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Abstract: There is consensus that fish are the most sensitive aquatic organisms to selenium (Se) and that Se concentrations in fish tissue
are the most reliable indicators of potential toxicity. Differences in Se speciation, biological productivity, Se concentration, and
parameters that atfect Se bioavailability (e.g., sulfate) may influence the relationship between Se concentrations in water and fish
tissue. It is desirable to identify environmentally protective waterborne Se guidelines that, if not exceeded, reduce the need to directly
measure Se concentrations in fish tissue. Three factors that should currently be considered in developing waterborne Se screening
guidelines are 1) differences between lotic and lentic sites, 2) the influence of exposure concentration on Se partitioning among
compartments, and 3) the influence of sulfate on selenate bioavailability. Colocated data sets of Se concentrations in 1) water and
particulates, 2) particulates and invertebrates, and 3) invertebrates and fish tissue were compiled; and a quantile regression approach
was used to derive waterborne Se screening guidelines. Use of a regression-based approach for describing relationships in Se
concentrations between compartments reduces uncertainty associated with selection of partitioning factors that are generally not
constant over ranges of exposure concentrations. Waterborne Se screening guidelines of 6.5 and 3.0 pg/L for lotic and lentic water
bodies were derived, and a sulfate-based waterborne Se guideline equation for selenate-dominated lotic waters was also developed.
Environ Toxicol Chem 2017;36:2503-2513. © 2017 SETAC
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INTRODUCTION water column criterion elements would preclude the need for
measuring Se concentrations in fish tissue. The USEPA’s water
column criteria are 3.1 and 1.5 pg/L in lotic (flowing) and lentic
(standing) waters, respectively. The British Columbia Ministry
of Environment (BCMOE) also provides Se guidelines for both
the water column and fish tissue, as well as for sediment and the
dietary pathway (invertebrate tissue); but no hierarchy by which
one guideline overrides the other is recommended [7]. The
BCMOE water columm guideline is 2pg/L. (an “alert
concentration” of 1pg/L is also provided). Australia, New
Zealand, and South Africa have a chronic water column
Se guideline of 5 pg/L; but they do not currently have fish
tissue—based guidelines [10,11].

The first objective of the present study was to develop water
Se screening guidelines for lotic and lentic waters. These water
Se screening guidelines are conceptually similar to the water
column criterion elements recently finalized by the USEPA [9].
Both our approach and the USEPA approach used a multistep Se
partitioning model to link an Se criterion or guideline for fish
eggs to water column concentrations in lotic and lentic water
bodies, but different methodologies for compiling and evaluat-
ing the model input data were applied. It should be emphasized
that the water Se screening guidelines that we derived, as well as

Selenium (Se) toxicity to fish is primarily manifested via
exposure of adult females to dietary organic Se and subsequent
maternal transfer to the eggs, which, at sufficiently high
concentrations, can result in edema, larval deformities, and
mortality in their offspring [1]. The bioaccumulation potential
of Se from water into aquatic food webs is highly dependent on
site-specific biogeochemistry and food web characteristics;
therefore, a wide range of waterborne Se concentrations across
different sites can vield a given Se concentration in fish
tissue [2-4]. As such, there is general consensus that Se
concentrations in fish tissue, especially in eggs or ovaries, are
the most appropriate measures of risk to fish from Se [5-9].

Nevertheless, it is still valuable and cost-effective to identify
environmentally protective waterborne Se screening guidelines
that, if not exceeded, reduce the need to directly measure Se
concentrations in fish tissue. The US Environmental Protection
Agency (USEPA), for example, recently finalized Se criteria
that consist of water column elements and fish tissue elements,
with the fish tissue criterion elements overriding the water
column criterion elements [9]. In concept, complying with the
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potential). Development of screening guidelines differs from
more rigorous methods for translating between fish and water Se
concentrations that are based on site-specific information, such
as the Bayesian Monte Carlo approach described in Brix
et al. [2] and the ecosystem-scale Se model approach described
in Presser and Luoma [12].

The second objective was to develop a methodology for
deriving sulfate-dependent waterborne Se screening guide-
lines for selenate-dominated streams. Increasing sulfate
concentrations in water reduce selenate bioavailability at
the base of the food web [13,14] and hence to higher—trophic
level organisms, including fish. A sulfate-dependent water-
borne Se screening guideline for selenate-dominated streams
would provide a more meaningful trigger for determining the
need to monitor Se concentrations in fish tissue in such waters.
A sulfate-dependent guideline for Se would be analogous to
hardness-dependent water quality guidelines or criteria for
divalent metals [15,16].

METHODS

Terminology

In the remainder of the present study, the term “guideline”
is used in a generic context that is not intended to reflect any
specific regulatory definition. In addition, for simplicity, the
term “fish eggs” is used to refer to both fish eggs and fish
ovaries, unless noted otherwise. Lastly, the term “particulate*
refers to the base of the food chain and may include both
primary producers, such as algae and macrophytes, and
detritus.

Se partitioning model

The relationship between Se concentrations in fish tissue or
bird eggs and waterborne Se has been studied extensively over
the last 25+ yr, leading to development of Se bicaccumulation
models. Most of these Se bioaccumulation models are
partitioning models relating waterborne Se to fish tissue or
bird egg Se concentrations via either multiple food chain
steps [12,17-19] or a single step [2,20,21]. Multistep models
account for partitioning of Se from water to 1 or more food chain
components (e.g., algae, benthic macroinvertebrates) and then
into fish tissue or bird eggs, while single-step models directly
relate waterborne Se concentrations to colocated fish tissue or
bird egg Se concentrations (the latter is typically termed a
“bioaccumulation factor” [BAF]).

The key step in these models is the partitioning of Se from
water into particulates at the base of the food web (e.g., detritus,
algae), termed the “enrichment factor” (EF) [3]. The enrichment
factor is an explicit term of a multistep model and an implicit
component of the BAF in a one-step model. In multistep
partitioning models, trophic transfer factors (TTFs) represent
successive steps in the food chain, such as Se transfer from
particulates into invertebrates and from invertebrates into fish.
Following Presser and Luoma [12], the multistep Se partitioning
model is expressed as

Cfish = Cwater X EFpart X TTFinvert X TTFfish (1)

where Cggy, is the fish Se concentration, C,,, is the waterborne
Se concentration, EF,.. is the enrichment factor (the dissocia-
tion constant, Ky, is also used), while TTF,,,yor; and TTFgg, are
invertebrate and fish trophic transfer factors, respectively.
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If Cyqy, 1s set equal to a fish tissue guideline and enrichment
factors and trophic transfer factors are defined, then the Cyaper
predicted to result in Cgy, can be calculated by rearranging
Equation 1

c _ Cﬁsh (2)
water EFpar X TTFipver: % TTFigp .

A potential limitation of this equation is that the Se
enrichment factors and trophic transfer factors selected to
represent a given exposure and food-web scenario are treated as
constants across all water and fish Se concentrations. However,
the use of constants is not supported by empirical relationships
or our understanding of Se biodynamics. Stewart et al. [3], for
example, note that enrichment factors and trophic transfer
factors are dependent on concentration in a nonlinear manner.
The basis for this nonlinearity can be explored further by
considering the factors that ultimately influence the magnitudes
of Se enrichment factors and trophic transfer factors. In
particulates (e.g., phytoplankton), steady-state Se accumulation
is determined by a combination of the uptake rate constant (&,
water)s elimination rate constant (K. waer), and growth rate
constant (g; Equation 3); and in consumers, the steady-state
accumulation of Se via the diet is a function of assimilation
efficiency (AE), ingestion rate (IR), elimination rate constant
(ke, aier), and g (Equation 4) [22-24].

CSe,part _ ku,wate]r{ X+C;e,water (3)
e

AE x IR x CSe,diet

ke + g “)

CSe,consumer =

Although the influence of Se concentration on some of these
key terms that influence Se biodynamics has not been evaluated,
there are data supporting the empirical enrichment factor and
trophic transfer factor observations. For example, short-term
(i.e., 3h) Se uptake data for Chlamydomonas reinhardtii
suggest that ky waeer decreases with increasing waterborne Se
concentration [25]. In diet-borne Se exposures, Guan and
Wang [26] observed a concentration-dependent decrease in
assimilation efficiency when the Se concentration in algal diets
increased.

Consequently, it is clear that enrichment factors, trophic
transfer factors, and the factors that influence them are inversely
related to the exposure concentration [3,27], as has been
observed for divalent metals [28]. In the present study, a
multistep Se partitioning model was used in which quantile
regression methods were applied to establish relationships for
each step in the model to back-calculate waterborne Se
screening guidelines from a fish tissue Se guideline. The
multistep model is illustrated conceptually in Supplemental
Data, Figure S1.

Compilation of Se partitioning data

To develop robust water Se screening guidelines, Se
enrichment factors were compiled from a wide range of
locations and exposure conditions and trophic transfer factors
for invertebrates and fish over a wide range of diet types and
exposure concentrations. This data set was assumed to be
representative of Se enrichment factors and trophic transfer
factors over a broad range of exposure concentrations and,
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hence, served as the lower and upper bounds of Se enrichment
and trophic transfer potential.

Particulates. Selenium enrichment factors and BAFs tend to
be greater in lentic than in lotic systems [2,4,12,29], although
there is substantial overlap. Nevertheless, the field enrichment
factor data compiled were categorized as either lotic or lentic
because some degree of distinction between these 2 categories
was apparent when considering relationships between water and
particulate Se concentrations. Lotic water bodies included
creeks, rivers, and, conservatively, sloughs. The latter may
possess more lentic characteristics. In addition, laboratory data
in which particulates were exposed to selenate or selenite were
compiled separately, allowing for the derivation of waterborne
Se screening guidelines for lotic and lentic waters and selenate-
dominated and selenite-dominated waters.

Sources of colocated field data compiled in Presser and
Luoma [12] were initially consulted and then augmented with
field-based data from additional studies. Selenium concentra-
tion data for bulk sediment were not included because they were
considered to have limited relevance to Se trophic transfer;
however, Se concentration data based on fine sediments (e.g.,
silt) were included, where available. When Se data for multiple
particulate types were available for a given site, the geometric
mean Se concentration was used. Likewise, if Se data were
available for multiple water samples from a site, the geometric
mean Se concentration was used. Temporally colocated samples
were generally collected within 1 mo of each other or within the
same season of the same year.

Invertebrates. Paired Se concentrations in aquatic inverte-
brates and particulates (i.e., their diets) were compiled from the
published and gray literature (primarily government agency
reports). Data were compiled from laboratory trophic transfer
studies and field studies with colocated measurements of Se in
inveriebrates and their putative diets. Invertebrate Se concen-
tration data were compiled from a range of invertebrate taxa,
including amphipods, cladocerans, crayfish, and insects (e.g.,
caddis flies, chironomids, crane flies, damselflies, mayflies,
stone flies, water boatmen).

Fish. Paired Se concentrations in fish tissues (i.e., eggs and
whole body) and their diets were compiled from the published
and gray literature. The egg-based data were of greater interest
because the fish tissue—based guideline being considered in this
evaluation is an egg-based guideline; however, whole-body Se
trophic transfer factors were also compiled because more data
are available for whole-body fish tissue. Given the generally
higher mobility of fish species, the fish Se data were compiled
from laboratory studies so that dietary Se concentrations were
accurately measured.

Se toxicity guideline for fish tissues

We applied an Se guideline of 20 pg/g dry weight for fish
eggs [30]. This guideline is based on the 5th percentile of a
species sensitivity distribution (SSD) of predominantly fish egg
Se 10% effect concentrations (EC10s) for reproductive effects.
For comparison purposes (see Discussion section), the USEPA’s
fish egg Se criterion of 15.1 pg/g dry weight was also
applied [9].

Water Se screening guideline development

Quantile regression was used to back-calculate waterborne
Se screening guidelines from the fish egg Se guideline of
20 pg/g dry weight and the USEPA criterion of 15.1 pg/g dry
weight. To minimize the influence of laboratory control and
field reference site data, quantile regressions were applied
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only to Se “exposure” data, which were defined as waterborne
Se concentrations >1pg/L. and dietary Se concentrations
>2 pglg dry weight, consistent with definitions in Seiler
et al. [31] (control and reference site data reduced the slopes
of quantile regressions because they tended to fall below
inflection points in the relationships between Se concen-
trations in food chain model steps). Quantile regression
analyses were conducted using the quantile regression
package (“quantreg”) in the software program R [32,33].
We used In-transformed data because log—log relationships
were more linear, had more homogeneously distributed
relationships, and fit the data better at lower concentrations.
Quantile regression was used to estimate median (50th) and
upper (75th, 90th) quantiles of the response variables (i.e., Se
concentration in particulates, invertebrates, or fish eggs/
ovaries) as conditional linear functions of the independent
variables. Ultimately, the 75th quantile was used in the
multistep models because the 90th quantile compounded
conservatism at each step in the food chain such that back-
calculated waterborne Se concentrations (i.e., 0.3-0.5 wg/L)
overlapped with or were less than background concentration
ranges [31,34] and the 50th quantile was not deemed
adequately protective for screening guideline development.

Quantile regression relationships were derived to link fish
egg Se to invertebrate (dietary) Se and then invertebrate Se to
particulate (dietary) Se (quadrants 1 and 2, respectively;
Supplemental Data, Figure S1). Particulate Se was then linked
to waterborne Se using quantile regression relationships for 4
different data sets (quadrant 3; Supplemental Data, Figure S1),
as follows: 1) lotic field, 2) lentic field, 3) laboratory selenite,
and 4) laboratory selenite.

Sulfate-dependent screening guideline for selenate-dominated
waters

Data were compiled from laboratory studies in which
waterborne selenate and sulfate, along with particulate Se
concentrations, were measured. Laboratory data were augmented
with field data for Se concentrations in periphyton and colocated
waterborne Se and sulfate concentrations; we assumed that
waterborne Se was predominantly selenate for field data from
oxic mountain streams. Particulate Se concentrations were then
used to predict Se concentrations in invertebrates and fish eggs
using the quantile regression models described in the section
Water Se screening guideline development. This generated a data
set of predicted fish egg Se concentrations that varied as a
function of waterborne selenate and sulfate concentrations.
Examples of particulate Se concentrations and predicted Se
concentrations in invertebrates and fish eggs, varying as a
function of waterborne selenate and sulfate concentrations, are
provided in Supplemental Data, Figure S2.

A multiple quantile regression analysis was conducted using
predicted fish egg Se concentrations as the dependent variable
and waterborne selenate and sulfate concentrations as the
independent variables. The 75th quantile of the multiple
quantile regression model was used to solve for an environmen-
tally protective, sulfate-dependent guideline for selenate-
dominated waters. The 75th quantile was used for consistency
with the Se screening methodology described above and
because it resulted in <5% “false negatives” based on validation
with a field data set (see Resulfs section).

Validation of waterborne Se guidelines using field data sets

The lotic, lentic, and sulfate-dependent waterborne Se
screening guidelines were validated relative to a field-based
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Se bioaccumulation database [35] augmented with additional
unpublished data (S. Covington, Formation Environmental,
Austin, TX, USA, personal communication; Supplemental
Data, Tables S7-59). This database included colocated fish
tissue (i.e., whole-body, muscle, egg), waterborne Se data,
and, where also available, waterborne sulfate data. To
augment the egg Se data, egg Se concentrations were
estimated from the more prevalent whole-body and muscle
Se concentrations using species-specific relationships. These
relationships were developed by deBruyn et al. [36] along
with relationships developed for additional fish species
(Supplemental Data, Section S1).

For each colocated fish egg and waterborne Se concentration,
2 ratios were calculated: 1) the ratio of waterborne Se
concentration to the waterborne Se screening guideline, and
2) the ratio of the fish egg/ovary Se concentration to the tissue
guideline of 20 ng/g dry weight. The waterborne Se screening
guideline was corroborated by the fish egg Se data when both
ratios were <1 or >1; false negatives had a water ratio <l and a
fish ratio >1, while false positives had a water ratio >1 and a
fish ratio <1.

RESULTS

Se partitioning data

The Se partitioning data compiled are summarized below, in
part, based on enrichment factors and trophic transfer factors
because these terms are useful for general comparisons among
different levels of the food chain, different site types (lotic vs
lentic), and Se species (selenate vs selenite).

Farticulates. Overall, 75 and 42 pairs of colocated particu-
late and water Se data were identified for lotic and lentic sites,
respectively (Supplemental Data, Tables S1 and S2). Selenium
enrichment factors span almost 3 orders of magnitude and more
than an order of magnitude within both lotic and lentic sites
(Supplemental Data, Figure S3). In general, lentic enrichment
factors are approximately 2 times greater than lotic enrichment
factors (e.g., the median lentic and lotic enrichment factors are
1387 and 633 L/kg dry wt, respectively). The field-based Se
enrichment factors were also plotted against the corresponding
water Se concentrations, and significant inverse relationships
(p < 0.001) were observed (Supplemental Data, Figure S4).
Thus, the highest enrichment factors tend to be associated with
relatively low water Se concentrations, and the lowest
enrichment factors tend to be associated with relatively high
water Se concentrations. Almost all Se enrichment factors
above the 90th percentile of the data distribution in both lotic
and lentic systems are associated with water Se concentrations
<1 pg/l.. This highlights the uncertainty and need for
caution in selecting point estimate enrichment factors in food
chain modeling of Se. The regression-based approach used in
the present analysis helps to more appropriately address the
concentration-dependent Se enrichment at the base of the food
chain.

Paired particulate Se concentrations and waterborne selenate
and selenite concentrations from laboratory studies, as well as
corresponding waterborne selenate and sulfate concentrations
used for the sulfate-dependent waterborne Se screening
guideline development, are provided in Supplemental Data,
Table S3. As for the field-based enrichment factors, significant
inverse relationships between laboratory enrichment factors and
corresponding water Se concentrations were observed for
selenate (p < 0.001) and selenite (p = 0.03; Supplemental Data,
Figure S5).
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Invertebrates. Whereas Se enrichment factors ranged over 2
t0 3 orders of magnitude, Se trophic transfer factors for
invertebrates generally varied between 0.5 and 3.3, although
lower and higher trophic transfer factors were observed in a few
cases (Supplemental Data, Table $S4 and Figure S6). There were
clearly differences among taxa and variables within taxa that
influenced the magnitudes of Se trophic transfer factors, but the
range in magnitude of invertebrate Se trophic transfer factors
was much less than that observed for enrichment factors. There
were no clear patterns in how trophic transfer factors vary
among taxa because insect taxa, for example, were distributed
fairly evenly throughout the data set (Supplemental Data,
Figure S6). Given the inverse relationship between the
invertebrate trophic transfer factor and dietary exposure
concentration observed in several studies, all of the laboratory
and field data were pooled and trophic transfer factors were
plotted against dietary Se (Supplemental Data, Figure S7). A
significant (p < 0.001) inverse relationship between Se trophic
transfer factors and corresponding diet-borne Se concentrations
was observed. The highest trophic transfer factors, such as those
greater than the 90th percentile, were generally associated with
a dietary Se concentration <1.5 pg/g dry weight, and the lowest
trophic transfer factors are generally associated with dietary Se
concentrations >10pg/g dry weight. In comparison, Se
concenirations in invertebrates collected at control/reference
sites ranged from 0.1 to 5.3 pg/g dry weight, with a geometric
mean of 1.1 pg/g dry weight. As for Se enrichment factors, this
highlights the uncertainty and need for caution in selecting point
estimate trophic transfer factors in food chain modeling of Se
and supports the regression-based approach used in the present
analysis.

Fish. Asforinvertebrates, Se trophic transfer factors for fish
were much lower in magnitude and much less variable than Se
enrichment factors, generally varying between 0.7 and 4.1 for
eggs and between 0.3 and 1.5 for the whole body (Supplemental
Data, Table S5 and Figure S8). As also observed for Se
enrichment factors and invertebrate trophic transfer factors,
significant (p < 0.001) inverse relationships were observed for
both fish egg/ovary and whole-body Se trophic transfer factors
versus dietary Se (Supplemental Data, Figure S9).

Se screening guidelines

To develop Se screening guidelines, we firstrelated afishegg
Se guideline of 20 pg/g dry weight to a concentration in the fish
diet. Using the 75th quantile of the regression relationship
between fish egg and dietary Se, a dietary Se concentration of
10 pug/g dry weight was predicted to result in an egg Se
concentration of 20 pg/g dry weight (Figure 1A). This is
consistent with dietary Se toxicity data for fish because effect
levels of >10% are typically observed at dietary Se concen-
trations >10 pg/g dry weight (Figure 1B).

Next, we linked the Se concentration of 10 pg/g dry weight
for fish diets (represented by invertebrates) to a particulate Se
concentration. Using the 75th quantile regression relationship
between invertebrate and particulate Se, a particulate Se
concentration of 4.7 wg/g dry weight resulted in an invertebrate
Se concentration of 10 pg/g dry weight (Figure 2).

Finally, we linked a particulate Se concentration of 4.7 p.g/g
dry weight to waterborne Se concentrations using field data for
lotic and lentic systems and laboratory data for selenate and
selenite. Using the 75th quantile regression relationships
between particulate and waterborne Se, waterborne Se concen-
trations of 6.5 pg/L in lotic systems and 3.0ug/L in lentic
systems resulted in a particulate Se concentration of 4.7 pg/g
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Figure 1. (A) Relationship between fish egg or ovary selenium (Se) and
dietary Se and (B) dietary concentration-response data for fish exposed to
organic Se. (A) Shown are the 75th quantile (solid line}, reference data (),
and exposure data (@). (B) Shown are date for bluegill [46] (@), [47]
(B, 48] (&), [49] (@). and [50] (45 °C <&, 9 °C [); Chinook
salmon [51] (A); fathead minnow [52] ((); Sacramento splittail [53] (x);
white sturgeon [54] (*); and Yellowstone cutthroat trout [S5] (+).
TTF = trophic transfer factor.

dry weight (Figure 3 and Table 1). Similarly, a selenate
concentration of 5.1 ug/L and a selenite concentration of
1.5 pg/L resulted in a particulate Se concentration of 4.7 pg/g
dry weight using laboratory data (Figure 4 and Table 1).

For comparison, application of the USEPA’s fish egg Se
criterion of 15.1 wg/g dry weight to the analysis resulted in
back-calculated Se concentrations of 6.5 pg/g dry weight for
fish diets and 2.9 pg/g dry weight for invertebrate diets. The
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Figure 2. Relationship between whole-body invertebrate selenium (Se) and
dietary (particulate) Se. Shown are the 75th quantile (solid line), reference
data (), and exposure data (@). invert. = invertebrate; TTF = trophic
transfer factor.
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particulate Se concentration of 2.9 wg/g dry weight, in turn,
translated to waterborne Se concentrations of 2.8 and 1.7 pg/L
for lotic and lentic waters, respectively, and t0 3.0 and 0.85 pg/L
for selenate and selenite, respectively.

In the field validation for lotic sites, fish Se ratios
corroborated waterborne Se ratios 76% of the time, with fish
and waterborne Se ratios being both >1 in 18% of the cases and
<1 in 58% of the cases (Figure 5). In 18% of the cases, the
waterborne Se ratio was > 1 but the fish Se ratio was <1 (false
positives), whereas in 6% of the cases the waterborne Se ratio
was <1 but the fish Se ratio was >1 (false negatives; Figure 5).
QOverall, therefore, the waterborne Se ratio based on the lotic Se
screening guideline was protective in 94% of the samples. For
lentic sites, the fish Se ratios corroborated waterborne Se ratios
96% of the time, with 2% of the cases resulting in false positives
and 2% of the cases in false negatives (Figure 5).

Sulfate-dependent screening guideline for selenate-dominated
waters

Using the multiple quantile regression analysis of fishegg Se
concentrations predicted as a function of waterborne selenate
and sulfate concentrations to which particulates were exposed
(Supplemental Data, Table S6), the following 75th quantile
regression equation was derived

Mean 75th quantile fish egg Se = exp[4.364 — 0.5680(In SO.)
-+0.4089(1n selenate)] (5)

The fish egg Se concentrations predicted from waterborne
selenate and sulfate concentrations versus fish egg Se
concentrations predicted from empirical particulate Se concen-
trations using Equation 5 are illustrated in Figure 6.

Equation 5 can be rearranged to solve for the waterborne Se
concentration which predicts a given fish egg Se concentration
at a given waterborne sulfate concentration

Waterborne Se screening guideline
In(fish egg Se guideline) — 4.364 + 0.5680(In SO4)
P 0.4089

(6)

where the fish egg Se guideline is 20 pg/g dry weight and SO, is
the waterborne sulfate concentration (milligrams per liter) of
interest.

Equation 6 can be rearranged as follows

Waterborne Se screening guideline
= exp[2.446 x In(fish egg Se guideline)
—10.67+1.389(In SO4)] (7)

Examples of waterborne Se screening guidelines as a
function of various sulfate concentrations are provided in
Table 1.

In the field validation, those data sets containing colocated
waterborne sulfate concentrations were used and only data for
lotic waters were included, which were primarily mountain
streams where selenate is likely to be the predominant form of
Se [3]. The fish Se ratios corroborated the waterborne Se ratios
88% of the time, with 7% of the cases resulting in false positives
and 5% of the cases resulting in false negatives (Figure 7).
Therefore, the waterborne Se ratio based on the sulfate-
dependent guideline was protective in 95% of the samples.
Results using the 50th and 90th quantiles of the multiple
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quantile regression model for deriving sulfate-dependent
waterborne Se screening guidelines are discussed in Supple-
mental Data, Section 52, for comparison.

The lower bound of the sulfate-dependent model was capped
at a sulfate concentration of 43mg/L, which is the sulfate
concentration that results in a guideline of 6.5 p.g/L (equivalent to
the lotic guideline; Table 1). The lotic Se screening guideline of
6.5 pg/L is based, in part, on the relationship between waterborne
and particulate Se in a variety of lotic water bodies. Sulfate
concentrations were not always reported in the data sets used to
derive the lotic guideline, but reported ranges encompassed low
sulfate conditions where available, for example, ranging from
<5 mg/L to approximately 100 mg/L [37,38] and from <5 mg/L
to approximately 50 mg/L [39]. As such, we expect that the lotic
Se screening guideline of 6.5 pg/L would be protective at low
sulfate concentrations. The sulfate-dependent guideline appears
to have sufficient conservatism such that sulfate concentrations
<43 mg/L. result in unnecessarily low guidelines. This is
supported by the field data used to validate the sulfate-dependent
guideline. When the Se guideline is not capped at 43 mg/L, the
percentage of sites with observed false negatives decreases
only marginally (Figure 7, upper left quadrant), while the number
of false positives increases substantially (Figure 7, lower right
quadrant). Consequently, capping the guideline based on a
sulfate-dependent model does not substantially reduce the

Table 1. Summary of waterborne selenium (Se) screening guidelines based
on 1) field data for lotic and lentic sites, 2} laboratory data for selenate and
selenite, and 3) waterborne sulfate concentrations for selenate

Description of approach Waterborne Se (g/L)

Field-based water-to-particulate Se data

Lotic 6.5
Lentic 3.0
Laboratory-based water-to-particulate Se data
Selenate 5.1
Selenite 15
Sulfate-dependent selenate guidelines
43 mg SO,/L (lower limit)* 6.5
75 mg SO,/L 14
100 mg SO4/L 21
150 mg SO,/ 37
200 mg SO4/L 55
300 mg SO,/L a7

“The sulfate-dependent model is capped at a lower sulfate concentration of
43 mg/L., which results in the lotic guideline of 6.5 pug/L. (see text).

Tier 2

level of protection provided but does reduce the number of
sites that would be overprotected if the lower bound was not
capped.

DISCUSSION

Comparisons to other waterborne Se guidelines or criteria

The derived waterborne Se screening guidelines of 6.5 pg/L
for lotic systems and 3.0 pg/L for lemtic systems are
differentiated based on relationships between particulate and
waterborne Se concentrations from field data sets. Back-
calculated waterborne Se concentrations of 5.1 ng/L for
selenate and 1.5 pg/L for selenite were derived from laboratory
data. It is unclear why these back-calculated waterborne Se
concentrations based on laboratory-based selenate and selenite
data are generally less than those derived from field-based lotic
and lentic data, but it could be for 1 or more of the following
reasons: 1) greater Se bioavailability in laboratory waters; 2)
testing of single species in the laboratory that may have a higher
Se bioconcentration potential than particulates in the field data
sets, where multiple species occur; and/or 3) other conditions
associated with laboratory exposures, such as high light
intensity and addition of nutrients, that might enhance Se
bioaccumulation relative to field sites. The following discussion
compares these lotic and lentic guidelines of 6.5 and 3.0 wg/L 1o
other waterborne guidelines and criteria.

The USEPA’s recently finalized ambient water quality
criteria for Se include a fish egg Se criterion of 15.1 pg/g dry
weight as well as water Se criteria of 3.1 pg/L for lotic
systems and 1.5 pg/L for lentic systems [9]. In deriving these
water column criteria, the USEPA first compiled empirical Se
enrichment factors for field sites (26 lentic and 39 lotic sites).
The USEPA then modeled Se in the food web using trophic
transfer factors based on 1) the fish species reported to be
present at each of the sites for which the enrichment factors
were compiled, and 2) the diet of each species, which was
usually assumed based on typical diets and/or feeding
behavior. The fish and invertebrate (dietary) trophic transfer
factors were compiled from the literature and government
reports. The fish trophic transfer factors were based on whole-
body Se concentrations, so a whole-body to egg conversion
factor was also applied. The USEPA treated the enrichment
factors and trophic transfer factors as constants regardless of
the Se concentrations at the site. This produced predictions of
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water column Se concentrations that could result in the fish
egg Se criterion of 15.1 pg/g dry weight for 39 lotic sites and
26 lentic sites. The water column criteria were then set equal
to the 20th percentiles of these distributions for lotic and lentic
sites, which were 3.1 and 1.5 pg/L, respectively.

One uncertainty in the approach used by the USEPA [9] is
that it can provide counterintuitive results, which is largely a
result of the inverse relationship between enrichment factors
and water column concentrations. For example, the 2 lentic sites
with the lowest back-translated water Se concentrations are
reference lakes (Badin Lake and High Rock Lake, NC,
USA [40]). The reported water Se concentrations in these lakes
were 0.32 and 0.67 pg/L, respectively, and fish Se concen-
trations were well below criteria (based on measured muscle Se
concenirations, the USEPA predicted egg Se concentrations that
ranged 3.2-5.8 pg/g dry wt in Badin Lake and 3.1-6.1 pg/g dry
wtin High Rock Lake). However, the USEPA’s model predicted
that water Se concentrations of 0.27 and 0.68 pg/L. would be
required to achieve the fish egg Se criterion of 15.1 pg/g dry
weight. As such, the model is predicting that water column Se
concentrations need to be essentially unchanged, in fact lower in
Badin Lake, for the fishegg Se criterion of 15.1 pg/g dry weight
to be achieved in these 2 reference water bodies. The reason is
that the empirical enrichment factors for Badin Lake and High
Rock Lake were 12 480 and 4990 L/kg, respectively, and it was
assumed that the enrichment factors would be of the same
magnitude if the lakes had a fish egg Se concentration of
15.1 pg/g dry weight.

If the USEPA’s fish egg Se criterion of 15.1 pg/g dry weight
is entered into the quantile regression model described herein,
the resulting lotic and lentic water column concentrations are
2.8 and 1.7pg/L, respectively, which are similar to the
USEPA’s lotic and lentic criteria of 3.1 and 1.5 pg/L. However,
they are mainly similar because, as noted, the USEPA’s criteria
are based on the relatively nonconservative 20th percentiles of
the lotic and lentic sites they evaluated (i.e., by their definition,
20% of sites would not be protected by their water column
criteria). If the 5th percentile of their distributions had been
used, for example, the lotic and lentic criteria would have been
approximately 1.3 and 0.8 pg/L for lotic and lentic water bodies,
respectively. To put those concentrations into perspective, of all
the field-based water column Se concentrations of 1.5 pg/L and
lower (n=131) that were compiled in Appendix 1 of
USEPA [9], just 4 (3%) had an egg Se concentration
>15.1 ng/g dry weight. Or, to look at it another way, the

Tier 2

mean predicted egg Se concentrations in the same data set
averaged 6.6pg/g dry weight for water bodies with Se
concentrations <1.5 g/l (which averaged 0.87 pg/L). The
USEPA selected the 20th percentile for deriving water column
Se criteria so that the criteria were not within or approaching
reference water body ranges.

In addition to differences in the model used herein versus that
used by the USEPA, the USEPA’s waterborne Se criteria are
derived from a fish egg Se criterion of 15.1 pg/g dry weight,
whereas a fish egg Se guideline of 20 wg/g dry weight was used
in the present evaluation [30]. The key difference between these
values is the inclusion of a white sturgeon (Acipenser
transmontanus) EC10 based on an incomplete concentration—
response relationship; this species has the lowest ECL0
(15.6 pg/g dry wt) in the database used in the USEPA’s SSD,
while the second lowest species mean EC10 is 20.6 pg/g dry
weight [9]. As noted, inserting the USEPA’s fishegg Se criterion
of 15.1pg/g dry weight into our model results in back-
calculated lotic and lentic waterborne Se concentrations of 2.8
and 1.7 pg/L, respectively, which are in the same range as those
proposed by the USEPA. At first glance, this may seem to
suggest that the USEPA’s lotic and lentic Se criteria are not
inconsistent with what would be derived from our model if the
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Figure 5. Relationship between mean fish egg selenium (Se) and
waterborne Se ratios based on lotic (@) and lentic () screening guidelines.
Dashed lines indicate waterborne Se ratios (vertical) and egg Se ratios
(horizontal). Quadrants show agreement (upper right and lower left) or
disagreement (lower right and upper left) between water and egg Se
guideline comparisons, with percentage of observations in each quadrant
indicated. Upper left quadrant is the false-negative quadrant.
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egg Se criterion of 15.1 pg/g dry weight is used. As discussed
further, however, selection of an appropriate quantile to use in
the model may not be independent of the fish egg Se criterion
that 1s used.

We selected the 75th quantile in our model because use of a
higher quantile, such as the 90th, resulted in waterborne Se
concentrations found in reference areas. We attribute this to
compounding quantiles at each step of the model. The 75th
quantile was deemed to be a reasonably protective quantile that
also provided Se concentrations in the food chain that were
toxicologically sensible. For example, the 75th quantile resulted
in a back-calculated invertebrate Se concentration of 10 p.g/g
dry weight, which is consistent with the lower threshold for diet-
borne Se toxicity to sensitive fish including the white sturgeon
(Figure 1B). These observations were based on an egg Se
guideline of 20 pg/g dry weight, but that does not mean the same
quantile should be considered for an alternative egg Se
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Figure 7. Relationship between mean fish egg selenium (Se) and
waterborne Se ratios based on the sulfate-dependent screening guideline.
Ratios based on the sulfate (SO,)—dependent guideline capped at 43 mg
SOL/L are filled symbols (); ratios based on sulfate-dependent guideline
not capped at 43 mg SO,/L are expressed as open symbols (O) where water
Se was >6.5 pg/L and sulfate was >43 mg/L and as crossed symbols (x)
where water Se was <6.5 ug/L and sulfate was <43 mg/L.. Dashed lines
indicate waterborne Se ratios (vertical) and egg Se ratios (horizontal).
Quadrants show agreement (upper right and lower left) or disagreement
(lower right and upper left} between water and egg Se guideline
comparisons, with percentages of observations in each quadrant indicated.
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concentration of interest, such as the USEPA’s criterion of
15.1 pg/g dry weight. If the USEPA’s criterion of 15.1 pg/g dry
weight is used, the associated Se concentrations in invertebrates
and particulates using the 75th quantile models would be 6.5 and
2.9 pg/g dry weight, respectively. These are below the dietary
Se toxicity threshold for fish and near or within the range of
reference area invertebrate and particulate Se concentrations in
at least some geographic regions [19,29,41,42]. As such, alower
quantile would be justified when considering a lower fish egg Se
criterion.

In addition, we note that the diet-to-fish egg trophic transfer
factors vary depending on the fish egg Se toxicity threshold
used. Based on the 75th quantile of the regression model, a fish
egg Se threshold of 20 wg/g dry weight is associated with a
trophic transfer factor of 2.0, while a threshold of 15.1 wg/g dry
weight is associated with a trophic transfer factor of 2.3.
Although we earlier noted the added uncertainty in the white
sturgeon EC10 because of the partial concentration—response
relationship, it does appear to be among the more sensitive
species tested to date. Based on the paired sturgeon egg and diet-
borne Se concentrations reported in Linville [43], diet-to-
sturgeon egg trophic transfer factors ranged from 0.22 to 0.82.
Fish species with relatively low egg Se EC10s may partition a
lower proportion of their body burden to eggs than fish species
with relatively high egg Se EC10s. For example, the egg Se
EC10 for mountain whitefish (Prosopium williamsoni) is
>33 ng/g dry weight [44], among the highest for fish species
tested. Also, egg Se concentrations for this species are often
>20 pg/g dry weight in reference waters and typically
approximately §-fold greater than muscle Se concentra-
tions [36,44]. In contrast, the species with the lowest EC10s
in the SSD [30] also have the lowest ratios of egg Se
concentrations to either whole-body or muscle Se concen-
trations (Supplemental Data, Figure S12). It is possible that
species with higher ratios of egg/ovary to whole-body/muscle
Se concentrations have a greater tolerance to Se; however, to our
knowledge, this has not yet been demonstrated.

Lastly, the BCMOE’s ambient aquatic life guidelines for Se
include an alert concentration of 1pg/l. and a guideline of
2 wg/L [7]. These values are based on multiple lines of evidence,
including food-web modeling and relationships between aquatic
life impacts and corresponding water Se concentrations. The
BCMOE did not derive waterborne Se guidelines that varied by
site type but noted that the guideline was intended to protect the
fish-inhabiting lentic environments, with a greater Se bio-
accumulation potential. If the BCMOE’s fish egg Se guideline
of 11 pg/g dry weight was considered, which includes a safety
factor of 2 in its derivation (British Columbia does not use the
SSD for guideline derivation), the lotic and lentic back-
calculated waterborne Se concentrations using our model are
1.1 and 0.9 pg/L, respectively. As previously discussed (see
Water Se screening guideline development section), waterborne
Se concentrations of this magnitude can be considered reference
water body concentrations and are thus not useful as screening-
level guidelines.

Important factors in deriving waterborne Se screening guidelines

Although many factors influence Se speciation, bioavail-
ability, and bioaccumulation in aquatic systems, 3 that should
currenily be considered in development of waterborne Se
screening thresholds are as follows: 1) differences between lotic
and lentic sites, 2) the influence of exposure concentration on Se
partitioning among compartments, and 3) the influence of
sulfate on selenate bioavailability. Each of these factors was
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incorporated into the waterborne Se screening guidelines
recommended in the present study.

Regarding differences between lotic and lentic sites, use of
colocated waterborne and particulate Se data from lotic and
lentic sites still appears to be the most practical approach in
accounting for this difference. There is clearly a continuum of
Se bioconceniration potential between these 2 site types, but
separating particulate Se data by site type facilitates develop-
ment of waterborne Se screening guidelines that differ
appropriately for lotic and lentic sites. However, more research
is needed to refine these categories or even eliminate them as
expanding research on Se speciation, fate, and biological
interactions increases our ability to mechanistically predict Se
bioconcentration potential across differing site conditions.

The influence of exposure concentration on Se partitioning
among compartments is best addressed by considering relation-
ships between Se concentration at each step in the food chain
versus its corresponding exposure concentration, rather than
simplifying these relationships to single ratios. Because Se
enrichment factors and trophic transfer factors are inversely
related to exposure concentration, selection of a single enrichment
factor or trophic transfer factor for use in the multistep Se
partitioning models is inappropriate. For example, selecting a high
percentile enrichment factor or trophic transfer factor may be
applicable only to background or reference site Se conditions,
whereas selection of a low to even moderate percentile may
underestimate Se exposure potential. Use of the regression-based
approach quantitatively reduces that uncertainty.

Although both the BCMOE and the USEPA recognize the
importance of sulfate on selenate bioavailability, neither derived
nor recommended sulfate-dependent Se guidelines/criteria. We
demonstrate that the influence of sulfate on the bioconcentration
of selenate can be modeled quantitatively, as is done for
hardness-dependent guidelines or other toxicity-modifying
factors. A waterborne Se screening guideline, such as that
derived in the present evaluation, would be applicable only to
waters where Se enters a well-oxygenated, lotic receiving water
as selenate and in which selenate is the dominant Se species at
the interface between waterborne Se and particulate Se. Because
of methodological challenges and high costs, it is difficult to
evaluate the influence of sulfate on selenate bioconcentration
and transfer up the food chain. However, because increasing
sulfate concentrations reduce selenate bioconcentration in
particulates at the base of food chains, it was possible to model
selenate bioconcentration in particulates as a function of
waterborne selenate and sulfate concentrations. As additional
data on the influence of sulfate on selenate bioconcentration
become available, this model can be further refined.

One observation with the recommended sulfate-dependent
water Se screening guideline is thatitincreases at a proportionally
greater rate than the waterborne sulfate concentration. For
example, while holding the fish egg Se concentration constant, a
2-fold increase in the waterborne sulfate concentrationresultsina
2.6-fold increase in the sulfate-dependent water Se screening
guideline. Alternatively, if the waterborne selenate concentration
18 held constant, a 2-fold increase in the waterborne sulfate
concentration results in a predicted fish egg Se concentration that
decreases by a factor of 0.33 (i.e., it decreases at a proportionately
lesser rate). Thus, the sulfate-dependent water Se guideline
responds more than proportionately to the waterborne sulfate
concentration because the predicted fish egg Se concentration
responds less than proportionately to the waterborne sulfate
concentration. This observation of the model can be compared to
empirical data that comprise one component of the model. For
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example, the slope of the relationship between the natural
logarithms of the predicied fish egg Se concentrations and
waterborne sulfate concentrations is —0.568 when the waterborne
selenate concentration is held constant. This slope from the model
falls within the range of empirical slopes (-0.836 10 -0.424) when
the natural logarithms of algae and macrophyte Se are regressed
versus waterborne sulfate concentrations and waterborne sele-
nate is held constant (Supplemental Data, Figure S13). This is
perhaps not surprising because the algae and macrophyte data
provide the foundation for the sulfate-dependent model, but this
supports the idea that the relationship between the sulfate-
dependent water Se screening guideline and waterborne sulfate
concentrations is consistent with the empirical data.

Outlook and ongoing research needs

Methods for linking waterborne Se concentrations to fish
tissue Se concentration range from conservative screening
models to site-specific models. Screening models, such as those
described in the present study, are intended to determine
whether site-specific studies and models are necessary, while
site-specific models currently require measurement of Se
concentrations in at least one component of the aquatic food
web at the site of interest. The ecosystem-scale Se model of
Presser and Luoma [12], for example, requires site-specific
measurement of Se in particulates at the base of the food web,
whereas the Bayesian Monte Carlo model described in Brix
et al. [2] requires site-specific measurement of Se in fish tissue.

Currently, models for predicting Se bioaccumulation potential
in aquatic food webs as a function of site-specific biogeochemical
characteristics are unavailable. The development of models for
predicting Se enrichment at the base of aquatic food webs as a
function of site-specific chemistry data, including Se speciation
and factors that modify Se bioavailability, is the next step for
advancing our ability to evaluate site-specific Se bioaccumula-
tion potential. Such modeling at the base of the food web, coupled
with an understanding of Se trophic transfer in different food
webs (as described in Presser and Luoma [12]), would provide a
more flexible and cost-effective tool for Se evaluations over a
broad range of biogeochemical conditions.

Such models can be enhanced by considering the biokinetics
of Se uptake and elimination at the base of the aquatic food web
and through successive trophic levels. Selenium concentrations
in surface waters are often temporally variable; thus, it is
important to understand how Se concentrations in different
food-web components respond to that variability and, ulti-
mately, how those Se concentrations relate to the critical
exposure period for fish species of interest at a given site.
DeForest et al. [45], for example, conducted an evaluation of
existing biokinetic data for Se and found that periphyton-based
food webs respond differently to changes in waterborne Se
concentrations compared with phytoplankton-based food webs,
which is predominantly because of differences in Se uptake
rates. More biokinetic Se studies are necessary for a broader
range of primary producers and over a broader range of water
chemistry conditions. These studies could also help in the
development of predictive models of Se enrichment at the base
of the food web under varying physicochemical conditions.

Supplemental Data—The Supplemental Data are available on the Wiley
Online Library at DOI: 10.1002/etc.3793.
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