34%, and
28%, respectively. This shows that, even when only examining
egg|ripe ovary samples of an individual species, the Se concentra-
tion ratio between egg|ripe ovary and muscle or WB tends to
have high variability, and a single ratio is therefore an uncertain
predictor of egg|ripe ovary Se concentrations over a range of
muscle or WB Se concentrations. As noted above, both multiple
and species-specific regression models that predict egg|ripe ovary
Se from muscle or WB Se have slopes that are significantly differ-
ent from zero, meaning that relationships between egg|ripe ovary
and muscle or WB Se concentrations are concentration depen-
dent. As such, to the extent that data are available for a given
species and that significant models can be developed, we recom-
mend the use of regression-based relationships for deriving tis-
sue Se concentration ratios.

The USEPA evaluated regressions versus tissue ratios and rec-
ommended the median tissue Se ratio (USEPA, 2016). In calculat-
ing tissue Se ratios, the USEPA calculated the median if the linear
regression relationship in Se concentrations between the two tis-
sues being evaluated was positive and significant («=0.05). No
tissue Se ratio was calculated by the USEPA if these two require-
ments were not met. Although the USEPA noted that there may
be cases for which the regression-based approach may better
capture tissue Se relationships across the fuller range of Se con-
centrations, they stated that median ratios are simpler to explain
and implement, and are not affected by outliers or the distribu-
tion of variance over the range of data (USEPA, 2016, 2021).
However, we note that developing relationships between egg|o-
vary Se and either muscle or WB Se when controlling for spawn-
ing status (i.e., considering only data for ripe eggs|ovaries)
reduces a significant portion of unequal variance across data
ranges for many species (Figures 2 and 4). Also, when the log-log
slope is not equal to 1, the use of median ratios has increasing
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Figure 6. Ratios of egg|ripe ovary-selenium (Se)-to-muscle-Se concentrations plotted against muscle Se for species with egg|ripe ovary-to-muscle log-
log slopes that are (A) considerably less than 1 (yellow perch), (B) slightly less than 1 (bluegill), (C) slightly greater than 1 (westslope cutthroat trout),
and (D) considerably greater than 1 (redside shiner). The two species with log-log slopes farthest from 1 show the steepest correlations (Kendall’s 1) of
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trout) show shallower and nonsignificant correlations. Even when there is no relationship with muscle concentration, tissue concentration ratios

exhibit a wide range.
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uncertainty as one deviates further from the muscle or WB Se
concentration from which the median ratio was derived
(Figure 6). For these reasons, we consider a regression-based ap-
proach more robust than a ratio approach.

Variability in fish tissue Se relationships among
fish populations

While in most cases tissue Se relationships in a species when
data are available from multiple water bodies or sampling loca-
tions appear similar, our review identified a few examples of dif-
ferences in tissue relationships across sampling locations for a
given species. For example, Yellowstone cutthroat trout from a
spawning station on Henry's Lake have much greater egg-to-WB
Se ratios than wild-caught trout naturally exposed to a range of
Se concentrations in lotic systems and other trout reared from
hatchery-sourced eggs that were provided dietary organic Se in a
2.5-year study. The greater egg-to-WB Se ratios for the Henry's
Lake hatchery samples were driven by WB Se concentrations
that were much less than in the wild lotic population and in the
feeding study, while egg Se concentrations were not proportion-
ally lower. Based on this observation, data for the Henry's Lake
population with divergent tissue Se ratios were excluded from
our analysis (see online supplementary material S4 for fur-
ther discussion).

This phenomenon of tissue concentration relationships being
variable among subpopulations was also observed for Arctic
grayling and redside shiner. For Arctic grayling, Brix et al. (2021)
hypothesized that fish from an isolated lentic population had dif-
ferent tissue Se relationships than those from lotic populations
due to differences in Se speciation and biocaccumulation between
lentic and lotic site types, which may affect Se homeostasis
among tissues. However, for redside shiner, de Bruyn et al. (2023)
observed that the relationship between egg and muscle Se in fish
from some but not all lentic sites was similar to the relationship
in fish collected from lotic sites, (i.e., there was not a clear pat-
tern between lentic and lotic sites for redside shiner). Regardless
of the mechanisms causing this variability in fish tissue Se rela-
tionships that is sometimes observed in fish of the same species
collected from different water bodies, consideration should be
given to all of the available data to make an informed decision on
the most relevant data for the site of interest.

Variability among fish species

When comparing relationships between egg|ripe ovary Se con-
centrations and corresponding muscle or WB Se concentrations,
there is no clear pattern between species in the same order and
family. Some similarities were observed among model coeffi-
clents between species in some of the salmonid genera (see
Results and Table 4). Although there are a limited number of
examples for which there are models for more than one species
in a genus, we recommend that a model for an intra-genus surro-
gate be used to represent a species of interest if a species-specific
model is not available. This recommendation is in part based on
consistency in the egglripe ovary versus muscle Se models for
species within the genera Oncorhynchus and Salvelinus, which are
based on robust datasets spanning a wide range of muscle Se
concentrations (Table 4). This recommendation is also consistent
with observations that, for a wide range of toxicants, species
within the same genus have similar sensitivities (USEPA, 1985).
However, if the regression for a species of interest is not reported
and there is not a surrogate model for another species in the
same genus, the bluegill model is recommended instead based
on its robust dataset and its median slope relative to the
other species.

Summary and conclusions

We paired Se concentrations in eggs|ripe ovaries versus muscle
and WB tissue for 21 and 7 species, respectively. Significant rela-
tionships between Se concentrations in eggs|ripe ovaries and
muscle were observed for 12 of the 21 fish species, and for all 7
fish species with paired egg|ripe ovary and WB Se concentration
data. In addition, paired WB and muscle Se concentrations were
identified for 22 fish species, 17 of which had significant relation-
ships. The latter represents an increase to the muscle-to-WB Se
ratios derived in (USEPA, 2016), which include eight fish species
in the families Catostomidae, Centrarchidae, and Cyprinidae.
The additional muscle-to-WB Se relationships in the present
study included species in Ictaluridae, Lotidae, Salmonidae, and
Percidae. Although there is variability in egg|ripe ovary Se versus
muscle or WB Se relationships among species (e.g., some species
are not retained in the pooled models, or some species that are
retained in the pooled model have species-specific intercept or
slope adjustments), there is high agreement in the behavior of
the tissue Se relationships overall. Intrafamily and -order rela-
tionships are not strong enough for making assumptions among
species based on taxonomic relatedness, but we suggest that this
is a feature of the precision of the species-specific models and
that, were the error margins wider, there would be even fewer
statistical differences between the modeled species. In the ab-
sence of a species-specific model reported herein, we recom-
mend using the model for a species in the same genus if
available, or otherwise the bluegill model.

The most important observations from this study are further
confirmation that oocyte development stage influences ovary
Se concentrations (Brix et al., 2025), such that ovary Se concen-
trations tend to decrease with increasing oocyte development
and, when developing muscle-to-egglovary Se relationships and
WB-to-egglovary Se relationships based only on data for eggs or
ripe ovaries, much of the variability among several species is re-
duced. This indicates that some of the variability originally as-
sumed to be due to species-specific differences in between-
tissue Se relationships is actually due to variability in oocyte de-
velopment. The USEPA’s ambient water quality criteria docu-
ment for Se (USEPA, 2016, 2021) includes muscle-to-egglovary
Se conversion factors and WB-to-egg|ovary Se conversion fac-
tors that were used to support development of certain criterion
elements, and these conversion factors are often used as a re-
source for other Se assessments. Importantly, however, the
data used to develop those conversion factors are not always
based on eggs or ripe ovaries. Given our findings, we suggest the
conversion factors developed in our analysis using additional
data and constrained to fish with ripe ovaries or eggs are more
appropriate for developing tissue Se relationships in support of
bioaccumulation model development and other Se
assessments.

Although, for a given Se exposure, consideration of only egg or
ripe ovary Se concentrations is generally shown to reduce variabil-
ity when compared to Se concentrations in ovaries of variable
ripeness, there can still be relatively high variability in muscle-to-
egglovary Se conversion factors and WB-to-egg|ovary Se conversion
factors because these factors may be concentration-dependent. In
other words, the conversion factors are generally not constant over
a range of Se exposure concentrations. For this reason, when ade-
quate data are available for a species, more reliable conversion
factors may be derived using regression equations rather than
from applying a conversion factor derived from data for one set of
Se exposure conditions and then applied to another. We note that
this is a general recommendation, but it may not always be
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possible to derive statistically significant relationships between Se
concentrations in eggs or ripe ovaries versus either muscle or WB
tissue (e.g., mountain whitefish).

In summary, the meta-analysis conducted in the present
study emphasizes the importance of analyzing Se concentrations
in eggs or ripe ovaries and using those concentrations to develop
relationships between eggs|ovaries and muscle or WB tissue.
Although the terms “eggs” and “ovaries” are often used inter-
changeably in the peer-reviewed literature, unpublished reports,
and technical presentations, it is critical that these terms be ap-
plied accurately. We suggest that “eggs” and “ripe ovaries” are ac-
ceptable terms to describe samples from actively spawning fish,
while the term “ovary” should be reserved for samples collected
from pre-spawning fish or fish of unknown spawning status. This
has important implications for determining compliance with Se
criteria or guidelines based on eggs or ripe ovaries and for the de-
velopment of between-tissue Se concentration relationships that
may be used in the development of site-specific Se models and
assessments.
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