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ERRATA

In 2021, EPA identified that the following text was missing from the second sentence in
footnote 4 in the criterion table: "When selenium inputs are increasing," Corrected footnote 4
now states: "4. Water column values are based on dissolved total selenium in water and are
derived from fish tissue values via bioaccumulation modeling. When selenium inputs are
increasing, water column values are the applicable criterion element in the absence of steady-

state condition fish tissue data.” Footnotes 2 and 3 also reflect that footnote 4 was corrected.

NOTICE

This document has undergone a contractor-led external expert peer-review, as well as an
EPA review process following publication and public comments received on the May 14, 2014,
and July 28, 2015 criteria drafts. Final review by the Health and Ecological Criteria Division,
Office of Science and Technology, U.S. Environmental Protection Agency, has been completed,
and the document has been approved for publication.

This document provides guidance to States and Tribes authorized to adopt water quality
standards under the Clean Water Act (CWA), to protect aquatic life from toxic effects of
selenium. Under the CWA, States and Tribes are to adopt water quality criteria to protect
designated uses. State and tribal decision makers retain the discretion to adopt approaches on a
case-by-case basis that differ from this guidance when appropriate. While this document contains
EPA’s scientific recommendations regarding ambient concentrations of selenium that protect
aquatic life, it does not substitute for the CWA or EPA’s regulations; nor is it a regulation itself.
Thus, it cannot impose legally-binding requirements on EPA, States, Tribes, or the regulated
community, and might not apply to a particular situation based upon the circumstances. EPA
may change this document in the future. This document has been approved for publication by the
Office of Science and Technology, Office of Water, U.S. Environmental Protection Agency.

Mention of trade names or commercial products does not constitute endorsement or
recommendation for use. This document can be downloaded from:
http://lwww.epa.gov/waterscience/criteria/aglife.html
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FOREWORD

Section 304(a)(l) of the Clean Water Act requires the Administrator of the Environmental
Protection Agency to publish water quality criteria that accurately reflect the latest scientific
knowledge on the kind and extent of all identifiable effects on health and welfare that might be
expected from the presence of pollutants in any body of water, including ground water. This
document presents EPA’s updated chronic ambient water quality criterion (AWQC) for the
protection of aquatic life based upon consideration of all available information relating to effects
of selenium on aquatic organisms. EPA has incorporated revisions into this final document based
on comments from the general public and an external expert peer review panel on an earlier draft
published in the Federal Register in May 14, 2014, and comments from the general public on a
second draft published in the Federal Register in July 28, 2015.

The term "water quality criteria” is used in two sections of the Clean Water Act, section
304(a)(I) and section 303(c)(2). The term has a different program impact in each section. In
section 304, the term represents a non-regulatory, scientific assessment of ecological effects. The
criterion presented in this document is such a scientific assessment. If water quality criteria
associated with specific designated uses are adopted by a state or authorized tribe as water
quality standards under section 303, and approved by EPA, they become applicable Clean Water
Act water quality standards in ambient waters within that state or tribe. Water quality criteria
adopted in state or tribal water quality standards could have the same numerical values as criteria
developed under section 304. However, states and authorized tribes may adopt water quality
criteria that reflect adjustments to EPA’s recommended section 304 criteria to reflect local
environmental conditions and human exposure patterns. Alternatively, states and authorized
tribes may derive numeric criteria based on other scientifically defensible methods but the
criteria must be protective of designated uses. It is not until their adoption as part of state or
tribal water quality standards, and subsequent approval by EPA, that criteria become Clean
Water Act applicable water quality standards. Guidelines to assist the states and authorized tribes
in modifying the criteria presented in this document are contained in the Water Quality Standards
Handbook (U.S. EPA 1994, as updated), which along with additional guidance on the
development of water quality standards and other water-related programs of this Agency have
been developed by the Office of Water.

This document provides guidance only. It does not establish or affect legal rights or
obligations. It does not establish a binding norm and cannot be finally determinative of the issues
addressed. Agency decisions in any particular situation will be made by applying the Clean
Water Act and EPA regulations on the basis of specific facts presented and scientific information
then available.

Elizabeth Southerland
Director
Office of Science and Technology
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EXECUTIVE SUMMARY

This document sets forth the basis for and derivation of the Clean Water Act, Section
304(a) water quality criterion for protecting freshwater aquatic life from harmful effects of
selenium, a naturally occurring chemical element that is nutritionally essential in small amounts,
but toxic at higher concentrations. This assessment provides a critical review of all data
identified in EPA’s literature search quantifying the toxicity of selenium to freshwater aquatic
organisms, and provides a basis for a criterion that will assure protection of populations of fish,
amphibians, aquatic invertebrates, and plants, based on available data.

Although selenium may cause acute toxicity at high concentrations, the most deleterious
effect on aquatic organisms is due to its bioaccumulative properties; these chronic effects are
found at lower concentrations than acute effects. Organisms in aquatic environments exposed to
selenium accumulate it primarily through their diets, and not directly through water (Chapman et
al. 2010). The best science also indicates that selenium toxicity occurs primarily through transfer
to the eggs and subsequent reproductive effects. Consequently, in harmony with the
recommendations of expert panels (U.S. EPA 1998; Chapman et al. 2010) and with peer review
and public comments on previous U.S. EPA (2004, 2014, 2015) drafts, the Agency developed a
chronic criterion reflective of the reproductive effects of selenium concentrations on fish species.

The 2016 “Aquatic Life Ambient Water Quality Criterion for Selenium — Freshwater,
2016,” is a chronic criterion that is composed of four elements. All elements are protective
against chronic selenium effects. Two elements are based on the concentration of selenium in
fish tissue and two elements are based on the concentration of selenium in the water column. The
recommended elements are: (1) a fish egg-ovary element; (2) a fish whole-body and/or muscle
element; (3) a water column element (one value for lentic and one value for lotic aquatic
systems); and (4) a water column intermittent element to account for potential chronic effects
from short-term exposures (one value for lentic and one value for lotic aquatic systems). The
assessment of the available data for fish, invertebrates, and amphibians indicates that a criterion
value derived from fish will protect the aquatic community. All four criterion elements applied
together should protect aquatic life from the chronic effects of exposure to total selenium in

waters inhabited by fish, as well as “fishless waters.”
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Because the factors that determine selenium bioaccumulation vary among aquatic
systems, site-specific water column criterion element values may be necessary at aquatic sites
with high selenium bioaccumulation to ensure adequate protection of aquatic life (Appendix K).
Finally, this freshwater chronic selenium criterion applies only to aquatic life, and is not intended
to address selenium toxicity to aquatic-dependent wildlife such as aquatic-dependent birds.

The toxicity studies relevant to the derivation of the fish tissue selenium criterion
elements involve (a) extended duration dietary exposure, and (b) measurement of total selenium
in the tissue of the target organism. Selenium either in fish whole-body or in muscle is usually
measured in non-reproductive studies, and selenium in eggs or ovaries is typically measured in
reproductive studies. Selenium accumulation in the eggs of the exposed adult female prior to
spawning has been shown to yield the most robust relationship (statistically significant) with
occurrence of deformities and reduced survival of the offspring.

The outcome of assessing both reproductive and non-reproductive studies under
laboratory and field conditions led EPA to the conclusion, consistent with expert consensus
(Chapman et al. 2009, 2010), that reproductive effects, linked to egg-ovary selenium
concentrations, provide the most sound basis for the criterion compared to non-reproductive
(e.g., survivorship, growth) endpoints. Reproductive effects have been linked to observed
reductions in the populations of sensitive fish species in waterbodies having elevated
concentrations of selenium (Young et al. 2010). EPA applied the sensitivity distribution concepts
from the U.S. EPA Guidelines for Deriving Numerical National Water Quality Criteria for the
Protection of Aquatic Organisms and their Uses (Stephan et al. 1985) to derive the national
selenium criterion. Based on the available data, expressed as EC, values, the egg-ovary criterion
element concentration is 15.1 milligrams selenium per kilogram dry weight (mg Se/kg dw),
based primarily on 17 reproductive studies representing 10 fish genera.

EPA recommends states and tribes adopt all four elements of the criterion into their water
quality standards. Two elements are based on the concentration of selenium in fish tissue (eggs
or ovaries, and whole-body or muscle) and two elements are based on the concentration of
selenium in the water column (a 30-day chronic element and an intermittent exposure element).
Both water column elements are further refined into values for lentic waters (e.g., lakes and
impoundments) and lotic waters (e.g., rivers and streams). The difference between lentic and

lotic water column values reflect the observed difference in selenium bioaccumulation in these
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two categories of aquatic systems (ATSDR 2003; Luoma and Rainbow 2005; Orr et al. 2006;
Simmons and Wallschl&gel 2005). EPA derived the intermittent exposure element based on the
chronic 30-day water column element and the fraction of any 30-day period during which
elevated selenium concentrations occur. EPA recommends the intermittent element to address
short-term exposures that contribute to chronic effects through selenium bioaccumulation (e.g.,
releases from storage ponds or other intermittent releases). EPA derived the values for the water-
column criterion elements from the egg-ovary element by assessing food-chain bioaccumulation
based on available data collected at lentic and lotic systems in the continental United States.
Thus, all four criterion elements are based on reproductive effects in freshwater fish.

EPA primarily used field studies in freshwater systems to provide quantitative estimates
of selenium bioaccumulation in particulate material (algae, detritus, and sediment) from water,
and used field observations and laboratory data to quantify and model the trophic transfer of
selenium from particulate material into invertebrates, and from invertebrates into fish. EPA
additionally used field and laboratory observations to assess species-specific selenium
partitioning between different tissues within a fish (whole-body, eggs and/or ovaries, and
muscle). EPA developed food web models of fish in aquatic systems with a range of
bioaccumulation potentials and used the food web models with the species-specific estimates of
trophic transfer (or the most proximate taxonomic surrogate when species-specific data was not
available) to develop water column criterion elements from the egg-ovary criterion element for
lotic and lentic aquatic systems. EPA validated this approach using selenium measurements from
aquatic systems with a range of bioaccumulation potentials. Similar approaches could be used in
the derivation of selenium criteria in saltwater or estuarine systems with selenium data and food
webs relevant to those systems.

While more than half the available chronic studies were fish studies, available field data
and laboratory toxicity studies suggest that a criterion based on fish will protect amphibians,
aquatic invertebrates, and plants since these taxa appear to be less sensitive to selenium than fish
(see Sections 3.1.4 and 6.1.4).
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Table 1. Summary of the Recommended Freshwater Selenium Ambient Chronic Water
Quality Criterion for Protection of Aquatic Life.

Media

Type Fish Tissue® Water Column*
Criterion , Fish Whole Monthly :
Egg/Ovary Body or Average Intermittent Exposure
Element 3
Muscle Exposure
wholebody | LEHULIn
or Ien'ilc aquatic WQCi,, =
i P systems
Magnitude | 15.1 mg/kg dw | 11.3 mg/kg WQCs0-day — Chicgrna(1 — f int)
dw muscle 3.1 pg/L in lotic
(skinless, a. uatic systems ine
boneless filet) g y
Duration Instantaneous6 Instantaneous6 30 days Number of days/mo_nth with an
measurement measurement elevated concentration
Not more than
Frequency Not to be Not to be once in three Not more than once in three years on
exceeded exceeded years on average
average

1. Fish tissue elements are expressed as steady-state.
2. Egg/Ovary supersedes any whole-body, muscle, or water column element when fish egg/ovary concentrations are
measured, except as noted in footnote 4 below.
3. Fish whole-body or muscle tissue supersedes water column element when both fish tissue and water concentrations are
measured, except as noted in footnote 4 below.
4. Water column values are based on dissolved total selenium in water and are derived from fish tissue values via
bioaccumulation modeling. When selenium inputs are increasing, water column values are the applicable criterion element

in the absence of steady-state condition fish tissue data.

5. Where WQC30-day is the water column monthly element, for either a lentic or lotic waters; Cyygmqg iS the average
background selenium concentration, and fint is the fraction of any 30-day period during which elevated selenium
concentrations occur, with f;; assigned a value >0.033 (corresponding to 1 day).

6. Fish tissue data provide instantaneous point measurements that reflect integrative accumulation of selenium over time and
space in fish population(s) at a given site.

The recommended chronic selenium criterion is expected to protect the entire aquatic

community, including fish, amphibians, and invertebrates, based on available data. Because fish

are the most sensitive to selenium effects, EPA recommends that selenium water quality criterion

elements based on fish tissue (egg-ovary, whole body, and/or muscle) data take precedence over

the criterion elements based on water column selenium data due to the fact, noted above, that fish

tissue concentrations provide a more robust and direct indication of potential selenium effects in

fish. However, because selenium concentrations in fish tissue are a result of selenium
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bioaccumulation via dietary exposure, there are two specific circumstances where the fish tissue
concentrations do not fully represent potential effects on fish and the aquatic ecosystem: 1)
“fishless” waters, and 2) areas with new selenium inputs.

For purposes of this document, EPA defines “fishless waters” as waters with insufficient
instream habitat and/or flow to support a population of any fish species on a continuing basis, or
waters that once supported populations of one or more fish species but no longer support fish
(e.q., extirpation) due to temporary or permanent changes in water quality (e.g., selenium
pollution), flow or instream habitat. Because of the inability to collect sufficient fish tissue to
measure selenium concentrations in fish in such waters, water column concentrations will best
represent selenium levels required to protect aquatic communities and downstream waters in
such areas. Appendix K of this criterion document discusses approaches to develop a site-
specific water column criterion element in such situations.

For purposes of this document EPA defines “new inputs” as new activities resulting in
the release of selenium into a lentic or lotic aquatic system. New inputs will likely result in a
greater concentrations of selenium in the food web and a relatively slow increase in the selenium
concentration in fish until the new selenium release achieves a quasi-“steady-state” balance in
the aquatic system. EPA estimates that the concentration of selenium in fish tissue will not reach
steady state for several months in lotic systems and longer time periods (e.g., 2 to 3 years) in
lentic systems. Achievement of steady state in an aquatic system also depends on the
hydrodynamics of the aquatic system, (particularly reservoirs with multiple riverine inputs), the
location of the selenium input and the particular food web. EPA expects the time needed to
achieve steady state with new or increased selenium inputs to be site specific. Thus, EPA
recommends that fish tissue criterion elements not take precedence over the water column
criterion elements until the aquatic system achieves steady state. In the interim, EPA
recommends sampling and using site-specific data to determine steady state in the receiving
water to gain a better understanding of the selenium bioaccumulation dynamics in a given
system.

EPA recommends states and tribes adopt into their water quality standards a selenium
criterion that expresses the four elements as a single criterion composed of multiple parts in a
manner that explicitly affirms the primacy of the whole-body or muscle element over the water

column elements, and the egg-ovary element over any other element. Adopting the fish whole-

XVi



body or muscle tissue element into water quality standards ensures the protection of aquatic life
when measurements from fish eggs or ovary are not available, and adopting the water column
element ensures protection when fish tissue measurements are not available.

EPA recommends that when states adopt a four-part criterion for selenium reflecting
EPA’s recommended criterion, states use the default monthly average exposure water column
elements of the criterion, adopted as part of the state's water quality criterion when implementing
the criterion under the National Pollutant Discharge Elimination System (NPDES) permits
program and to assist with implementation of other Clean Water Act programs. Alternatively,
states may want to develop adopt, and submit for EPA approval, either a site-specific water
column criterion element (or set of lentic/lotic criterion element values), or a set of procedures to
facilitate the translation of the fish tissue criterion concentration elements into site-specific water
concentration values. A site-specific water column criterion element or set of lentic/lotic
criterion element values can be developed using a mechanistic modeling approach (Presser and
Luoma 2010) or using the empirical bioaccumulation factor approach, both described in
Appendix K, for the specific waterbody or waterbodies. Any translation procedure must be
scientifically defensible, produce repeatable, predictable outcomes, and result in criterion
element values that protect the applicable designated use. Examples of such procedures include
the mechanistic modeling approach and the empirical BAF approach described in Appendix K.

This recommended selenium criterion applies to freshwater lentic and lotic systems, as it
is based on the toxicity of selenium to freshwater organisms. A similar approach may be
appropriate for deriving criteria for selenium in estuarine and marine waters if appropriate data

are available.
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1 INTRODUCTION AND BACKGROUND

The objective of the Clean Water Act (CWA) is to “restore and maintain the chemical,
biological and physical integrity of the Nation’s waters.” One of the tools that EPA uses to meet
this objective is the development of recommended ambient water quality criteria (AWQC) under
section 304(a)(1) of the Act. As provided for by the Clean Water Act, EPA reviews and from
time to time revises 304(a)(1) AWQC to ensure the criteria are consistent with the latest
scientific knowledge. Section 304(a) aquatic life criteria serve as recommendations to states and
authorized tribes for defining ambient water concentrations that will protect against adverse
ecological effects to aquatic life resulting from exposure to a pollutant found in water from direct
contact or, ingestion of contaminated water and/or food. Aquatic life criteria address the Clean
Water Act goals of providing for the protection and propagation of fish and shellfish. When
adopted into state or tribal water quality standards (WQS), these criteria can become a basis for
establishing National Pollutant Discharge Elimination System (NPDES) program permit limits
and, the basis for listing impaired waters under Section 303(d) and establishing Total Maximum
Daily Loads (TMDLS).

1.1 HisTORY OF THE EPA RECOMMENDED SELENIUM AWQC FOR AQUATIC LIFE

In 1980 EPA first published numeric aquatic life criteria for selenium in freshwater.
These criteria were based on water-only exposure (no dietary exposure). In order to address the
lack of consideration of bioaccumulation in the 1980 selenium criteria, in 1987 EPA published
updated selenium criteria to address field-based toxicity observed in aquatic ecosystems at levels
below the existing criteria values. The 1987 criteria were field-based and accounted for both the
water column and dietary uptake pathways manifested at Belews Lake, North Carolina (USA), a
cooling water reservoir where water quality and fish communities had been affected by selenium
loads from a coal-fired power plant. At that time EPA also provided an acute criterion of 20 pg/L
derived from a reverse application of an acute-chronic ratio obtained from conventional water-
only exposure toxicity tests applied to the 5 pug/L chronic value based on dietary and water
column exposure in Belews Lake.

In 1998-1999 EPA published a revised acute criterion, a formula that recognized that the

two oxidation states, selenate and selenite, appeared to have substantially different acute



toxicities. This acute criterion assumed toxicity was based on water-only exposure. Subsequent
research has demonstrated that sulfate levels influence selenate toxicity in water-only exposures.

In 1998 EPA held a peer consultation workshop (EPA-822-R-98-007) to evaluate new
science available for selenium relevant to the selenium aquatic life criterion. EPA concluded, and
the peer reviewers agreed, that fish-tissue values more directly represent chronic adverse effects
of selenium than the conventional water concentration approach used by EPA to protect aquatic
life, because chronic selenium toxicity is primarily based on the food-chain bioaccumulation
route, not on a water column route of exposure.

In 2004 EPA published a draft chronic whole-body fish-tissue criterion with a water-
based monitoring trigger in the summer and fall. The critical effect considered at that time was
the impact on survivorship based on overwintering stress to bluegill sunfish. An acute criterion
was estimated at that time that addressed concerns with the species of selenium present and
adjusted for sulfate levels; however, it did not address the dietary uptake pathway.

Further refinement of the fish tissue approach occurred in 2009 based on the findings of a
Pellston scientific workshop on the ecological risk assessment of selenium (Chapman et al. 20009,
2010). As presented by Chapman et al. (2009), some key findings resulting from that workshop
are:

e Diet is the primary pathway of selenium exposure for both invertebrates and vertebrates.

e Traditional methods for predicting toxicity on the basis of exposure to dissolved [water
column] concentrations do not work for selenium because the behavior and toxicity of
selenium in aquatic systems are highly dependent upon site-specific factors, including
food web structure and hydrology.

e Selenium toxicity is primarily manifested as reproductive impairment due to maternal

transfer, resulting in embryotoxicity and teratogenicity in egg-laying vertebrates.

In this 2016 final recommended freshwater chronic criterion for selenium, EPA includes
revisions based on the public and external expert peer reviews of the 2014 draft, public
comments on the 2015 draft, data and information from additional studies provided by the public
and peer reviewers, and additional scientific analyses. EPA also conducted a new literature
review and reanalyzed data considered in the 2004 and 2009 draft criteria documents. This final

criterion reflects the latest scientific consensus (e.g., Chapman et al. 2010) on the reproductive



effects of selenium on aquatic life and their measurement in aquatic systems and supersedes all
previous national aquatic life water quality criteria for selenium.

EPA is recommending a national selenium criterion expressed as four elements. All
elements are protective against chronic selenium effects, and account for both short term and
longer term exposure to selenium. Two elements are based on the concentration of selenium in
fish tissue (eggs and ovaries, and whole-body or muscle) and two elements are based on the
concentration of selenium in the water-column (two 30-day chronic values and an intermittent
value). EPA derived the 30-day chronic water column element from the egg-ovary element by
modeling selenium bioaccumulation in food webs of lotic and lentic aquatic systems. EPA is
recommending the intermittent value to address short-term exposures that could contribute to
chronic effects through selenium bioaccumulation in either lotic or lentic systems. EPA derived
the intermittent element based on the chronic 30-day water column element and the fraction of
any 30-day period during which elevated selenium concentrations occur. These water column
criterion elements apply to the total of all oxidation states (selenite, selenate, organic selenium,
and any other forms) (See Appendix L for Analytical Methods for Measuring Selenium). Aquatic
communities are expected to be protected by this chronic criterion from any potential acute

effects of selenium.



2 PROBLEM FORMULATION

Problem formulation provides a strategic framework for water quality criteria
development by focusing the effects assessment on the most relevant chemical properties and
endpoints. The structure of this effects assessment is consistent with EPA’s Guidelines for
Ecological Risk Assessment (U.S. EPA 1998).

This ecological effects assessment defines a scientifically-defensible water quality
criterion for selenium under section 304(a)(1) of the Clean Water Act. Clean Water Act Section
304(a)(1) requires EPA to develop criteria for water quality that accurately reflect the latest
scientific knowledge. These criteria are based solely on high quality data and best professional
scientific judgments on toxicological effects. Criteria are developed following overarching
guidance outlined in the Agency’s Guidelines for Deriving Numerical National Water Quality
Criteria for the Protection of Aquatic Organisms and Their Uses (Stephan et al. 1985), hereafter
referred to as “EPA Ambient Water Quality Criteria Guidelines.” States and authorized tribes
may adopt EPA’s recommended criteria into their water quality standards to protect designated
uses of water bodies, they may modify EPA’s criteria to reflect site-specific conditions, or they
may derive criteria using other scientifically-defensible methods, all subject to EPA review and

approval.

2.1 OVERVIEW OF SELENIUM SOURCES AND OCCURRENCE

Selenium is a naturally occurring element present in sedimentary rocks and soils. It is
also present in the aquatic environment as methyl derivatives of selenium, naturally occurring in
freshwaters through methylation by bacteria (Ranjard et.al. 2003). Selenium’s occurrence in
surficial soils and aquatic sediments in the United States is illustrated in Figure 2.1. There are
around 40 known selenium-containing minerals, some of which can have as much as 30%
selenium, but all are rare and generally occur together with sulfides of metals such as copper,
zinc and lead (Emsley 2011). Sedimentary rocks, particularly shales, have the highest naturally
occurring selenium content (Burau 1985). The distribution of organic-enriched, sedimentary
shales, petroleum source rocks, ore deposits, phosphorites, and coals, in which selenium
typically co-occurs, is well characterized in the United States (Presser et al. 2004). Natural
weathering of selenium-bearing geologic strata containing selenium can lead to selenium

leaching into groundwater and surface water. Two major anthropogenic activities are known to



cause increased selenium mobilization and introduction into aquatic systems. The first is the
mining of metals, minerals and refinement and use of fossil fuels; the second is irrigation of
selenium-rich soils.

Mining activities bring selenium-enriched deposits to the surface, where they are exposed
to physical weathering processes. The release of selenium related to resource extraction activities
is most common in the phosphate deposits of southeast Idaho and adjacent areas of Wyoming,
Montana, and Utah, and in coal mining areas in portions of West Virginia, Kentucky, Virginia,
and Tennessee (Presser et al. 2004). Where selenium-containing minerals, rocks, and coal are
mined, selenium can be mobilized when rock overburden and waste materials are crushed,
increasing the surface area and exposure of material to weathering processes. Selenium
contamination of surface waters can also occur when sulfide deposits of iron, uranium, copper,
lead, mercury, silver, and zinc are released during the mining and smelting of these metal ores.
Where coal is burned for power production, selenium can enter surface waters as drainage from
fly-ash ponds and fly-ash deposits on land (Gillespie and Baumann 1986). Fly ash deposits have
a high surface area to volume ratio, resulting in rates of selenium in leachate several times higher
than from the parent feed coal (Fernandez-Turiel et al. 1994). The refining of crude oil
containing high levels of selenium can also be a major source of loading in certain water bodies
(Maher et al. 2010).

Irrigation of selenium-rich soils for crop production in arid and semi-arid regions of the
country can mobilize selenium and move it off-site in surface water runoff or via leaching into
ground water. Where deposits of Cretaceous marine shales occur, they can weather to produce
high selenium soils; such soils are present in many areas of the western U.S. (Lemly 1993c).
Selenium is abundant in the alkaline soils of the Great Plains, and some ground waters in
California, Colorado, Kansas, Oklahoma, South Dakota and Wyoming contain elevated
concentrations of selenium due to weathering of and leaching from rocks and soils. In semi-arid
areas of the West, irrigation water applied to soils containing soluble selenium can leach
selenium. The excess water (in tile drains or irrigation return flow) containing selenium can be
discharged into basins, ponds, or streams. For example, elevated selenium levels at the Kesterson
Reservoir in California originated from agricultural irrigation return flow collected in tile drains
that discharged into the reservoir (Ohlendorf et al. 1986).
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Figure 2.1. Selenium in Surficial Soils and Aquatic Sediments in counties of the
Conterminous United States.

U.S. Geological Survey Open-File Report 2004-1001. URL.:
http://mrdata.usgs.gov/geochem/doc/averages/countydata.htm. Data are available from:
http://mrdata.usgs.gov/geochem/doc/groups-cats.htm.

Atmospheric emissions of selenium can originate from several sources including power
plants and other facilities that burn coal or oil, selenium refineries that provide selenium to
industrial users, base metal smelters and refineries, resource extraction industries, milling
operations, and end-product manufacturers (e.g., semiconductor manufacturers) (ATSDR 2003).
Airborne selenium particles can settle either on surface waters or on soils from which selenium
can be further transported and deposited into water bodies through ground or surface water
conveyances or runoff.

The chemical form of selenium that dominates a location is usually dependent on its
sources, effluent treatments, and biogeochemical processes in the receiving waters. Irrigation
activities in areas with seleniferous soils typically mobilize selenate (SeO4>, or Se[VI]) (Seiler et
al. 2003). Combustion of coal for power generation creates predominantly selenite (SeOs*, or

Se[lV]) in the fly ash waste due to the temperatures, pH, and redox conditions involved with the


http://mrdata.usgs.gov/geochem/doc/averages/countydata.htm
http://mrdata.usgs.gov/geochem/doc/groups-cats.htm

process (Huggins et al. 2007). Similar conditions during refinement of crude oil can also result in
high concentrations of selenite relative to selenate, as was observed in the San Francisco Bay
estuary in the 1980s (Cutter 1989). Although selenite is the dominant species in the discharges
resulting from crude oil refining and coal burning using conventional technologies, the
implementation of alternative treatment technologies can alter the relative concentrations of
selenate and selenite. For example, in scrubbers with forced oxidation systems that produce
strong oxidizing conditions and high temperatures, the majority of discharged selenium is in the
form of selenate (Maher et al. 2010). However for flue gas desulfurization systems that are the
inhibited oxidation type, the selenium chemistry is more complex, and selenite may not be the
primary form emitted (Petrov et al. 2012). Table 2.1 shows the predominant form of selenium
that is associated with different activities and industries.

EPA’s Office of Water and Office of Research and Development conducted the first
statistically based survey of contaminants in fish fillets from U.S. rivers from 2008 through
2009. This national fish survey was conducted under the framework of EPA’s National Rivers
and Streams Assessment (NRSA), a probability-based survey designed to assess the condition of
the Nation’s streams and rivers (Lazorchak et al. 2014). During June through October of 2008
and 2009, field teams applied consistent methods nationwide to collect samples of fish species
commonly consumed by humans at 541 randomly selected river locations (> 5" order based on
1:100,000-scale Strahler order) in the lower 48 states. They collected one composite fish sample
at every sampling location, with each composite consisting of five similarly sized adult fish of
the same species from a list of target species. Largemouth and smallmouth bass were the primary
species collected for the study, accounting for 34% and 24% of all fish composites, respectively.
Samples were collected from both non-urban (379 sites) and urban locations (162 sites). Each
fillet composite sample was homogenized and analyzed using an ICP-MS (Inductively Coupled
Plasma- Mass Spectrometry) method for total selenium, and results were reported as wet weight.
Three of the 541 samples (approximately 0.6%) exceeded the 2016 criterion for muscle tissue,
11.3 mg/kg dw. The maximum value detected was 17.75 mg Se/kg dw muscle, the median was
1.90 mg Se/kg dw, and the minimum 0.41 mg Se/kg dw.



Table 2.1. Predominant Chemical Forms of Selenium in Discharges Associated with
Different Activities and Industries.

Selenium Form Sources

Agricultural irrigation drainage
Treated oil refinery effluent
Mountaintop coal mining/ valley fill leachate
Copper mining discharge

Selenate

Oil refinery effluent
Selenite Fly ash disposal effluent
Phosphate mining overburden leachate

Organoselenium Treated agricultural drainage (in ponds or lagoons)

Source: Presser and Ohlendorf 1987; Zhang and Moore 1996; Cutter and Diego-McGlone 1990.

2.2 ENVIRONMENTAL FATE AND TRANSPORT OF SELENIUM IN THE AQUATIC
ENVIRONMENT

The fate and transport of selenium in aquatic systems is affected by the distribution of
selenium species and their transformations in water, sediment, and biota. These transformations
include the assimilation and conversion of inorganic selenium to organic selenium species in
plants and microbes that are transferred to higher trophic level consumer species throughout the

aquatic food web.

2.2.1 Selenium Species in Aguatic Systems

Aquatic organisms are exposed to a combination of predominantly organic selenium
species present in the food web throughout their life history; reproductive effects integrate these
exposures to transformed inorganic and organic species of selenium. The bioavailability and
toxicity of selenium depend on both its concentration and speciation (Cutter and Cutter 2004;
Meseck and Cutter 2006; Reidel et al. 1996). Selenium exists in four oxidation states (VI, 1V, 0, -
I1) and in a wide range of chemical and physical species across these oxidation states (Doblin et
al. 2006; Mabher et al. 2010; Meseck and Cutter 2006). Therefore, in the effects assessment that
follows, we have correlated the adverse effects on aquatic life with total dissolved selenium.

In oxygenated surface waters, the primary dissolved selenium species are selenate
(Se0,*", or Se[VI1]) and selenite (SeOs*, or Se[1V]), as well as dissolved organic selenides (-11)
formed from fine particulate organic matter (e.g., Doblin et al. 2006; Meseck and Cutter 2006).
The relative abundance of selenate and selenite depends on relative contributions from the




geologic and anthropogenic sources of selenium to the receiving waters, as there is negligible
inter-conversion between the two species (e.g., Maher et al. 2010). Aqueous selenite is more
abundant than selenate when the majority of selenium originates from discharges from coal fly
ash tailings or oil refineries (e.g., Cutter 1989; Huggins et al. 2007). Particulate species in the
water column include selenate, selenite, and elemental selenium (Se(0)) bound to resuspended
sediments and organic particles, as well as particulate organic selenium species incorporated into
suspended detritus (e.g., Cutter and Bruland 1984; Meseck and Cutter 2006).

In sediments, selenate and selenite can be reduced to iron selenides or elemental selenium
under abiotic or biotic processes; elemental selenium and selenides can be converted to selenate
under oxidizing conditions (Maher et al. 2010). For example, selenate can be reduced to
elemental selenium in sediments (e.g., Oremland 1990) in the presence of iron oxides (Chen et
al. 2008) and iron sulfides (Breynaert et al. 2008). Elemental selenium and organic selenides are
produced by selenate-reducing microbes in sediments. Overall, the reduction of selenate and
particularly selenite in sediments increases with increasing sediment organic matter (Tokunaga et
al. 1997). Selenite in particular is readily bound to iron and manganese oxy-hydroxides (Maher
et al. 2010), and is readily adsorbed to inorganic and organic particles, particularly at a lower pH
range (e.g., McLean and Bledsoe 1992; Tokungawa et al. 1997). Microbial reduction of selenite
to organic forms (via methylation) increases the solubility and bioavailability of selenium
(Simmons and Wallschldgel 2005). Plants and algae produce volatile selenium species by
biomethylation of excess selenium, which upon reaching the sediment can be transformed to a
more bioavailable species, or deposited in the sediments and effectively removed from the
system (Diaz et al. 2009). Depending on environmental conditions, the reduction processes
described above are largely reversible, as elemental selenium and selenides in sediments can be
oxidized to selenate through microbial or abiotic transformations (e.g., Maher et al. 2010;
Tokunaga et al. 1997).

The most important transformation of selenium, with respect to its toxicity to aquatic
organisms, is in the uptake of dissolved inorganic selenium into the tissues of primary producers
at the base of the food web. The main route of entry of selenium into aquatic foodwebs is from
the consumption of particulate selenium of primary producers, and to a lesser degree, from the
consumption of sediments (Doblin et al. 2006; Luoma and Presser 2009). For algae, selenite and

organic selenides are similarly bioavailable, and both dissolved species are more bioavailable



than selenate (e.g., Baines et al. 2001; Luoma et al. 1992). In vascular plants, selenate uptake is
greater than for the other dissolved species, as the majority of selenium uptake occurs in the
roots, and selenate is more easily transported to the shoots and leaves than selenite or organic
selenides (Dumont 2006). Following uptake, selenium is metabolized into a variety of organic
species that are assimilated into plant tissues. Selenium metabolism in plants is analogous to
sulfur metabolism (e.g., Dumont et al. 2006; Ouerdane et al. 2013). Selenate is reduced to
selenite, which is then reduced to selenide in a process involving reduced glutathione (Dumont et
al. 2006). Selenide is converted to selenocysteine (SeCys), which is then converted to
selenomethionine (SeMet) (Dumont et al. 2006). In addition to SeCys and SeMet, a variety of
other organic selenium species can be formed; however, SeCys, and particularly SeMet are
toxicologically important because these amino acids nonspecifically replace cysteine and
methionine in proteins, and are more bioavailable to higher trophic level consumers (Fan et al.
2002; Freeman et al. 2006).

2.2.2 Bioaccumulation of Selenium in Aquatic Systems

Dissolved selenium uptake by animals is slow, whatever the form, such that under
environmentally relevant conditions, dissolved selenium in the water column makes little or no
direct contribution to bioaccumulation in animals (Lemly 1985a; Ogle and Knight 1996), but
does influence the concentration of selenium in particulate matter. Selenium bioaccumulation in
aquatic organisms occurs primarily through the ingestion of food (Fan et al. 2002; Luoma et al.
1992; Maher et al. 2010; Ohlendorf et al. 1986; Presser and Ohlendorf 1987; Presser et al. 1994;
Saiki and Lowe 1987). However, unlike other bioaccumulative contaminants such as mercury,
the single largest step in selenium accumulation in aquatic environments occurs at the base of the
food web where algae and other microorganisms accumulate selenium from water by factors
ranging from several hundred to tens of thousands (Luoma and Presser 2009; Orr et al. 2012;
Stewart et al. 2010). Bioaccumulation and transfer through aquatic food webs are the major
biogeochemical pathways of selenium in aquatic ecosystems. Dissolved selenium oxyanions
(selenate, selenite) and organic selenides are assimilated into the tissues of aquatic primary
producers (trophic level 1 organisms), such as periphyton, phytoplankton, and vascular
macrophytes; and subsequently biotransformed into organoselenium. These organisms, together
with other particle-bound selenium sources, constitute the particulate selenium fraction in the

water column. Selenium from this particulate fraction is then transferred to aquatic primary
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consumers such as zooplankton, insect larvae, larval fish, and bivalves (trophic level 2), and then
to predators such as fish and birds (trophic level 3 and above). In addition to the water
concentration of selenium, the process of selenium bioaccumulation in aquatic life residing in
freshwater systems depends on several factors specific to each aquatic system. These factors
include:

Water residence time. Residence time is a measure of the average time a water molecule
will spend in a specified region of space. Residence time influences both the proportion of
selenium found in particulate and dissolved forms and the predominant form of selenium.
Organisms in waters with long residence times such as lakes, ponds, reservoirs, wetlands or
estuaries will tend to bioaccumulate more selenium than those living in waters with shorter
residence times such as rivers and streams (ATSDR 2003; EPRI 2006; Luoma and Rainbow
2005; Orr et al. 2006; Simmons and Wallschlagel 2005). Several interrelated factors underlie
selenium’s greater bioaccumulation potential in slow moving systems, such as food web
complexity and the organic content and reduction/oxidation potential of sediments. Finally,
selenium toxicity in flowing waters with shorter residence times may only be apparent
downstream of their selenium sources, whereas waters with longer residence times are more
likely to exhibit selenium toxicity near their sources (Presser and Luoma 2006).

Distribution of selenium between particulate and dissolved forms. Selenium is found in
both particulate and dissolved forms in water, but direct transfer of selenium from water to
animals is only a small proportion of the total exposure. The proportion of selenium found in
particulate matter (algae, detritus, and sediment) is important because it is the primary avenue for
selenium entering into the aquatic food web (Luoma et al. 1992; Luoma and Rainbow 2005;
Ohlendorf et al. 1986; Presser and Ohlendorf 1987; Presser et al. 1994; Presser and Luoma 2006;
Saiki and Lowe 1987).

Bioaccumulation in prey. Trophic level 1 organisms such as periphyton and
phytoplankton, as well as other forms of particulate material containing selenium, such as
detritus and sediment, are ingested by trophic level 2 organisms such as mollusks, planktonic
crustaceans, and many insects, increasing the concentration of selenium in the tissues of these
higher-level organisms. Differences in the physiological characteristics of these organisms result
in different levels of bioaccumulation. Also, selenium effects on invertebrates typically occur at

concentrations higher than those that elicit effects on the vertebrates (e.g., fish and birds) that
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prey upon them. Additionally, certain molluscan taxa such as mussels and clams can accumulate
selenium to a much greater extent than planktonic crustaceans and insects (although the levels do
not seem to be toxic to the mussels) due to higher ingestion rates of both particulate-bound
(algae) and dissolved selenium from the water column through filter feeding, as well as the lower
rate at which they eliminate selenium (Luoma and Rainbow 2005; Stewart et al. 2013). Because
egg-laying (oviparous) vertebrates such as fish and birds are most sensitive to selenium effects,
(Janz et al. 2010), these vertebrate consumers are also the most vulnerable groups to selenium
poisoning and the focal point of most selenium environmental assessments (Ogle and Knight
1996; Stewart et al. 2010).

Trophic transfer to predators. Bioaccumulation of selenium by higher trophic level
organisms, such as trophic level 3 and 4 fish, is highly influenced by the food web of the aquatic
environment. For example, fish that primarily consume freshwater mollusks (e.g., redear sunfish)
will exhibit greater selenium bioaccumulation than fish that consume primarily insects or
crustaceans from waters with the same concentration of dissolved selenium because mollusks
tend to accumulate selenium at higher concentrations than other trophic level 2 organisms, as
noted above (Luoma and Presser 2009; Stewart et al. 2004).

2.3 MODE OF ACTION AND TOXICITY OF SELENIUM

Selenium is a naturally occurring chemical element that is also an essential micronutrient.
Trace amounts of selenium are required for normal cellular function in almost all animals.
However, excessive amounts of selenium can also have toxic effects, with selenium being one of
the most toxic of the biologically essential elements (Chapman et al. 2010). Egg-laying
vertebrates have a lower tolerance than do mammals, and the transition from levels of selenium
that are biologically essential to those that are toxic occurs across a relatively narrow range of
exposure concentrations (Luckey and Venugopal 1977; U.S. EPA 1987, 1998; Haygarth 1994;
Chapman et al. 2009, 2010). Selenium consumed in the diet of adult female fish is deposited in
the eggs, when selenium replaces sulfur in vitellogenin, which is transported to the ovary and
incorporated into the developing ovarian follicle (Janz et al. 2010), the primary yolk precursor.

Selenium is a member of the sulfur group of nonmetallic elements, and consequently, the
two chemicals share similar characteristics. Selenium can replace sulfur in two amino acids, the

seleno-forms being selenomethionine and selenocysteine. It has been a long-standing hypothesis
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that the cause of malformations in egg-laying vertebrates is due to the substitution of selenium
for sulfur in these amino acids and their subsequent incorporation into proteins, which causes
disruption of the structure and function of the protein. When present in excessive amounts,
selenium is erroneously substituted for sulfur, resulting in the formation of a triselenium linkage
(Se-Se-Se) or a selenotrisulfide linkage (S-Se-S), either of which was thought to prevent the
formation of the normal disulfide chemical bonds (S-S). The end result was thought to be
distorted, dysfunctional enzymes and protein molecules that impaired normal cellular
biochemistry (Diplock and Hoekstra 1976; Reddy and Massaro 1983; Sunde 1984).

Recent research, however, suggests that selenium’s role in oxidative stress plays a role in
embryo toxicity, whereas selenium substitution for sulfur does not. The substitution of
selenomethionine for methionine does not appear to affect either the structure or function of
proteins (Yuan et al. 1998; Mechaly et al. 2000; Egerer-Sieber et al. 2006). The reason is
apparently due to selenium not being distally located in selenomethionine, which insulates the
protein from an effect on its tertiary structure. Although the incorporation of selenomethionine
into proteins is concentration-dependent (Schrauzer 2000), selenocysteine’s incorporation into
proteins is not (Stadtman 1996). This suggests that neither selenomethionine nor selenocysteine
affect protein structure or function. In fact, Se as an essential micronutrient is incorporated into
functional and structural proteins as selenocysteine.

The role of selenium-induced oxidative stress in embryo toxicity and teratogenesis
appears to be related to glutathione homeostasis. A review of bird studies by Hoffman (2002)
showed exposure to selenium altered concentrations and ratios of reduced to oxidized glutathione
thereby increasing measurements of oxidative cell damage. Palace et al. (2004) suggested
oxidative stress due to elevated selenium levels results in pericardial and yolk sac edema in
rainbow trout embryos. Evidence for the role of oxidative stress in selenium toxicity is growing,
but mechanistic studies are needed to better understand its effects on egg-laying vertebrates. For
a more in depth discussion on the mechanism of toxicity at the cellular level including the
evidence against sulfur substitution as a cause and the role of oxidative stress, see Janz et al.
(2010).

The most well-documented, overt and severe toxic symptoms in fish are reproductive
teratogenesis and larval mortality. Egg-laying vertebrates appear to be the most sensitive taxa,

with toxicity resulting from maternal transfer to eggs. In studies involving young organisms
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exposed through transfer of selenium from adult female fish into their eggs, the most sensitive
diagnostic indicators of selenium toxicity in vertebrates occur when developing embryos
metabolize organic selenium that is present in egg albumen or yolk. It is then further metabolized
by larval fish after hatching.

A variety of lethal and sublethal deformities can occur in the developing fish exposed to
selenium, affecting both hard and soft tissues (Lemly 1993b). Developmental malformations are
among the most conspicuous and diagnostic symptoms of chronic selenium poisoning in fish.
Terata are permanent biomarkers of toxicity, and have been used to identify impacts of selenium
on fish populations (Maier and Knight1994; Lemly 1997b). Deformities in fish that affect
feeding or respiration can be lethal shortly after hatching. Terata that are not directly lethal, but
distort the spine and fins, can reduce swimming ability, and overall fitness. Because the rate of
survival of deformed young would be less than that for normal young, the percentage of
deformed adults observed during biosurveys will likely understate the underlying percentage of
deformed young, although quantitation of the difference is ordinarily not possible.

In summary, the most sensitive indicators of selenium toxicity in fish larvae are effects
modulated through the reproductive process and exhibited in fish larvae as teratogenic
deformities such as skeletal, craniofacial, and fin deformities, and various forms of edema that
result in mortality (Lemly 2002). The toxic effect generally evaluated is the reduction in the
number of normal healthy offspring compared to the starting number of eggs. In studies of young
organisms exposed to selenium solely through their own diet (rather than via maternal transfer),

reductions in survival and/or growth are the effects that are generally evaluated.

2.4 NARROW MARGIN BETWEEN SUFFICIENCY AND TOXICITY OF SELENIUM
Selenium has a narrow range encompassing what is beneficial for biota and what is
detrimental. Selenium is an essential nutrient that is incorporated into functional and structural
proteins as selenocysteine and selenomethionine. Several of these proteins are enzymes that
provide cellular antioxidant protection. Selenomethionine is readily oxidized, and its antioxidant
activity arises from its ability to deplete reactive oxygen species. Selenomethionine is required as
a mineral cofactor in the biosynthesis of glutathione peroxidases. All of the classic glutathione
peroxidases contain selenium and are found to be involved in the catalytic reaction of these many

enzymes (Allan 1999). The major function of the glutathione peroxidases involves the reduction
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of hydrogen peroxide to water at the expense of the oxidation of glutathione, the enzyme’s
cofactor, an important antioxidant process at normal dietary levels.

Aquatic and terrestrial organisms require low levels of selenium in their diet to sustain
metabolic processes, whereas excess concentrations of selenium that are only an order of
magnitude greater than the required level have been shown to be toxic to fish, apparently due to
generation of reactive oxidized species, resulting in oxidative stress (Palace et.al. 2004). Dietary
requirements in fish have been reported to range from 0.05 to 1.0 mg Se/kg dw (Watanabe et al.
1997). Selenium requirements for optimum growth and liver glutathione peroxidase activity in
channel catfish were reported as 0.25 mg Se/kg dw (Gatlin and Wilson 1984). Estimated
selenium dietary requirements in hybrids of striped bass, based on selenium retention, were
reported as 0.1 mg Se/kg dw (Jaramillo 2006). Selenium deficiency has been found to affect
humans (U.S. EPA 1987), sheep and cattle (U.S. EPA 1987), deer (Oliver et al. 1990), fish
(Thorarinsson et al. 1994; Wang and Lovell 1997; Wilson et al. 1997; U.S. EPA 1987), aquatic
invertebrates (Audas et al. 1995; Caffrey 1989; Cooney et al. 1992; Cowgill 1987; Cowgill and
Milazzo 1989; Elendt 1990; Elendt and Bais 1990; Harrison et al. 1988; Hyne et al. 1993;
Keating and Caffrey 1989; Larsen and Bjerregaard 1995; Lim and Akiyama 1995; Lindstrom
1991; U.S. EPA 1987; Winner 1989; Winner and Whitford 1987), and algae (Doucette et al.
1987; Keller et al. 1987; Price 1987; Price et al. 1987; Thompson and Hosja 1996; U.S. EPA
1987; Wehr and Brown 1985). The predominance of research on selenium deficiency in
invertebrates and algae is related to optimizing the health of test organisms cultured in the
laboratory. A summary of several studies that evaluated the deficiency and/or the sufficiency of

selenium in the diet of fish is provided in Appendix E.

2.5 [INTERACTIONS WITH MERCURY

The most well-known interactions with selenium occur with both inorganic and organic
mercury, and are generally antagonistic (Micallef and Tyler 1987; Cuvin and Furness 1988;
Paulsson and Lundbergh 1991; Siegel et al. 1991; Southworth et al. 1994; Ralston et al. 2006),
with the most likely mechanism being the formation of metabolically inert mercury selenides
(Ralston et al. 2006; Peterson et al. 2009). However, other studies have found interactions
between mercury and selenium to be additive (Heinz and Hoffman 1998) or synergistic
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(Huckabee and Griffith 1974; Birge et al. 1979). The underlying mechanism for these additive

and synergistic interactions between mercury and selenium are unknown.

2.6 ASSESSMENT ENDPOINTS

Assessment endpoints are defined as “explicit expressions of the actual environmental
value that is to be protected” and are defined by an ecological entity (species, community, or
other entity) and its attribute or characteristics (U.S. EPA 1998). Assessment endpoints may be
identified at any level of organization (e.g., individual, population, community). In the context of
the Clean Water Act, aquatic life criteria for toxic pollutants are typically determined based on
the results of toxicity tests with aquatic organisms in which unacceptable effects on growth,
reproduction, or survival occurred. The goal of criteria is to protect the diversity, productivity,
and stability of aquatic communities. To achieve this goal, the endpoint of criteria assessment is
the survival, growth, and reproduction of a high percentage of species of a diverse assemblage of
freshwater aquatic animals (fish, amphibians, and invertebrates) and plants. Toxicity data are
aggregated into a sensitivity distribution that indicates the impact of the toxicant under study to a
variety of genera representing the broader aquatic community. Criteria are designed to be
protective of the vast majority of aquatic animal species in an aquatic community (i.e.,
approximately 95™ percentile of tested aquatic animals representing the aquatic community). As
a result, health of the aquatic community may be considered as an assessment endpoint indicated
by survival, growth, and reproduction. Assessment endpoints are the ultimate focus in risk
characterization and link the measurement endpoints to the risk management process (e.g., policy
goals). When an assessment endpoint can be directly measured, the measurement and assessment
endpoints are the same. In most cases, however, the assessment endpoint cannot be directly
measured, so a measurement endpoint (or a suite of measurement endpoints) is selected that can
be related, either qualitatively or quantitatively, to the assessment endpoint. For example, a
decline in a sport fish population (the assessment endpoint) may be evaluated using laboratory
studies on the mortality of surrogate species, such as the fathead minnow (the measurement
endpoint) (EPA/630/R-92/001 February 1992). The assessment endpoint for selenium is the
protection of freshwater aquatic life; because we know that fish are the most sensitive aquatic
taxon to the toxicological effect of selenium, the criterion is expressed in terms of fish tissue

using eggs and ovarian tissue as the most representative element related to selenium toxicity.
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To assess potential effects on the aquatic ecosystem by a particular stressor, and develop
304(a) aquatic life criteria under the CWA, EPA typically requires the following, as outlined in
the EPA Ambient Water Quality Criteria Guidelines: acute toxicity test data (mortality,
immobility, loss of equilibrium) for aquatic animals from a minimum of eight diverse taxonomic
groups; as well as chronic toxicity data (e.g., survival, growth and reproduction) for aquatic
animals from 8 eight taxonomic groups (described in more detail below). The diversity of tested
species is intended to ensure protection of various components of an aquatic ecosystem. In the
case of bioaccumulative compounds like selenium, these acute toxicity studies do not address
risks that result from exposure to chemicals via the diet (through the food web). They also do not
account for the slow accumulation kinetics of many bioaccumulative compounds such as
selenium and may underestimate effects from long-term accumulation in different types of
aquatic systems (SAB 2005).

Because the most sensitive adverse effects of selenium are reproductive effects (larval
deformities and mortality) on the offspring of exposed fish, chronic effects from long term
exposure are the focus of this selenium assessment. In addition to continuous discharges, shorter-
term intermittent or pulsed exposures to elevated levels of selenium may also result in
bioaccumulation through the aquatic food web and may subsequently adversely affect fish
reproduction, and such measures of effect are therefore also estimated from chronic assessment
endpoints. Selenium toxicity in the water body could potentially threaten fecundity and
recruitment in fishes, resulting in extirpation of sensitive species in a waterbody, and potentially
shifting the trophic dynamics of the system. Therefore, the assessment endpoint for selenium is
the protection of fish populations. In some waters where ESA-listed fish species occur, a
protection goal oriented to protection of individuals may be more appropriate. This should be
reflected using site-specific data to derive an SSC for the site.

Chronic toxicity test data (longer-term survival, growth, or reproduction) for aquatic
animals are needed from a minimum of eight diverse taxonomic groups (or less generically,
[minimum of three taxa] if the derivation is based on an acute to chronic ratio). The diversity of
tested species is intended to ensure protection of various components of an aquatic ecosystem.
Specific minimum data recommendations or requirements (MDRs) identified for development of
criteria in the EPA Ambient Water Quality Criteria Guidelines require aquatic animal toxicity

data from:
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1. the family Salmonidae in the class Osteichthyes,

2. asecond family in the class Osteichthyes, preferably a commercially or
recreationally important warmwater species (e.g., bluegill, channel catfish, etc.),

3. athird family in the phylum Chordata (may be in the class Osteichthyes or may
be an amphibian, etc.),

4. a planktonic crustacean (e.g., cladoceran, copepod, etc.),

5. abenthic crustacean (e.g., ostracod, isopod, amphipod, crayfish, etc.),

6. an insect (e.g., mayfly, dragonfly, damselfly, stonefly, caddisfly, mosquito,
midge, etc.),

7. afamily in a phylum other than Arthropoda or Chordata (e.g., Rotifera,
Annelida, Mollusca, etc.), and

8. afamily in any order of insect or any phylum not already represented.

Acceptable quantitative chronic values for selenium are available for six of the eight
MDRs (requirements 1, 2, 3, 6, 7, and 8). Acceptable chronic values for selenium are not
available for two of the MDRs (requirements 4 and 5: planktonic and benthic crustaceans,
respectively). Following the approach of U.S. EPA (2008b), which was reviewed by the Science
Advisory Board, if information is available to demonstrate that an MDR is not sensitive, then a
surrogate value can be used in place of actual toxicity data to represent the missing MDR. Based
on the data estimating the sensitivity of insects (Centroptilum triangulifer), rotifers (Brachionus
calyciflorus), and oligochaetes (Lumbriculus variegatus), EPA determined that invertebrates
(e.g., insects and crustaceans) are generally less sensitive to selenium than fish, based on the
characteristics of selenium toxicity to aquatic life. Therefore, the available fish data were used in
the genus-level sensitivity distribution to derive the chronic selenium criterion (Note:
invertebrate data were included in the sensitivity distribution for the whole body criterion
element to demonstrate that the derivation of the criterion element based on the fish egg-ovary to
whole body translated values protected invertebrates given the sensitivity range of the available
species).

The EPA Ambient Water Quality Criteria Guidelines also require at least one acceptable
test with a freshwater alga or vascular plant. If plants are among the aquatic organisms most

sensitive to the stressor, results of a plant in another phylum should also be available. A
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relatively large number of tests from acceptable studies of aquatic plants were available for
possible derivation of a Final Plant Value. However, the relative sensitivity of freshwater plants
to selenium (Appendix F) is less than fish, so plant criterion elements were not developed.

The available scientific evidence indicates that for selenium, critical assessment
endpoints for aquatic species are offspring mortality and severe development abnormalities that
affect the ability of fish to swim, feed and successfully avoid predation, resulting in impaired
recruitment of individuals into fish populations. Selenium enrichment of reservoir environments
(e.g., Belews Lake, NC (Lemly 1985), Hyco Reservoir (DeForest 1999), and Kesterson
Reservoir, CA (Ohlendorf 1986)) are well documented and demonstrate that adverse effects
resulted from bioaccumulative processes at different levels of biological organization, resulting

in population-level reductions of resident species.

2.7 MEASURES OF EFFECT

Each assessment endpoint requires one or more “measures of ecological effect”, which
are defined as changes in the attributes of an assessment endpoint itself or changes in a surrogate
entity or attribute in response to chemical exposure. Ecological effects data are used as measures
of direct and indirect effects to growth, reproduction, and survival of aquatic organisms.

The toxicity testing data available for any given pollutant vary significantly, depending
primarily on whether any major environmental issues are raised. An in-depth evaluation of
available data for selenium has been performed by EPA to determine data acceptability and
quality, based on criteria established in the EPA Ambient Water Quality Criteria Guidelines.

In traditional chronic tests used in many EPA aquatic life criteria documents, organisms
are exposed to contaminated water but fed a diet grown in uncontaminated media not spiked with
the toxicant prior to introduction into the exposure chambers. Such tests are not suitable for
deriving a criterion for a bioaccumulative pollutant unless (1) effects are linked to concentrations
measured in appropriate tissues, and (2) the route of exposure does not affect the potency of
residues in tissue. For selenium, the first condition might be met, but the second condition is not,
because the route of selenium exposure appears to influence the potency of a given tissue residue
(Cleveland et al. 1993; Gissel-Nielsen and Gissel-Nielsen 1978). Consequently, toxicity tests
with water-only exposures (and any tests not relying on dietary exposure) are not included in this

assessment.
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Selenium toxicity is primarily manifested as reproductive impairment due to maternal
transfer, resulting in embryo mortality and teratogenicity. Measurements of selenium in fish
tissue are most closely linked to the chronic adverse effects of selenium (Chapman et al. 2010),
since chronic selenium toxicity is based on the food-chain bioaccumulation route, not a direct
waterborne route. In this selenium criterion document, water column criterion element
concentrations for selenium were derived from fish tissue concentrations by modeling selenium
transfer through the food web. The next sections describe approaches used to establish selenium
effects concentrations in fish tissue and to relate the concentrations in fish tissue to

concentrations in water.

2.7.1 Fish Tissue

Chronic measures of effect concentrations are the ECy19 ECy, No Observed Effect
Concentration (NOEC), Lowest Observed Effect Concentration (LOEC), and Maximum
Acceptable Toxicant Concentration (MATC). The ECyp is the concentration of a chemical that is
estimated to result in a 10 percent effect in a measured chronic endpoint (e.g., growth,
reproduction, or survival); the EC,o corresponds to 20 percent effect. The NOEC is the highest
chemical concentration at which none of the observed effects are statistically different from the
control, as determined by hypothesis testing. The LOEC is the lowest test concentration at which
observed effects are found to be statistically different from the control. For selenium, in all cases
the effect endpoint used in the estimation of chronic values (e.g., EC10S) is an effect on offspring
(with exposure via maternal transfer) from parents exposed to selenium via diet.
Selenomethionine was used exclusively in dietary exposures in the lab, whereas field-exposed
females would be exposed to a combination of forms of selenium as a function of the selenium in
their prey items.

Whenever possible, estimates of selenium concentrations associated with a low level of
effect (i.e., ECy0) were calculated for each study using the computer program TRAP (version
1.30a), Toxicity Relationship Analysis Program (U.S. EPA 2013). The program is based on a
regression approach that models the level of adverse effects as a function of increasing
concentrations of the toxic substance. With the fitted model it is possible to estimate the
contaminant concentration associated with a small effect. TRAP was used when there are
sufficient data for EC,, estimation. For studies with binary data, the analysis proceeded by
tolerance distribution analyses using the log-triangular distribution, unless there was substantial
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extrabinomial variability, in which case regression analysis was used. For regression analysis,
the threshold sigmoidal model was used, exposure variables were log-transformed, and effects
variables were weighted appropriately to address their relative uncertainties.

When there were insufficient data for TRAP to fit an effects/exposure curve (no
treatments with clear effects near the ECyo and/or significant background variability), the ECy
was based on interpolation. To ensure that the interpolations were comparable to the TRAP
analyses, threshold sigmoidal equation was used. This equation is fitted to two points, and
constrained so that 3 equation parameters can be set. The first set-point was treated as the ECy
with a second associated set-point being the threshold for background effects values, based on
the highest NOEC (HNOEC) datum and other NOEC data. The final set-point was the LOEC. If
the LOEC is a partial effect, then this point was used to estimate the equation slope. If the LOEC
was a 100% effect, it was specified as the EC;qo; With the EC, specified, then this relationship
dictated the equation slope. It should be noted that despite the superficial resemblance of these
analyses to TRAP they are also subject to the uncertainties associated with the interpolation
method.

It should be noted that TRAP involves the assumption that (a) there is a single underlying
relationship of the effects variable to the exposure variable which follows the specified equation
and (b) the exposure variable is known with negligible error, with uncertainty being
predominantly in the effects variable. Some of the reproductive data for selenium involved
multiple sources of variability that led to both multiple relationships across different cohorts of
offspring and uncertainty in the exposure variable, so that the resulting TRAP curves were more
approximate, and TRAP error estimates were generally not useful. These issues can also affect
the interpolation protocol. It should also be noted that estimating a concentration associated with
a low effects level, such as an EC,y, is especially uncertain when treatments yielding partial
effects values are lacking in the concentration response data produced by a study. These two
issues prevented the use of TRAP in some datasets. When the data are insufficient to provide any
meaningful ECy, by the first two approaches, the study should either not be used for criteria
development or a chronic value should be set by other means than an estimated ECy if possible.

Only studies with a reference site (field surveys) or control treatment(s) (experimental
studies) were included in the analysis, because response levels at these low selenium

concentrations were the most influential points for calculating the estimated response level at a
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selenium concentration of zero (o). When considering the use of the ECy versus the ECy, an
EC,0 was determined to be a more appropriate endpoint for tissue-based criteria given the nature
of exposure and effects for this bioaccumulative chemical. EC5,s have historically been used in
the derivation of EPA criteria applicable to the water medium. While water concentrations may
vary rapidly over time, tissue concentrations of bioaccumulative chemicals are expected to vary
gradually over time. Thus, where concentrations of selenium in fish tissue are used as an effect
threshold, there is potential for sustained impacts on aquatic systems, relative to chemicals that
are not as bioaccumulative. Furthermore, it was found that the dose-response curves for selenium
across a broad range of fish genera are very steep, such that a small change in selenium tissue
concentration yielded a large increase in observed adverse effect. In many cases, the selenium
data indicated a change from control effect levels to effects in excess of 50% for larval mortality
or deformity over a few mg/kg dry weight increase in selenium detected in fish tissue. These
issues call for use of a lower level of effect to attain sufficient protection. The EC,o was also
preferred over the NOEC or LOEC as these measures of effect are influenced by study design,
specifically the concentrations tested, the number of concentrations tested, the number of
replicates for each concentration, and the number of organisms in each replicate. As noted by
Campbell (2011), EC10s and NOECs are generally of similar magnitude, but EC;0s have the
advantage of being more reproducible than NOECs (Van der Hoeven et al. 1997; Warne and van
Dam 2008). NOECs and MATCs are generally presented if calculated by the original
investigators, but were not used where an EC; could be calculated. The four lowest egg-ovary
Genus Mean Chronic Values (GMCVs), whose exact values influence the calculation of the egg-
ovary criterion element, are all based solely on ECys. NOECs contribute to some of the GMCVs
for less sensitive species.

In this document, chronic values are presented as tissue concentrations of total selenium
in units of mg/kg dry weight (dw). Studies of chronic toxicity of selenium to aquatic organisms
measure concentrations in distinct tissues (e.g., whole body, ovaries, eggs, muscle, and liver) and
report these values as either wet weight (ww) or dw. Studies reporting tissue concentrations only
based on wet weight were converted to dry weight using tissue-specific and species-specific
conversion factors. When wet to dry weight conversion factors were not available for a given
species, conversion factors for a closely related taxon were used. In deriving the egg or ovary

tissue criterion element, chronic values are for those tissues directly measured in the study.
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Tissue-to-tissue conversions (e.g., to estimate concentrations in an unmeasured tissue from a
study’s measured tissue) involve some uncertainty because of variability in tissue concentration
ratios (deBruyn et al. 2008; Osmudson et al. 2007). Tissue-to-tissue conversions were needed for
calculating the reproductive toxicity-based whole-body and muscle chronic criterion element and
water criterion concentration elements.

The overall assessment evaluates both reproductive and non-reproductive studies.
Selenium concentrations measured directly in eggs or ovaries from reproductive (maternal
transfer) studies are used to derive the egg/ovary criterion element, and corresponding selenium
concentrations in whole body or muscle tissue resulting in reproductive effects are estimated
using conversion factors. Direct measurements of selenium concentrations in whole-body or
muscle from non-reproductive studies are used to examine non-reproductive, chronic effects,

such as impairments to growth.

2.7.2 Water

While state monitoring programs may sample ambient waters for selenium, widespread
measurements of selenium in fish tissue are relatively rare. Therefore, EPA is providing
estimated chronic measures of effect for water column data. The chronic criterion element for the
water column is the 30-day average concentration that corresponds to the concentration of
selenium in fish tissue estimated to result in a 10 percent effect in fish for a specific water body
type (lotic or lentic water bodies as described below in Section 3.2.4). The chronic criterion
element for the water column is derived by modeling trophic transfer of selenium through the
food web resulting in the fish tissue concentration that yields the chronic reproductive effects of
concern.

EPA collaborated with the United States Geological Survey (USGS) to develop a model
(later published in Presser and Luoma 2010) that relates the concentration of selenium in fish
tissue to the water column. The approach is based on bioaccumulation and trophic transfer
through aquatic system food-webs. Model parameters are calculated using both field and
laboratory measurements of selenium in water, particulate material (algae, detritus and
sediment), invertebrates, fish whole-body, and fish egg-ovary. Although EPA and USGS use the
same model to relate the concentration of selenium in fish tissue to water, EPA starts with
selenium in the egg/ovary (reproductive criterion) whereas USGS starts with selenium in the
fish’s whole body. The EPA approach therefore has the additional step of converting the
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concentration of selenium in the egg/ovary to whole body. This model (which is a set of

equations) is described in more detail in Section 3.2.1.

2.7.3 Summary of Assessment Endpoints and Measures of Effect

The typical assessment endpoints for aquatic life criteria are based on effects on growth,
reproduction, or survival of the assessed taxa. These measures of effect on toxicological
endpoints of consequence to populations are provided by results from toxicity tests with aquatic
plants and animals. The toxicity values (i.e., measures of effect expressed as genus means) are
used in the genus sensitivity distribution of the aquatic community to derive the aquatic life

criteria. Endpoints used in this assessment are listed in Table 2.2.

Table 2.2. Summary of Assessment Endpoints and Measures of Effect Used in Criterion
Derivation for Selenium.

Assessment Endpoints for the Aquatic
Community Measures of Effect

For effects from chronic exposure:

1. ECyp concentrations in egg and ovary, for
offspring mortality and deformity.

2. Measured or estimated reproductive ECyo
in whole body and muscle.

3. Estimated concentrations (ug/L) in water
linked to egg-ovary ECy0s by food web-
modeling.

4. Intermittent water concentrations yielding
exposure equivalent to the above.

Survival, growth, and reproduction of
freshwater fish, other freshwater vertebrates,
and invertebrates

For acutely lethal effects:
Acute toxicity effects based on standard
water column-only toxicity testing are not
provided here for selenium, due to the
dominant significance of chronic effects.
Note: Chronic criterion is expected to be
protective of acute effects.
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2.7.4 Conceptual Model of Selenium Effects on Aquatic Life
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Figure 2.2. Diagram of Selenium Partitioning, Bioaccumulation, and Effects in the Aquatic

Environment.

The conceptual model links sources, transformation and uptake through media phases,

and consumer transfer and dynamics reflective of the movement of selenium through ecosystems

(Figure 2.2). Diet is the dominant pathway of selenium exposure for both invertebrates and
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vertebrates. Selenium moves from water to particulates, a collection of biotic and abiotic
compartments that includes primary producers, detritus, and sediments, which form the base of
aquatic food webs. Transfer from particulates to primary consumers (e.g., macroinvertebrates) to
fish is species specific. Knowledge of the food web is one of the keys to determining which
biological species or other ecological characteristics will be affected.

During the development of CWA section 304(a) criteria, EPA assembles all available test
data and considers all the relevant data that meet acceptable data quality and test acceptability
standards. This criterion update document is specific to selenium in fresh water. Chronic
criterion elements for selenium are protective concentrations measured in fish tissue and related
to protective water concentrations generated using food-web modeling. Further modeling is used
to estimate short-term concentrations in water from intermittent or pulsed exposures that are

protective against the chronic effect.

2.7.5 Analysis Plan for Derivation of the Chronic Fish Tissue-Based Criterion Elements

Data for possible inclusion in the selenium dataset were obtained primarily by search of
published literature using EPA’s public ECOTOX database (up to July 2013). These studies were
screened for data quality as described in the EPA Ambient Water Quality Criteria Guidelines,
and adjusted for factors related to dietary lab or field exposure, which were not considered at the
time the Guidelines were written. Additional data were considered and reviewed for inclusion in
this criterion based on the public and peer review comments on the 2014 “External Peer Review
Draft” criterion document, and public comments on the 2015 draft.

Chronic toxicity studies (both laboratory and field studies) were further screened to
ensure they contained the relevant chronic exposure conditions of selenium to aquatic organisms
(i.e., dietary, or dietary and waterborne selenium exposure), measurement of chronic effects, and
measurement of selenium in tissue(s). The criterion derivation uses only those studies in which
test organisms were exposed to selenium in their diet, because such studies most closely replicate
real-world exposures (diet and/or diet plus water). This approach accords with findings and
recommendations of the 2009 SETAC Pellston Workshop (Chapman et al. 2009, 2010).

EPA grouped studies based on whether the effects were chronic reproductive (e.g.,
effects on offspring survival or morphology) or chronic non-reproductive (e.g., juvenile growth
and survival). At the 2009 Pellston workshop (Chapman et al. 2009, 2010), a group of 46 experts
in the area of ecological assessment of selenium in the aquatic environment agreed that the most
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important toxicological effects of selenium in fish arise following maternal transfer of selenium
to eggs during vitellogenesis, resulting in selenium exposure when hatched larvae undergo yolk
absorption. Such effects include larval mortality or permanent developmental malformations,
such as skeletal and craniofacial deformities. Therefore, the chronic fish-tissue-based criterion
elements are based on reproductive effects only.

The egg-ovary Species Mean Chronic Values (SMCVs) were calculated from the chronic
values (EC10s and occasionally NOECSs) obtained from the relevant toxicity tests. Genus Mean
Chronic Values (GMCVs) were calculated from the SMCVs and then rank-ordered from least to
most sensitive. The four lowest egg-ovary Genus Mean Chronic Values (GMCVs), whose exact
values influence the calculation of the egg-ovary criterion element, are all based solely on ECs.
The egg-ovary Final Chronic Value (FCV) was calculated from regression analysis of the four
most sensitive GMCVs, in this case extrapolating to the 5™ percentile of the distribution
represented by the tested genera. The FCV directly serves as the fish tissue egg-ovary criterion
concentration element without further adjustment because the underlying EC10s represent a low
level of effect (per the EPA Ambient Water Quality Criteria Guidelines).

For the whole-body and muscle criterion element concentrations, CVs were either
measured directly using the relevant tissue or the egg-ovary CVs were converted to estimated
equivalent whole-body or muscle CVs. The criterion concentration element expressed as whole-
body or as muscle concentration was calculated in a manner similar to the egg-ovary criterion
element using a combination of directly calculated CVs or CVs that used conversion factors

described below.

2.7.6 Analysis Plan for Derivation of the Fish Tissue Criterion Elements Duration

Duration of the averaging periods in national criteria restrict allowable fluctuations in the
concentration of the pollutant in the receiving water and restrict the length of time that the
concentration in the receiving water can be continuously above a criterion concentration, in order
to protect aquatic life. A numerical value for the fish tissue criterion elements averaging period,
or duration, is specified as instantaneous, because fish tissue data provide point, or instantaneous,
measurements that reflect integrative accumulation of selenium over time and space in the fish
population(s) at a given site. Selenium concentrations in fish tissue are generally expected to
change only gradually over time (Section 3.2.6 and Appendix J) in response to environmental
fluctuations; thus, there would be relatively little difference in tissue concentrations with
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different averaging period durations if the average selenium concentrations in water are
relatively stable over time. Generally fish collected to calculate average tissue concentrations for
a site are collected in one sampling event, or over a short time interval due to logistical

constraints and costs for obtaining samples incurred by state monitoring programs.

2.7.7 Analysis Plan for Derivation of the Fish Tissue Criterion Elements Return Frequency

Frequency is the number of times an excursion can occur over time without impairing the
aquatic community or other use. The current recommendation (1985 Guidelines — EPA PB85-
227049) for return frequency of once in 3 years on average is based on the ability of an aquatic
ecosystem to recover from a toxic insult when pollutant impacts are associated exclusively with a
water column exposure. This recommendation is based on the variability of water concentrations
that aquatic life will be exposed to, and is set at a low level such that the water concentrations
would mostly be below the criteria concentration. Selenium, however, is a bioaccumulative
pollutant, and elevated levels in various ecological compartments (e.g., biota, surficial
sediments) require a long period to decrease and the associated aquatic community requires a
long time to recover following reduction or removal of an elevated selenium exposure to a given
system (e.g., Belews Lake, NC, and Hyco Lake, NC).

Cumbie and Van Horn (1978) first reported young of the year losses in Belews Lake
quickly followed by dramatic decreases in standing stocks of many species, and particularly
game species like bluegill and largemouth bass. Fish communities were reduced to selenium-
tolerant species including cyprinids (e.g., fathead minnow) and green sunfish in both lakes.
Selenium reduction in Belews Lake (1985) and Hyco Lake (1990), resulted in rapid decreases in
[Se] in the water column, but reductions in fish tissue took much longer. Finley and Garrett
(2007) show that concentrations in bluegill and largemouth decreased from 19 and 17 mg/kg dw,
respectively in 1992-1994 to ~8.0 mg/kg dw in both species sampled between 2003-2005. In
Belews Lake, where Se contamination was higher, [Se] in crappie and redear sunfish averaged
18 and 17 mg/kg dw respectively in 1994-1996, and decreased to ~9-10 mg/kg dw in both
species based on sampling in 2004-2006, twenty years later.

Chapman et al. (2010) also reported a similar scenario for Hyco Lake where “fish
recruitment failure and the a massive fish kill in 1980 led to a decimated fishery. Selenium
concentrations in the reservoir were reduced beginning in 1990 and gradual reductions in Se
exposure via the food web led to the reestablishment of a diverse Hyco Lake fish community
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similar to the period prior to Se impact.” The Belews and Hyco Lake examples indicate that a
protracted period of time (in excess of 10 years) would be necessary for fish communities to
recover once a selenium in fish tissue reached concentrations associated with reproductive
impacts. Thus, the typical “once-in-three years on average” criteria return frequency is not

appropriate for selenium, as this could lead to sustained ecological impacts.

2.7.8 Analysis Plan for Derivation of Chronic Water-based Criterion Element

The relationship between the ambient concentration of selenium in water and the
concentration of selenium in the eggs or ovaries of fish is primarily through trophic transfer of
selenium, which is greatly affected by site-specific conditions. EPA used a peer-reviewed model
to derive water concentrations from the egg-ovary criterion element that explicitly recognizes
partitioning of selenium in water and particulate material (algae, detritus, and sediment), and
trophic transfer from particulate material to aquatic invertebrates, from invertebrates to fish, and
partitioning in fish whole-body and fish eggs and ovaries. The method is composed of five main

steps:

1. Formulate a mathematical equation relating the concentration of selenium in the eggs and
ovaries of fish to the ambient concentration of selenium in the water column.

2. Develop parameters needed to use the mathematical equation formulated in step 1 from
available empirical or laboratory data related to selenium bioaccumulation in aquatic systems
and aquatic organisms.

3. Classify categories of aquatic systems where a single water column concentration would be
adequately protective by evaluating the bioaccumulation potential at the base of the aquatic
food web.

4. Translate the egg-ovary criterion element to an equivalent water column concentration at
each aquatic site.

5. Apply a statistical threshold to the distribution of translated water column concentrations for
each aquatic system category to yield a water column concentration value that would be
protective of each aquatic system category.

EPA worked with USGS to derive a translation equation to estimate the site-specific
concentration of selenium in the water column corresponding to the egg-ovary criterion element

concentration. This equation utilizes a mechanistic model of bioaccumulation previously
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published in peer-reviewed scientific literature (Luoma et. al. 1992; Wang et. al. 1996; Luoma
and Fisher 1997; Wang 2001; Schlekat et al. 2002b; Luoma and Rainbow 2005; Presser and
Luoma 2006, 2010; Presser 2013). The equation uses site-specific food web models, species-
specific Trophic Transfer Factor (TTF) values, egg-ovary to whole-body conversion factor (CF)
values, and a site-specific enrichment factor (EF) values to calculate a site-specific water column
concentration element from the egg-ovary criterion element.

Empirical or laboratory data related to selenium bioaccumulation in aquatic organisms
are needed to calculate species-specific TTF and CF parameters and a site-specific EF parameter.
EPA obtained these data by reviewing its extensive selenium library of published papers and
reports, by searching published literature using EPA’s public ECOTOX database and other
publically available data received through solicitation of public comments on the 2014 “External
Peer Review” draft, through the external peer reviewers of the 2014 draft, and through public
comments on the 2015 draft criterion document. Studies were screened using the same data
quality guidelines described above. Relevant studies contained selenium measurements from
field studies (water, particulate material, and aquatic organisms) or contained laboratory data on
physiological parameters of selenium bioaccumulation in aquatic organisms. Literature searches
for information on selenium associated with particulate matter included searches for data on all
forms of algae, detritus, inorganic suspended material, and sediment.

EPA compiled a collection of selenium concentration measurements from acceptable
field studies. Measurements were accepted if the study indicated the samples were collected in
the field, and the study identified the unit of measure, the media from which the measurement
was made, the location from where the sample was taken, and the date the sample was collected.
EPA only used data from studies with adequately described field collection protocols and where
concentrations were within the bounds of concentrations found using modern, rigorous protocols
in similar systems (Safiudo-Wilhelmy et al. 2004). The spatial precision of field data sample
collection locations were generally at the site level, although aggregate measurements were also
included if exposure conditions were considered similar (e.g., averages of single or composite
measurements from several locations in the same aquatic system). The temporal precision of
sample collection times were usually at the level of the day they were collected, although some
studies only provided enough information to determine the week, month, or year. If the day a

series of samples were collected was not reported but the study provided information that
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indicated the samples were taken concurrently, EPA noted sample precision, but assigned a
single effective collection date to all the samples.

EPA also compiled a collection of physiological coefficients for food ingestion rate (IR),
selenium assimilation efficiency (AE), and rate of selenium loss (ke) from published literature.
Coefficients were accepted if the studies provided either the actual measurements or sufficient
information to derive them, and were reported in standard units (ke: /d; AE: %; IR: g/g-d) or
could be converted to standard units. Even though IR can be highly variable (Whitledge and
Hayward 2000), IR values of surrogate species were occasionally used.

EPA accounted for bioaccumulation variability across aquatic sites by evaluating the
parameter EF (representing the partitioning of selenium between the dissolved and particulate
state) from representative aquatic systems. The parameter EF is a measure of bioaccumulation
potential because it quantifies the transfer of selenium from the water column to particulate
material, which is the single most influential step in selenium bioaccumulation (Chapman et al.
2010). EPA calculated EF values for a set of aquatic systems using data from published literature
and applied statistical methods to distinguish categories with similar bioaccumulation
characteristics. On this basis, a single water column concentration is deemed adequately
protective when it is derived using data from aquatic sites in the same category. EPA translated
the egg-ovary criterion element into a set of water concentration values and derived a water
column criterion element for each aquatic system category using a percentile of the water column
concentrations for each category. To ensure adequate protection, EPA selected the 20" percentile
of the distribution of median water column values as the statistical cut-off (see Section 3.2.5).
Figure 2.3 diagrams the conceptual framework EPA used to derive water column criterion

element values from the egg-ovary criterion element.

2.7.9 Analysis Plan for Derivation of the Water Criterion Elements Duration

A numerical value for the lentic and lotic water criterion elements averaging period, or
duration, is specified as a 30-day average, because the presence of selenium in water is the initial
step in the process of bioaccumulation from the water column to fish tissue. The
bioaccumulation process for selenium takes place over a longer term than typically observed for
acute and chronic effects on aquatic life based on water concentrations. The derivation of a
protective water averaging period from kinetic modeling considerations is described in Section
3.2.6 and in Appendix J. Because the intermittent criterion element values are based on the water
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criteria chronic magnitudes and duration, the kinetic analysis of Appendix J also controls the

intermittent criterion element values.
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Figure 2.3. Conceptual Model for Translating the Selenium Egg-Ovary Concentration to a
Water Column Concentration.

2.7.10 Analysis Plan for Intermittent-Exposure Water-based Criterion Element Derivation

Like the chronic water criterion element, the intermittent-exposure criterion element
protects against cumulative exposure of selenium from multiple short-term discharges that may
cause an excursion of the fish tissue criterion element. EPA derived the intermittent exposure

criterion element directly from the chronic water criterion element by algebraically rearranging
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the chronic water criterion element to establish a limit on an intermittent elevated concentration
occurring over a specified percentage of time, while simultaneously accounting for background

concentrations (see Section 3.3).
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3 EFFECTS ANALYSIS FOR FRESHWATER AQUATIC ORGANISMS

3.1 CHRONIC TISSUE-BASED SELENIUM CRITERION ELEMENT CONCENTRATION

Data were obtained primarily by search of published literature using EPA’s public
ECOTOX database. The most recent ECOTOX database search extended to July 2013; this
document also reflects data either gathered or received by EPA based on information from the
2014 public comment period and 2014 external expert peer review of the “External Peer Review
Draft” published in May 2014, as well as information gathered based on public comments on the
2015 draft criterion. All available, relevant, and reliable chronic toxicity values were
incorporated into the appropriate selenium AWQC tables and used to recalculate the FCV, as
outlined in detail in the EPA Ambient Water Quality Criteria Guidelines.

The chronic values determined from acceptable chronic toxicity studies were separated
into reproductive endpoint and non-reproductive endpoint categories. Although both sets of
endpoints assess effects due to selenium on embryo/larval or juvenile development and survival
and growth, the fundamental difference is exposure route (inherent in test design). That is, the
fundamental difference is whether the aquatic organisms (e.qg., fish) were directly exposed to
selenium in the diet and water column or exposed via maternal transfer of selenium to the
eggs/ovaries prior to reproduction. In studies with reproductive endpoints, parental females are
exposed to selenium and the contaminant is transferred from the female to her eggs. In the
selenium-exposed females, selenium replaces sulfur in vitellogenin, the primary yolk precursor,
which is transported to the ovary and incorporated into the developing ovarian follicle (Janz et al.
2010). In most but not all of these studies, progeny from these females were not additionally
exposed to aqueous selenium. The chronic values derived for the reproductive effects (survival,
deformities, and edema) are based on the concentration of selenium in the eggs or ovary, the
tissues most directly associated with the observed effects. In contrast, in studies grouped under
non-reproductive effects (usually larval and/or juvenile survival or growth), the tested fish had
no maternal pre-exposure to selenium. Chronic values for non-reproductive effects are based on
the concentration of selenium in tissues measured in the study: muscle, liver and/or whole body.

The reproductive endpoint studies applied to the derivation of the chronic criterion

elements are described below. Less definitive reproductive studies that are not directly applied to
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the criterion derivation are described in Section 6.1.2 and in Appendix C. Nonreproductive

studies are described in Section 6.1.9.

3.1.1 Acceptable Studies of Fish Reproductive Effects for the Four Most Sensitive Genera

Below is a brief synopsis of the experimental design, test duration, relevant test
endpoints, and other critical information regarding the four sensitive genera that drive the
calculation of each specific chronic value. The studies in this section involve effects on the
offspring of exposed female fish. Data are summarized in Table 3.1. Details of these studies and

other chronic studies considered for criterion derivation are contained in Appendix C.

3.1.1.1 Acipenseridae

Acipenser transmontanus (white sturgeon)

Linville (2006) evaluated the effect of elevated dietary selenium on the health and
reproduction of white sturgeon. Adult female white sturgeon (approximately 5 years old) were
fed either a control diet (no added selenium, 1.4 mg/kg Se) or a diet spiked with selenized yeast
(34 mg/kg Se) for six months in a freshwater flow through system. At the end of the dietary
exposure, females were induced to spawn and fertilized with non-exposed male milt. Large
cohorts of fertilized eggs from individual females (two from control and three from the
treatment) were collected and separately hatched. After hatching (stage 36), n=500 sets of larvae
were randomly distributed into each of six flowthrough chambers, three for stage 40 assessment
and three for stage 45 assessment. Length, weight, mortality, abnormalities (edema, skeletal
deformities) and selenium were measured at stages 36, 40 and 45. The mortality and abnormality
observations from oldest stage (45) were used for effects analysis because these measurements
showed the greatest response.

No selenium effects were observed for length or weight of larvae but effects were
observed for both abnormalities (edema and skeletal deformities) and survival. Selenium
concentrations in eggs from the control fish were 1.61 and 2.68 mg/kg dry weight (dw), and were
7.61, 11 and 20.5 mg/kg dw in eggs from the treatment fish. As stated above larval survival and
abnormality frequency was evaluated at stage 45. Because the mortalities for each cohort were
recorded up to the sample collection time for abnormalities, a combined effects variable was
derived based on the total proportion of hatched larvae which were both alive and without any

abnormalities at stage 45. This can be calculated as PS*(1-PA), where PS is the proportion
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survival in the test chambers and PA is the proportion of the sample of surviving larvae with
abnormalities. The larvae hatched from the batches of eggs with selenium concentrations of 1.61,
2.68, 7.61, 11 and 20.5 mg Se/kg dw had 0.3, 0.3, 13.6, 0.3 and 33.8% combined survival and
abnormal (edema and deformities) effects, respectively.

Estimation of the EC,o was conducted using weighted nonlinear regression analysis with
the threshold sigmoid model equation (TRAP version 1.30a). The binary data (i.e., survival and
abnormalities) available in this study would normally be analyzed using the tolerance
distribution analysis in TRAP; however, the combined survival/abnormalities effects variable in
this study precludes its use because of the different sample sizes for survival and abnormality
evaluation. When there are insufficient data for TRAP to fit an effects/exposure curve, an
interpolation is conducted with the same TRAP equation, but constrained to provide
interpolation between two points.

Since the study yielded only one definite partial effect, TRAP cannot be used to estimate
a concentration-response curve. Instead, TRAP was used to interpolate between the last two
points to estimate the ECyo (see Linville summary in Appendix C for detail). The resultant TRAP
slope is 2.96 and the interpolated ECy, is 15.6 mg/kg.

The white sturgeon ECy, of 15.6 mg/kg egg dw is important to include in the criterion
analyses because this species a commercially and recreationally important fish species in the
Pacific Northwest, and also serves as a surrogate for other sturgeon species in the United States
(see Section 6.4, Protection of Threatened or Endangered Species), and has a population listed as

endangered in the Kootenai River in Idaho and Montana.

3.1.1.2 Salmonidae

Acceptable studies were available for three salmonid genera, Oncorhynchus, Salvelinus
and Salmo. All of these studies evaluated the effects of selenium on salmonid embryo/larval
survival and deformity and used wild-caught adults taken from selenium contaminated streams
and spawned for effects determination. Exposure for all studies was therefore through the
parents. Summaries of the studies with Salvelinus are discussed in Section 6.1.2.3;
Oncorhynchus and brown trout (Salmo trutta) are discussed below.

Oncorhynchus mykiss (rainbow trout) Holm (2002) and Holm et al. (2005) obtained eggs
and milt from ripe rainbow trout collected from reference streams and streams containing

elevated selenium from an active coal mine in Alberta, Canada. In 2000, 2001 and 2002 eggs
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were fertilized and monitored in the laboratory until swim-up stage, for percent fertilization,
deformities (craniofacial, finfold, and spinal malformations), edema, and mortality. No
significant differences among sites were observed for percent fertilization and mortality.
Percentages of embryonic deformities and edema were significantly different among streams, but
rates of deformities at Wampus Creek, one of the reference streams, were often similar to or
higher than deformities at streams with elevated concentrations of selenium (see Holm summary
in Appendix C). The measurement of selenium in the otolith layers of rainbow trout collected in
this watershed showed low selenium exposure in the fish’s early life and a higher exposure to
selenium during the fish’s adult years (Palace et al. 2007), suggesting that individuals that reach
adulthood tend not to start their lives in streams with elevated selenium concentrations, even
though they may reside there later.

Craniofacial deformities, skeletal deformities and edema in rainbow trout embryo, as a
function of selenium in egg wet weight (ww), were fitted to a curve using a weighted regression
and a threshold sigmoidal equation (TRAP) from which EC;, values were calculated (see
Appendix C for tables and figures). EC estimates for finfold deformities, length and weight of
rainbow trout embryos could not be made because of inadequate dose-response data. The most
sensitive endpoint was edema with an ECy value of 9.5 mg Se/kg egg ww or 24.5 mg Se/kg egg
dw. The conversion of ww to dw used the average percent moisture of 61.2% for rainbow trout

eggs reported by Seilor and Skorupa (2001).

Oncorhynchus clarkii lewisi (Westslope cutthroat trout)

In a field study similar to those conducted by Holm et al. (2005), Rudolph et al. (2008)
collected eggs from Westslope cutthroat trout from Clode Pond (exposed site) and O’Rourke
Lake (reference site). Clode Pond is on the property of Fording River Coal Operations in
Southeast British Columbia with reported selenium concentrations of 93 pg/L. O’Rourke Lake is
an isolated water body into which Westslope cutthroat trout were stocked in 1985, 1989 and
1992 and has selenium levels reported as <1 pg/L. Eggs with the four highest Se concentrations
(86.3 to 140 mg/kg dw) collected from Clode Pond fish died before reaching the laboratory. Of
those eggs from both ponds that survived, there was no correlation between egg selenium
concentration and frequency of deformity or edema in the fry. The percent of alevins (post hatch
to swim-up stage) that died was related to the selenium concentration in the eggs; the ECy

estimate for alevin survival based on the concentration of selenium in the eggs is 24.7 mg Se/kg
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dw. See Appendix C for details on the statistical analysis and how it differed from the previous
draft(s).

As a follow-up to the study by Rudolph et al. (2008), Nautilus Environmental (2011)
conducted a more extensive study with Westslope cutthroat trout at the same site. Adult
Westslope cutthroat trout were collected from lentic and lotic environments from locations near
the mining operations. The lentic fish were primarily captured in Clode Pond, a settling area used
to improve water quality of the mining discharge. Lotic fish were collected from the Fording
River and its tributaries near the mining operation. Reference females were obtained from
Connor Lake which is located within the watershed but not exposed to mining discharges. The
researchers reared fertilized eggs from the caught females in the laboratory until they reached
swim-up fry stage. A subset of fry surviving at swim-up were reared for an additional 28 days.
The most sensitive endpoint was larval survival at swim-up with an EC,, of 27.7 mg/kg egg dw
determined by interpolation between the one partial effect (20.8% survival at 34.2 mg Se/kg and
average NOEC of 87.2% survival at 24.8 mg Se/kg; see Appendix C for detail and how this
statistical analysis differed from the previous draft(s)). This result is very similar to the EC,, of
24.7 mg/kg egg dw determined for the data generated by Rudolph et al. (2008). See Appendix C
for more details on the Nautilus Environmental (2011) study.

The GMCYV for Oncorhynchus reproductive endpoints is 25.3 mg Se/kg EO. This GMCV
is the geometric mean of the O. mykiss EC;o of 24.5 mg (Holm 2002 and Holm et al. 2005) and
the SMCYV of 26.2 mg Se/kg EO dw for O. clarkii. The O. clarkii SMCV was based on the ECyg
values of 24.7 mg Se/kg EO from Rudolph et al (2008) and 27.7 mg Se/kg EO dw from Nautilus
Environmental (2011).

Salmo trutta (brown trout)

Formation Environmental (2011) collected adult female and male brown trout from sites
with low and high selenium exposure in the vicinity of a phosphate mine located in Southeastern
Idaho in November 2007. Eggs were collected from 26 gravid females across three sampling
locations, fertilized with milt collected from several males from the same site and taken to the
laboratory for hatching and observation of larval malformations and survival. In addition to the
field collected fish, fertilized eggs of 14 females from two separate hatcheries were used in the

study.
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The study had two phases, hatch-to-swim up, and swim up-to-15 days post swim-up.
There are two experimental complications that affect the interpretation of these data: (a) elevated
deformity rates among the offspring that were to serve as hatchery-originated method controls
(very low selenium exposure) and among some of the low exposure field-collected organisms,
and (b) the accidental loss of a number of individuals from several treatments during the 15-day
post swim up portion of the test due to overflow of the tank water. The current criterion
document’s analysis is still based on the revised count data from AECOM (2012), which built
upon and superseded EPA’s 2012 analysis (Taulbee et al. 2012), peer reviewed by ERG (2012).

Approximately 600 eggs/female were obtained from the majority of the field and
hatchery-collected females; however, the numbers of eggs per female ranged from 20 to 609.
Selenium concentrations were measured for a subsample of eggs taken from each field and
hatchery-collected female. EPA’s primary evaluation in this document is of the survival of larvae
from hatch to swim-up. Hatching success and larval survival were monitored to swim-up, at
which time the fry were thinned to a maximum of 100 individuals for monitoring survival for 15
days post swim-up. Larvae from 24 field collected and 14 hatchery collected females were
assessed for survival, as no larvae hatched from the eggs of two of the 26 field collected females.

Because of uncertainties regarding how best to address the loss of fish during the
overflow event during the second phase of the test, and also because of the preferential selection
of healthy fish during the thinning process prior to the post-swim-up portion of the test, where
only those individuals presumed to be healthy were retained for assessment of deformities, EPA
used survival during only the first portion of the test (hatch to swim-up), as it provides a more
reliable chronic value.

The dataset of percent survival from hatch to swim-up versus the selenium concentration
in eggs is an excellent dataset and provides a good foundation for setting numeric effect
concentrations for selenium. There is a narrow range between the NOEC (20.5 mg/kg) and a
LOEC with severe effects (26.8 mg/kg, 61% mortality) that leaves little uncertainty in what an
appropriately protective effects concentration should be. There are sufficient data for TRAP to
estimate a curve, using weighted least-squares nonlinear regression with the threshold sigmoidal
model. The weighting factor for the 33 no-effect points is their standard deviation, and the
weighting factor for the 5 effect points is their residual standard deviation. The TRAP parameter
values are 96.2% for background survival, 1.45 for the logECso (EC50=28.2 mg/kg), and 4.28 for
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the slope. The ECyy is estimated to be 21.0 mg/kg, slightly higher than the NOEC of 20.5 mg/kg.
The weighted TRAP model curve fits the 5 higher effects data well, which forces the ECy
estimate down to 16.4 mg/kg, below two of the points in the background range. In particular, the
fitted curve goes through the NOEC data point at 20.5 mg/kg, so that this point is considered to
be an ECs. This is reasonable because the response is so steep at concentrations above this point
that some effect at this point is plausible, and also provides further support of an EC,g at 21.0
mg/kg. Section 6.1.6 provides a summary of the analysis that led to the final selection of the
ECyo for larval survival during the first portion of the test. Appendix C presents details of the

study and analysis.

3.1.1.3 Centrarchidae

Lepomis macrochirus (bluegill sunfish)

In a laboratory study, Doroshov et al. (1992a) exposed adult bluegill for 140 days to three
dietary treatments of seleno-L-methionine (nominal dietary concentrations of 8, 18 and 28 mg
Se/kg) added to trout chow. Near the end of the exposure, ripe females were induced to ovulate
and ova were fertilized in vitro with milt stripped from males. Fertilized eggs were sampled for
fertilization success and selenium content. They were also used in two tests, (a) a larval
development study during the first 5 days after hatching, and (b) a 30-day embryo-larval test. In
the 30-day larval survival test, statistical difference from the control was only found in the
highest test treatment for survival and growth (length and weight) measurements. In the 5-day
larval test, the average proportion of larvae with edema was 0% at an egg concentration of 8.33
mg Se/kg (8 mg/kg dietary treatment), 5% at an egg concentration of 19.46 mg Se/kg dw (18
mg/kg dietary treatment), and 95% at an egg concentration of 38.39 mg Se/kg dw (28 mg/kg
dietary treatment). The latter two were statistically different from the control (0% edema). All
edematous larvae died in the high treatment.

This analysis focuses on the available data for the individual replicates for the 4-day data
(5-day were not used because of almost complete mortality at the highest treatment). Of the 33
edema measurements, only 15 could be used because not all the replicate egg concentrations
were reported. Table 4 in the Doroshov et al. (1992a) summary in Appendix C shows both
individual replicates and the treatment averages, which are only slightly different than the 5-day

data (averages) previously used in the selenium document. Individual replicates rather than
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treatment means were used because the exposure concentrations vary substantially and effects
are correlated with exposure within the treatment (illustrated by nominal dietary treatments of 18
mg/kg (with corresponding Se concentrations in eggs at that nominal treatment level ranging
from 8.55 to 30.20 mg/kg) and 28 mg/kg (with corresponding Se concentrations in eggs ranging
from 25.21 to 52.18 mg/kg; see Appendix C for details).

TRAP was fitted to the available data based on the individual replicates and the treatment
means using the tolerance distribution option with the log-triangular distribution. In both cases,
the TRAP program indicates that the dataset contains inadequate partial responses because the
partial responses are less than 10% or greater than 90%, and there are no data (responses)
between 10 and 90%. However, for this dataset, these partial responses at both ends of the
concentration response curve are sufficiently informative based on multiple lines of evidence
(e.g., same response on both days 4 and 5, other endpoints that show effects at dietary treatment
of 18 mg/kg, and several instances of edema at dietary treatment 18 mg/kg in contrast to
absolutely none for many observations at any lower concentration). Also, because dietary
treatment 18 mg/kg does have an effect of several percent or so, estimating the EC;o near these
points is defensible. Therefore, the ECy, estimated using separate replicates is 22.6 mg/kg dw.

A similar study with similar results was done by Coyle et al. (1993) in which two year
old pond-reared bluegill sunfish were exposed in the laboratory and fed (twice daily ad libitum)
Oregon moist™ pellets containing increasing concentrations of seleno-L-methionine. Water
concentrations were nominal 10 pg Se/L. The fish were grown under these test conditions for
140 days. Spawning frequency, fecundity, and percentage hatch were monitored for 60 days
from the initiation of spawning. There was no effect from the highest dietary selenium
concentration (33.3 mg Se/kg dw) on adult growth, condition factor, gonadal somatic index, or
other endpoints (Appendix C). The effect of interest in this study was 30-d larval survival after
hatch (deformities weren’t examined and other reproductive endpoints showed no effect at the
highest exposure). For this survival endpoint, there was complete mortality after one week at the
highest exposure and no significant differences in survival at lower concentrations.

Previously, the day 5 data were used in the analysis described in Appendix C because this
was the only day in which control survival was greater than 90%, with the control and all the
treatments showing substantial and increasing toxicity over the next 4 days. However, upon

closer analysis, EPA asserts that this is not sufficient cause to base the assessment, because from
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day 6 through day 30, survival at the fifth treatment was greater than survival in the first and
third treatments, indicating this is not an effect level. These later data (day 6-30) establish that
the highest treatment is best considered an EC;go and the fifth treatment an ECy. Therefore, the
TRAP interpolation was redone using 42 mg/kg as an ECio rather than an ECgg, resulting in a
slope of 7.6 and an EC,o of 26.3 mg Se/kg dw in eggs.

Hermanutz et al. (1992), and Hermanutz et al. (1996) exposed bluegill sunfish to sodium
selenite spiked into artificial streams (nominal test concentrations: 0, 2.5, 10, and 30 pg Se/L)
which entered the food web, thus providing a simulated field exposure (waterborne and dietary
selenium exposure). In an effort originally intended to improve the rigor of the statistical analysis
of the Hermanutz et al. (1996) data, Tao et al. (1999) re-examined the raw data records and made
corrections to the counts. This criterion document considers the Hermanutz et al. (1992) data and
the Tao et al. (1999) re-examination of Hermanutz et al. (1996).

These data come from a series of three studies lasting from 8 to 11 months, conducted
over a 3-year period. All three studies began with exposure of adult bluegill sunfish in the fall,
and with respective studies ending in the summer of the following year. Temperatures averaged
4.6, 4.1 and 4.5°C during the winter months, and averaged 26.4, 23.9 and 22.4°C during the
spawning months (June-July) for Studies I, 11 and 111, respectively. Spawning activity was
monitored in the stream, and embryo and larval observations were made in situ and from
fertilized eggs taken from the streams and incubated within egg cups in the laboratory. None of
the adult bluegill exposed to the highest concentration of selenium in the water (Study I, mean
measured concentration equal to 29.4 pg/L) survived the entire exposure period (although a few
did survive to spawn). Reduced survival and increased deformities on offspring were observed in
the selenium-dosed streams in both Study | and Study |1, but were not found during Study il
(recovering from contamination, no active selenium input/treatment). The incidence of edema,
lordosis, hemorrhage and larval survival in the one stream concentration common to both Study |
and 11, 10 pg/L, ranged from 80 to 100 percent, 5 to 18 percent, 27 to 56 percent, and 29 to 58
percent, respectively over the three years (combined egg cup and nest observations). Edema,
lordosis, and hemorrhage in the lowest stream concentration in Study 11, 2.5 pg/L, ranged from 0
to 4 percent, 0 to 25 percent, and 3.6 to 75 percent, respectively (combined egg cup and nest
observations); larval survival was 71.6 percent (72 and 75 percent in the control streams). (See

Hermanutz 1996 and 1992 in Appendix C for more detail). The effects were not observed in
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larvae from fish that were not exposed to elevated concentrations of selenium (control
treatment). The mean concentrations of selenium in bluegill ovaries, measured at the end of each
study, ranged from 2.2 to 5.0 mg/kg dw in controls, 7.6 to 14 mg/kg dw in the 2.5 pg/L
treatments, 34 to 52 mg/kg dw in the 10 pug Se/L treatments, and 16 to 55 mg/kg dw in
recovering 30 pg/L treatments. Muscle and whole-body measurements were also available. For
all three tissue types, concentrations measured during the spring of each exposure period were
not used because they were not sufficiently co-occurrent with the observation of effects. It
should also be noted that in contrast to more recent field studies, the tissue concentrations cannot
be linked from particular adult females to effects on her offspring, but only from an aliquot of
females in the treatment to all offspring observed in the treatment.

The egg-cup data for all streams of Studies I, Il, and Il of this experiment were
combined and analyzed in response to measured selenium concentration in the maternal ovaries
(mg/kg dw) using TRAP. That is, data for streams receiving water-borne selenium were
combined with data for streams recovering from the previous year’s contamination. The absence
of effects at high tissue levels (55 mg Se/kg ovary dw) in the recovering stream of Study Il did
not affect the EC, estimate because it was outweighed by three other points showing severe
effects at concentrations as low as 16.7 mg Se/kg ovary dw. However, this one observation is
suggestive but not definitive corroboration for the field observations of biological recovery in
Belews Lake and Hyco Reservoir after selenium loads were reduced, but while tissue
concentrations remained relatively high (Lemly 1997a; Crutchfield 2000; Finley and Garrett
2007).

Several egg-cup endpoints were analyzed by TRAP independently (% edema, % lordosis,
and % hemorrhage) and in combination (% normal and surviving). The best fit and most
sensitive was the combined percent normal and surviving larvae. Due to inadequate partial
effects for the ovary analysis, a threshold sigmoidal model was used to interpolate an EC
estimate between the first interpolation point set to the highest no observed effect concentration
(HNOEC) of 14.0 mg/kg and the average background survival/normal of 69.1% and the second
point set to the LOEC of 16.7 mg/kg and a survival/normal of 5.76%. The resulting ECyq is 14.7
mg/kg ovary dw. Chronic values for muscle and whole body based on percentage surviving and
free of deformities are 13.4 mg Se/kg muscle dw and 10.6 mg Se/kg whole body dw. (See

Appendix C for more discussion of this study).
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The SMCYV for bluegill reproductive endpoints based on EC,o values is 20.6 mg Se/kg
dw in egg/ovary, based on the EC; values of 22.6 mg/kg dw in the Doroshov et al. (1992a)
study, 26.3 mg/kg dw in the Coyle et al. (1993) study, and 14.7 mg/kg dw for Hermanutz et al.
(1992, and 1996 as corrected by Tao et al. 1999).

3.1.2 Summary of Acceptable Studies of Fish Reproductive Effects

Table 3.1 summarizes the effect concentrations obtained from all acceptable reproductive
studies with fish. Summaries of the remainder of the reproductive studies (beyond the four most

sensitive genera described above) can be found in Section 6.1.2 below.
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Table 3.1. Maternal Transfer Reproductive Toxicity Studies.

Toxicological Chronic Value SMCV GMCV
Species Reference Exposure Route Endpoint mg/kg dw® mg/kg dw mg/kg dw
dietary and
Salvelinus malma waterborne ECyo for total
Dolly Varden Golder 2009 (field: Kemess Mine deformities %62 E 562 E 562 E
NW British Columbia)
. dietary and waterborne
Esox lucius Muscatelloet | o4 saskatoon, ECy larval 34.0E 34.0E 34.0E
northern pike al. 2006 Sask.) deformities
Cyprinodon macularius | Besser et al. dietary and waterborne | Estimated EC, for 97 E 97 E 97 E
desert pupfish 2012 (lab) offspring survival
i . . ECy for larval
Micropterus salmoides Carolina Power . ;
largemouth bass & Light 1997 dietary (lab) mortallty & 26.30 26.30 26.30
deformity
: Schultz and dietary and waterborne
leephale_zs promelas Hermanutz (mesocosm: LOEC for larval _ <25 6 E NAC NA
fathead minnow . edema and lordosis
1990 Monticello)
) dietary and
Oncorhynchus mykiss Holm 2002; waterborne ECyo for skeletal b
) Holm et al. . . . 245 E 245 E
rainbow trout (field: Luscar River, deformities
2003, 2005
Alberta)
Oncorhynchus clarkii dietary and waterborne .
lewisi Eggg'ph etal- | (field: Clode Pond, rEn(;??aﬁ?tr alevin 247E 253E
Westslope cutthroat trout BC) y
= . . 26.2 E
Oncorhynchus clarkii Nautilus dietary and waterborne EC. for survival
lewisi Environmental | (field: Clode Pond & at si/c\)/im-u 27.7E
Westslope cutthroat trout | 2011 Fording River, BC) P
Formation dietary and waterborne
Salmo trutta Environmental | (field: Lower Sage ECy for larval
brown trout 2011; AECOM | Creek & Crow Creek, | survival 210E 210E 210E
2012 ID)
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Toxicological Chronic Value SMCV GMCV
Species Reference Exposure Route Endpoint mg/kg dw? mg/kg dw mg/kg dw
Lepomis macrochirus Doroshov et al. .
bluegill 19923 dietary (lab) ECyp larval edema 226 E
Lepomis macrochirus Coyle et al. dietary and waterborne | EC, for larval 6.3 E
bluegill 1993 (lab) survival ' 20.6 E 20.6 E
Lepomis macrochirus Hermanutz et dietary and lwaterborne ECo for larval b

. (mesocosm: 1470
bluegill al. 1992, 1996 . edema
Monticello)
Acipenser transmontanus |, . . . ECyo for combined
! Linville 2006 dietary (lab) edema and 156 E 156 E 156 E

white sturgeon -

deformities

E—Concentratlon reported in egg; O- concentration reported in ovary

All chronic values reported in this table are based on the measured concentration of selenium in egg/ovary tissues.

Tissue value converted from ww to dw. See Appendix C for conversion factors.

SMCYV not calculated due to variability in the observations among replicates in Schultz and Hermanutz (1990). The chronic
value is presented in this table to show it is in the range of selenium effect concentrations. See Appendix C for detail. Also, see
Appendix E for an additional study with fathead minnow.

b

C
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In order of their sensitivity to selenium, Table 3.2 presents the Genus Mean Chronic
Values from acceptable fish reproductive-effect studies that have been measured in terms of egg-

ovary concentrations.

Table 3.2. Ranked Genus Mean Chronic Values for Fish Reproductive Effects Measured as
Egg or Ovary Concentrations.

GMCV* SMCV
Rank | (mg Se/kgdw EQO) | Species (mg Se/kg dw EO)

8 56.2 Dolly Varden, 56.2
Salvelinus malma

7 345 Northerq pike, 34
Esox lucius

5 97 Dese_rt pupfish, _ 97
Cyprinodon macularius

5 26.3 Lqrgemouth bass, _ 26.3
Micropterus salmoides
Cutthroat trout, 26.2

4 25 3 Oncorhynchus clarkii '

' Rainbow trout, 245

Oncorhynchus mykiss '
Brown trout,

3 210 Salmo trutta 21.0

9 20.6 Bluegll_l sunfish, _ 206
Lepomis macrochirus

1 15.6 Wr_nte sturgeon, 156
Acipenser transmontanus

* This table excludes Gambusia, which has a reproductive chronic value expressed as adult
whole-body rather than egg-ovary, because it is a live bearer.

** The Northern Pike SMCV is an EC,, based on larval deformities (Table 3.1). The ECyp is less
than 34 mg/kg.

This table excludes GMCV for Pimephales due to uncertainty in the chronic value for the
Schultz and Hermanutz (1990) study; the estimate of <25.6 mg/kg egg dw in Table 3.1 shows it
is in the range of reproductive effect levels for selenium (See Appendix C for study details).

3.1.3 Derivation of Tissue Criterion Element Concentrations

Data used to derive the final chronic value were differentiated based on the effect
(reproductive and non-reproductive effects). Acceptable chronic toxicity data on fish
reproductive effects are available for 10 fish genera. Acceptable chronic toxicity data on non-
reproductive effects are available for 7 fish genera and 3 invertebrate genera. The fish non-
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reproductive effects data were not used to calculate tissue criterion elements because they were
more variable and less reproducible than the data on reproductive effects. The genus sensitivity
distribution is predominantly populated with data on fish species because field evidence
demonstrated that fish communities were affected in situations having no observable change in
the accompanying diverse array of invertebrate communities. As a result, decades of aquatic
toxicity research have focused primarily on fish. The studies that have been done with
invertebrates (Table 3.8, Section 3.1.4) have shown them to be more tolerant than most of the
tested fish species.

Also, while amphibians are potentially sensitive due to physiologic similarities to fish,
effects clearly attributable to selenium are largely unknown (Unrine et al. 2007; Hopkins et al.
2000; Janz et al. 2010). Hopkins et al. (2000) reported that amphibian larvae at sites receiving
coal combustion wastes appear to efficiently accumulate selenium in their tissues and possibly
due to selenium have exhibited axial malformations. In a recent laboratory exposure, Masse et al.
(2015) determined an EC4o of 44.9 mg/kg Se for the African clawed frog (Xenopus laevis)
suggesting that amphibians are similar to the less sensitive fish species (see Section 6.1.4).

3.1.3.1 Fish Egg-Ovary Concentration
The lowest four GMCVs from Table 3.2 are shown below in Table 3.3.

Table 3.3. Four Lowest Genus Mean Chronic Values for Fish Reproductive Effects.

Relative Sensitivity GMCV
Rank Genus (mg Se/kg dw egg-ovary)
4 Oncorhynchus 25.3
3 Salmo 21.0
2 Lepomis 20.6
1 Acipenser 15.6

With N=15 GMCVs (see Section 3.1.6), the 5™ percentile projection yields an egg/ovary
criterion element concentration of 15.1 mg Se/kg dw egg/ovary, lower than the most sensitive
fish species tested, white sturgeon (A. transmontanus). The egg/ovary criterion element

concentration is compared to the distribution of egg/ovary chronic values in Figure 3.1.
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Figure 3.1. Distribution of Reproductive-Effect GMCVs for Fish Measured as Egg-Ovary
Concentrations.

3.1.3.2 Fish Whole-Body Criterion Element Concentration

Whole body reproductive chronic values were calculated directly from whole body tissue
concentrations measured in the study or by applying an egg-ovary (EO) to whole-body (WB)
conversion factor (CF) presented subsequently in Section 3.2.2.2. Direct calculations were done
when whole body measurements were available in the study and the data were amenable to an
effect level determination. Table 3.4 provides the chronic values for each fish genus and whether
it was calculated directly or converted from the reproductive-effect egg-ovary concentrations to
whole-body concentrations using a CF. The final EO/WB CF applied to each taxon was
determined using a hierarchical approach based on taxonomic relatedness, and is described in
Section 3.2.2, and in greater detail in Appendix B. The four most sensitive reproductive-effect
fish whole-body GMCVs are shown in Table 3.5.

49



Table 3.4. Tested Reproductive-Effect Whole Body (WB) Concentrations Measured
Directly or Converted to WB Concentrations from Egg-Ovary (EO) Concentrations.

Direct or
Calculated
EO WB Repro | Direct Calculation or
Chronic | EO/WB Chronic | Basis for EO/WB CF
Taxon* Value CF Value (from Appendix B)
. Dolly Varden EO/M (1.26) x all fish
Salvelinus 56.2 1.61 34.9 M/WE (1.27)
Northern pike EO/M (1.88) x all fish
Esox 34.0 2.39 14.2 M/WE (1.27)
Cyprinodon 27.0 1.20 22.6 Desert pupfish EO/WB
. Rainbow trout EO/M (1.92) x all
O. mykiss 24.5 2.44 10.0 fish M/WB (1.27)
Rudolph et al. 24.7 1.96 12.6 Oncorhynchus EO/WB
2008
Nautilus 2011 27.7 1.96 14.1 Oncorhynchus EO/WB
O. clarkii 26.2 NA 13.3 Geometric mean of two studies
Geometric mean of O. mykiss and O.
Oncorhynchus 25.3 NA 11.6 clarkii WB SMCVs
Micropterus 26.3 1.42 18.5 Micropterus EO/WB
Salmo 21.0 NA 13.2 Directly calculated ECyg
Coyle et al. 1993 26.3 NA 8.6 Directly calculated ECyg
Doroshov et al. 22.6 2.13 10.6 Bluegill sunfish EO/WB
1992a
Hermanutz et al. 14.7 NA 10.6 Directly calculated ECyg
1992, 1996
Lepomis 20.6 NA 9.9 Geometric mean of three studies
Acipenser 15.6 169 9.9 White sturgeon EO/M (1.33) x all

fish M/WB (1.27)

* The GMCV for Gambusia, a live bearer, not included in the conversion table, was originally
measured as adult WB, not EO, and is >13.38 mg Se/kg dw WB. The “greater than” sign
signifies that no effects were found at the highest observed concentrations. This table also
excludes Pimephales due to uncertainty in the chronic value for the Schultz and Hermanutz
(1990) study (See Appendix C for details).
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Table 3.5. The Lowest Four Reproductive-Effect Whole-Body GMCVs.

Relative
Sensitivity GMCV
Rank Genus (mg Se/kg dw whole-body)
4 Salmo 13.2
3 Oncorhynchus 11.6
2 Lepomis 9.9
1 Acipenser 9.2

Because the factors used to convert egg-ovary to whole-body concentrations vary across
species, the whole-body rankings differ from the egg-ovary rankings. With N=15 GMCVs, the
5™ percentile projection yields a whole body criterion element concentration of 8.5 mg Se/kg dw
whole-body, slightly lower than the most sensitive fish species tested, white sturgeon (Acipenser
transmontanus). The fish whole body criterion element is compared to the distribution of fish

whole-body reproductive chronic values in Figure 3.2.

Fish WB Conc. (mg Se/kg dw)

(o]
Sy

w
N

[EEN
(2}

0o

A Salvelinus

X Cyprinodon

[} Micropterus
X Gambusia

+ Esox

- Salmo

. Oncorhynchus

Lepomis

[ ] Acipenser

Rank

1 = e e \WBFCV

Figure 3.2. Distribution of Reproductive-Effect GMCVs for Fish, either Measured as

Whole-Body Concentrations in the Original Tests, or Measured as Egg-Ovary
Concentrations but Converted to Whole-Body.
(As shown in Table 3.4).
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3.1.3.3 Fish Muscle Criterion Element Concentration

Reproductive chronic values for muscle tissue were calculated directly from muscle
tissue concentrations measured in the study or from the egg-ovary to muscle conversion factors
of the bioaccumulation modeling approach (presented in Section 3.2). Direct calculations were
made when muscle measurements were available in the study and the data were amenable to an
effect level determination. The final EO/M CF applied to each taxon was determined using a
hierarchical approach based on taxonomic relatedness, consistent with the approach used to
calculate EO/WB CFs described in Section 3.2.2.

Table 3.6 provides the chronic values for each fish taxa and whether it was calculated
directly or converted from reproductive-effect egg-ovary concentrations to muscle
concentrations. The four most sensitive reproductive-effect fish muscle GMCVs are shown in
Table 3.7.

Table 3.6. Tested Reproductive-Effect Muscle (M) Concentrations Measured Directly or

Converted to M Concentrations from Egg-Ovary (EO) Concentrations.
Direct or
EO Calculated Direct Calculation or

Chronic | EO/M Muscle Repro | Basis for EO/M CF
Taxon Value CF Chronic Value | (from Appendix B)
Salvelinus 56.2 1.26 44.5 Dolly Varden EO/M
Esox 34.0 NA 21.7 Directly determined ECy4

i Desert pupfish EO/WB (1.20)
Cyprinodon 27.0 0.94 28.7 / all fish MIWB (1.27)
O. mykiss 24.5 1.92 12.8 Rainbow trout EO/M
Rudolph et al. 24.7 NA 16.6 Directly calculated ECg
2008
Nautilus 2011 27.7 1.81 15.3 Cutthroat trout EO/M
O. clarkii 26.2 NA 16.0 Geometric mean of two studies
Oncorhynchus 25.3 NA 14.3 Geometric mean of two SMCVs
Micropterus 26.3 1.19 22.2 Micropterus EO/M
Brown trout EO/WB (1.45)

Salmo 21.0 114 185 J all fish M/WB (1.27)
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Direct or

EO Calculated Direct Calculation or

Chronic | EO/M Muscle Repro | Basis for EO/M CF
Taxon Value CF Chronic Value | (from Appendix B)
Coyle et al. 26.3 1.38 19.1 Bluegill sunfish EO/M
1993
Doroshov et al. 22.6 NA 15.7 Directly calculated ECyg
1992a
Hermanutz et 14.7 NA 13.4 Directly calculated ECyg
al. 1992, 1996
Lepomis 20.6 NA 15.9 Geometric mean of three studies
Acipenser 15.6 NA 11.9 Directly calculated ECyg

Table 3.7. The Lowest Four Reproductive-Effect Fish Muscle GMCVs.

Relative Sensitivity Genus GMCV
Rank (mg Se/kg dw muscle)
4 Salmo 18.5
Lepomis 15.9
2 Oncorhynchus 14.3
1 Acipenser 11.9

Because the factors used to convert egg-ovary to muscle concentrations vary across

species based on empirical data, the whole-body rankings differ from both from the egg-ovary

rankings and the muscle rankings. With N=15 GMCVs, the 5™ percentile projection yields a

muscle criterion element concentration of 11.3 mg Se/kg dw muscle, lower than the muscle value

for the most sensitive fish genus tested, Acipenser. Figure 3.3 compares the fish muscle criterion

element concentration to the distribution of fish muscle reproductive chronic values in Table 3.6.
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Figure 3.3. Distribution of Reproductive-Effect GMCVs for Fish, either Measured as
Muscle in the Original tests, or Measured as Egg-Ovary Concentrations but Converted to
Muscle Concentrations.

(As shown in Table 3.6). (Live-bearer Gambusia was converted from WB to muscle).

3.1.4 Invertebrate Chronic Effects
Below is a brief synopsis of the experimental design of the available invertebrate chronic

toxicity tests, and the resulting chronic values.

Brachionus calyciflorus (rotifer)

Dobbs et al. (1996) exposed Brachionus calyciflorus to selenate in natural creek water for
25 days in a three-trophic level food chain test system. This is one of two laboratory-based
experiments (also see Bennett et al. 1986) that involved exposing algae to selenium (in this case
as sodium selenate) in water, and subsequently feeding the algae to rotifers which were in turn
fed to fish (fathead minnows). In the Dobbs et al. (1996) study, the rotifers and fish were
exposed to the same concentrations of sodium selenate in the water as the algae, but consumed
selenium bioaccumulated in the next lower trophic level. Rotifers did not grow well at
concentrations exceeding 108.1 pg Se/L in water, and the population survived only 6 days at
selenium concentrations equal to or greater than 202.4 pg Se/L in the water (40 pug Se/g dw in
the algae). Regression analysis of untransformed growth data (dry weight), determined 4 day

post-test initiation, resulted in a calculated EC,o of 37.84 ug Se/g dw tissue.
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Lumbriculus variegatus (oligochaete, blackworm)

Although not intended to be a definitive toxicity study for blackworms, Besser et al.
(2006) evaluated the bioaccumulation and toxicity of selenized yeast to the oligochaete,
Lumbriculus variegatus, which was intended to be used for dietary exposure in subsequent
studies with the endangered desert pupfish, Cyprinidon macularius. Oligochaetes fed selenized-
yeast diets diluted with nutritional yeast (54 to 210 mg Se/kg) had stable or increasing biomass
and accumulated Se concentrations as high as 140 mg/kg dw. The oligochaetes fed the undiluted
selenized-yeast (826 pg/g Se dry wt.) showed reduced biomass. The effect level is considered
>140 mg Se/kg dw.

Centroptilum triangulifer (mayfly)

Mayfly larvae (Centroptilum triangulifer) were exposed to dietary selenium contained in
natural periphyton biofilms to eclosion (emergence) (Conley et al. 2009; Conley et al. 2011,
Conley et al. 2013). In Conley et al. (2009), the periphyton fed to the mayfly larvae were
exposed to dissolved selenite (radiolabeled °Se) in November 2008 (12.6 and 13.9 pg/L) and in
January 2009 ( 2.4, 2.4, 4.9, 10.3, and 10.7 pg/L). Periphyton bioconcentrated selenium an
average of 1113-fold over the different aqueous selenium concentrations (see Table E-22 in
Appendix E). Twenty 4 to 6-day old mayfly larvae were exposed for 4.5 to 6 weeks to each of
the periphyton diets until the larvae eclosed to subimagos (final pre-adult winged stage). The
subimagos were allowed to emerge to the adult imago stage which deposited their egg masses in
Petri dishes. Selenium concentrations were measured in postpartum adults along with their dry
weights and clutch size. Selenium increased in concentration from periphyton to the adult
mayflies (trophic transfer factor) an average of 2.2-fold. The authors observed a reduction in
fecundity with diets containing more than 11 mg Se/kg dw, which is considered the dietary
threshold for this study. Using the trophic transfer factor of 2.2, the periphyton selenium
concentration of 11 mg/kg dw translates to an adult mayfly selenium concentration of 24.2
mg/kg dw.

Conley et al. (2011) exposed larval C. triangulifer larvae similar to Conley et al. (2009)
to two different rations of periphyton (1x and 2x) containing low, medium and high selenium
levels to evaluate the effect of feeding ration on the bioaccumulation of selenium and life cycle
performance of the mayfly. Mayfly larvae were fed either a 1x or 2x ration of periphyton loaded

with the three different selenium levels until the larvae eclosed to subimagos after 25-29 days.
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Average periphyton Se concentrations for the three treatments in the 1x ration study were 4.2,
11.9, and 27.2 mg/kg dw, respectively. In the 2x ration study, average periphyton concentrations
for the three treatments were 9.5, 19.9, and 40.9 mg/kg dw, respectively (Conley et al. 2011).
Subimagos were induced to emerge to adults in petri dishes and their clutch size measured
through digital imaging. Mayflies fed the 1x ration had 54% and 72% reductions in survival
relative to controls in the medium and high Se treatment levels, respectively, both of which were
significant (p<0.05). The mayflies fed the 1x ration also had significant reductions in fecundity
in the low (44% reduction), medium (63% reduction) and high (77% reduction) Se treatment
levels. However, for the mayflies that were fed the 2x ration, there were no significant
differences between the controls and any of the three Se treatment levels for any of the endpoints
measured including survival and fecundity. The 2x ration mayflies had 60% more biomass than
the 1x ration mayflies. This growth difference explains why the 1x ration mayflies had higher
concentrations of Se in their tissues (see Table E-23 in Appendix E). The two different rations
resulted in vastly different effect levels for Se, <12.8 mg/kg dw in the 1x ration test and >37.3
mg/kg dw in the 2x ration. It is apparent from this study that if the mayflies do not obtain
sufficient nutrition, they are more sensitive to selenium. Although reduced feeding levels occur
in nature, it is a confounding variable in this study that cannot be used to set a chronic effect
level for selenium.

Conley et al. (2013) evaluated the accumulation of selenite and selenate into periphyton
with a subsequent feeding exposure to mayfly larvae. As in the previous studies, C. triangulifer
larvae were fed periphyton previously exposed to different concentrations of selenium. In this
study, periphyton plates were first exposed to low (10 pg/L) and high (30 pg/L) concentrations
of either selenite or selenate and then fed to mayfly larvae to eclosion and to subimagos. The
mean concentrations of selenium in the periphyton fed to the mayflies were 2.2, 12.8 and 37
mg/kg Se dw in the control, low and high treatments, respectively. Mayfly tissue (subimago)
concentrations (extrapolated from Figure 4a in Conley et al. 2013) were approximately 4-7, 20-
35, and 45-75 mg/kg Se dw, in the control, low and high treatments, respectively. The authors
reported significant reductions in survival from the control in the high Se treatment (both pooled
data and individual selenite and selenate treatments), but no significant differences were
observed in the low Se treatments. Secondary production (mayfly biomass) was significantly

reduced relative to the control in the high Se treatment for both selenium species. For the low Se
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exposure treatments, secondary production was not significantly different than the control for the
selenite treated periphyton exposure, but was for the selenate and pooled data suggesting an
effect level between 20 and 35 mg/kg Se dw. These results as well as those observed in 2x ration
exposures in Conley et al. (2011) where no effects were observed at 37.3 mg/kg Se dw generally
support the chronic value determined for Conley et al. (2009) of 24.2 mg/kg Se dw. This

information included tabulated data from these studies presented in Appendix E.

3.1.5 Summary of Relevant Invertebrate Tests

The available measured invertebrate whole-body effect concentrations are shown in
Table 3.8. Because the intent of this assessment is to derive a concentration expressed in terms
of fish tissue, Table 3.8 also provides information on how concentrations in invertebrate tissue
are translated (in Section 3.2) across media to predicted WB fish tissue concentrations (Trophic
Level 3, TL3) in a system having invertebrates and fish. That is, consistent with the
bioaccumulation modeling approach of Section 3.2, the second column of Table 3.8 uses the
median trophic transfer factor of 1.21 from Table 3.11 to yield expected WB fish tissue
concentrations in a system having invertebrates and fish. Whether comparing TL2 (invertebrate)
whole-body GMCVs directly to Table 3.4 TL3 (fish) whole-body GMCVs, or via the trophic
transfer adjustment in the second column of Table 3.8, it is apparent that invertebrates are not
among the most sensitive species.

The relative insensitivity of invertebrates overall when compared with the fish whole-
body concentrations demonstrates that invertebrates are expected to be generally protected by
selenium criterion values derived from fish. It should be noted that mayflies appear to be the
most sensitive invertebrate group tested; their whole-body effects levels just below the least
sensitive fish genus (Salvelinus, Dolly VVarden) on whole-body basis. However these mayfly
results have some uncertainty due to the indicated effect of feeding ration on selenium toxicity to
mayflies that has not been fully defined. The rotifer and lumbriculus tests indicate that these
organisms are less sensitive than any tested fish genus on a whole-body basis. Therefore, the
invertebrates are considered implicitly in the species sensitivity distribution, and are counted
toward the number of values available to calculate the fish tissue criterion elements (as egg-
ovary, whole-body, and muscle), and the missing invertebrate MDRs (4 and 5) are considered

satisfied by the available invertebrate data.
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Table 3.8. Ranked Invertebrate Whole-Body Chronic Values with Translation to Expected
Accompanying Fish Whole-Body Concentrations

Accompanying Trophic Level 3
SMCV & GMCV Median Whole-Body Concentration
as measured Predicted by Bioaccumulation
(Trophic Level 2) Model (Section 3.2)
(mg Se/kg dw WB) (mg Se/kg dw WB TL3) Species
> 140 > 169 4 Ollgoc_haete, bla(_:k,
Lumbriculus variegatus
37.84 45.8 Rotifer, .
Brachionus calyciflorus
Mayfly,
24.2 29.3 Centroptilum triangulifer

3.1.6 Selenium Fish Tissue Toxicity Data Fulfilling Minimum Data Needs

The toxicity data currently available for genera and species fulfilling the EPA Ambient

Water Quality Criteria Guidelines recommendations for calculation of the freshwater chronic

criterion are described in Sections 3.1.1, 3.1.4, 6.1.2 and Appendix C, and are summarized in

Table 3.9.

Table 3.9. Minimum Data Requirements Summary Table Reflecting the Number of Species
and Genus Level Mean Values Represented in the Chronic Toxicity Dataset for Selenium

in Freshwater.

Genus Mean Chronic

Species Mean Chronic

Freshwater Minimum Data Requirement Value (GMCV) Value (SMCV)
1. Family Salmonidae in the class Osteichthyes 3 4
2. Second family in the class Osteichthyes,
preferably a commercially or recreationally 2 2
important warmwater species
3. Third family in the phylum Chordata (may be
in the class Osteichthyes or may be an 5 5
amphibian, etc.)
4. Planktonic Crustacean See text See text
5. Benthic Crustacean See text See text
6. Insect 1 1
7. Family in a phylum other than Arthropoda or
Chordata (e.g., Rotifera, Annelida, or 1 1
Mollusca)
8. Family in any order of insect or any phylum 1 1
not already represented
Total 15 16
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The first three of these MDRs in Table 3.9 are easily fulfilled by the fish species
represented in Sections 3.1.1, 6.1.2 and Appendix C. Because the field observations of
contaminated sites have found effects on fish and birds in the absence of changes in invertebrate
assemblages, scientific studies on the chronic toxicity of dietary selenium for invertebrates has
been very limited. The few dietary chronic toxicity studies that are available for invertebrate
species (arthropods , rotifers, and worms) indicate that they are generally less sensitive than fish,
with available data indicating invertebrate whole body mean chronic values ranging from
approximately 3 to 12 times higher than the fish whole body criterion element value
recommended in this document (Section 3.1.4). The above invertebrate data address MDRs 6-8,
leaving only MDRs 4 and 5, for the planktonic and benthic crustaceans, to be addressed. Because
the 5™ percentile calculation methods for the FCV use actual numeric values for the GMCVs of
the four most sensitive (fish) genera in the selenium dataset, it is only necessary to know that the
more tolerant genera have GMCVs that are greater than those of the lowest four. A
recommendation in the draft white paper on Aquatic Life Criteria for Contaminants of Emerging
Concern Part | (U.S. EPA 2008b), which was supported by the Science Advisory Board, states
“because only the four most sensitive genus mean chronic values (GMCVs) are used in the
criterion calculations, chronic testing requirements for a taxon needed to meet an MDR should
be waived if there is sufficient information to conclude that this taxon is more tolerant than the
four most sensitive genera.”

Currently, there are no available data on the chronic toxicity to crustaceans via dietary
exposure to selenium. Since there are data available for insects (Centroptilum spp. mayfly), EPA
used the taxonomic association at the level of phylum (Arthropoda) to allow insects to be a
surrogate for crustaceans. There is also associative evidence that macroinvertebrates in general
are less sensitive than fish. At sites where there have been documented effects to fish and
aquatic-dependent birds from selenium exposure (e.g., Kesterson Reservoir, Belews Lake, Hyco
Reservoir), field observations and data indicate that there has been no evidence of effects to
macroinvertebrates including crustaceans (Janz et al. 2010). In addition, Janz et al. (2010) notes
that the key vector for selenium toxicity via maternal transfer is selenium loading in the egg via
vitellogenesis. Crustaceans, and other arthropods are not known to deposit a significant amount
of vitellogenin in the egg compared with oviparous vertebrates like fish, therefore, less selenium

is likely transferred to the egg via deposition of vitellogenin. These mechanistic considerations
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are thus consistent with the absence of observed field effects on aquatic macroinvertebrates,
including crustaceans and other arthropods, and with the Chapman et al. (2009, 2010) expert
consensus that it is the egg-laying vertebrates that are most at risk.

Applying this concept to the selenium criterion 5™ percentile calculations, GMCVs for
MDRs 4 and 5 (the two crustacean MDRs) should be waived and counted in the total number of
GMCVs in the dataset, based on (a) the difference in the measured effect values discussed above,
and (b) the lack of observed invertebrate field effects linked to selenium (for example, as
concluded by Lemly 2002, pages 21-23, and Janz et al. 2010). Thus data are adequate to fulfill
the data needs for developing a chronic selenium criterion.

The total number of GMCVs available to derive the chronic criterion is 15. These include
ten fish genera from Sections 3.1.1 and 6.1.2 (Acipenser, Salmo, Lepomis, Micropterus,
Oncorhynchus, Pimephales, Gambusia, Esox, Cyprinodon, and Salvelinus) [Added to these are
the tested invertebrate genera Centroptilum, Brachionus, and Lumbriculus from Section 3.1.4,

and lastly the two waived genera for MDRs 4 and 5 (crustaceans).

3.2 CHRONIC WATER COLUMN-BASED SELENIUM CRITERION ELEMENT

3.2.1 Translation from Fish Tissue Concentration to Water Column Concentration

EPA derived the chronic water column selenium criterion element by translating the egg-
ovary concentration to an equivalent water concentration. EPA worked with USGS to derive a
translation equation that utilizes a mechanistic model of bioaccumulation previously published in
peer-reviewed scientific literature (Luoma et. al. 1992; Wang et. al. 1996; Luoma and Fisher
1997; Wang 2001; Schlekat et al. 2002b; Luoma and Rainbow 2005; Presser and Luoma 2006,
2010; Presser 2013). This model quantifies bioaccumulation in animal tissues by assuming that
net bioaccumulation is a balance between assimilation efficiency from diet, ingestion rate, rate of

direct uptake in dissolved forms, loss rate, and growth rate. The basic model is given as:
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ol xCo ) +(AEXIRXC o |

- (ke + g) (Equation 1)
Where:

Cuwater = Concentration of chemical in water (ug/L)

Ctissue = Auverage concentration of chemical in all tissues at steady-state (Jug/g)

Ke = Efflux rate (/d)

g = Growth rate (/d)

Ky = Uptake rate (L/g-d)

AE = Assimilation efficiency (%)

IR = Ingestion rate (g/g-d)

Crood = Concentration in food (ug/g)

3.2.1.1 Simplifying the Bioaccumulation Model
Specific application to selenium bioaccumulation permits the simplification of Equation 1
in two ways. One simplification is removing the parameter representing growth rate (g), and the

other simplification is removing the parameter representing direct aqueous uptake (k).

Growth Rate

The growth rate constant g is included in Equation 1 because the addition of body tissue
has the potential to dilute the concentration of bioaccumulative chemicals when expressed as
chemical mass per tissue mass. For very hydrophobic chemicals with low excretion rates such as
polychlorinated biphenyls, growth can be an important factor in bioaccumulation estimates
(Connolly and Pedersen 1988). However, Luoma and Rainbow (2005) suggest that for selenium,
growth rate is a relatively inconsequential parameter under most circumstances. Food
consumption is typically high during periods of high growth rate. Because food consumption is
the primary route of selenium uptake in aquatic organisms (Ohlendorf et al. 19864, b; Saiki and
Lowe 1987; Presser and Ohlendorf 1987; Lemly 1985a; Luoma et al. 1992; Presser et al. 1994,
Chapman et al. 2010), high consumption rates of selenium-contaminated food may counteract
the selenium dilution that occurs with the addition of body tissue during periods of fast growth.

EPA evaluated the effect of removing the parameter g in the Equation 1 by performing a
sensitivity analysis. EPA analyzed a series of hypothetical tissue concentration estimates using
Equation 1 with g ranging between 0 (no growth) and 0.2/day (a relatively high rate of growth).
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In one analysis, tissue concentrations of selenium were estimated using static values of IR. In a
second analysis, tissue concentrations of selenium were estimated using values of IR that were
adjusted for growth rate using a method similar to the approach used in a model of organic
chemical accumulation in aquatic food webs (Thomann et al. 1992). As expected, estimates of
selenium tissue concentrations were significantly reduced at progressively higher growth rates
when IR remained constant. However, selenium concentrations remained fairly steady or slightly
increased with progressively higher growth rates when IR was adjusted for the bioenergetics of
growth. This analysis supports the hypothesis that a higher IR (and consequently greater rate of
selenium ingestion) associated with the higher bioenergetic requirements of rapidly growing
young fish tends to oppose the dilution of selenium in their tissues due to growth, whereas a
lower IR (and consequently lower rate of selenium ingestion) associated with the lower
bioenergetic requirements of slower growing older fish tends to oppose the bioconcentration of
selenium in their tissues. EPA concludes from this analysis that omitting the growth rate
parameter g is an appropriate simplification of Equation 1. A more detailed description of this

sensitivity analysis is provided in Appendix J.

Uptake Rate

The uptake rate constant k; is included in Equation 1 to account for direct absorption of
bioaccumulative chemicals in the dissolved phase. However, dietary intake of selenium is the
dominant source of exposure, suggesting that k, may also be relatively inconsequential for
selenium accumulation (Luoma and Rainbow 2005). Because aqueous uptake of selenium makes
up a small percentage of bioaccumulated selenium (Fowler and Benayoun 1976; Luoma et. al.
1992; Roditi and Fisher 1999; Wang and Fisher 1999; Wang 2002; Schlekat et. al. 2004; Lee et.
al. 2006), Presser and Luoma (2010a, b, 2013) deemed removal of k, from Equation 1 as an
acceptable simplification.

EPA evaluated the effect of removing the parameter k, in the Equation 1 by performing a
sensitivity analysis. EPA analyzed a series of tissue concentration estimates using Equation 1 and
a realistic range of k, values for trophic level 2 and trophic level 3 organisms. The analysis
suggests that approximately 75% of selenium exposure in trophic level 2 organisms
(invertebrates) and over 90% of selenium exposure in trophic level 3 organisms occurs through

consumption of selenium-contaminated food. EPA concluded that omitting the aqueous uptake
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rate constant k; is an appropriate simplification of Equation 1. A more detailed description of this

sensitivity analysis is provided in Appendix J.

Derivation of the Translation Equation
Disregarding growth (g) and uptake of selenium dissolved in water (k, X Cyater), Equation
1 becomes Equation 2 (Reinfelder et al. 1998):

AExIRxC,,
tissue — k
or.
AE x IR
Ctissue = k— xC food
e (Equation 2)

Because application of the bioaccumulation model applies to a single species, the

AE x IR
k

e

combination of species-specific physiological parameters expressed as remains

AE x IR
k

€

constant for the species. Thus the EPA defines the expression as a single species-

specific Trophic Transfer Factor (TTF) given as Equation 3 (Reinfelder et al. 1998):

TTE _ AE x IR
e (Equation 3)
. AEx IR _
Substituting TTF for % in Equation 2 yields:
[
Ctissue =TTF x C food (Equation 4)

The trophic level of the organisms considered can be denoted by superscripts given as:

TL2 _ TL2 TL2
Ctissue - TTF X C food

(Equation 5)

63



CtTisLsﬁe as defined here represents the steady-state proportional concentration of selenium in the

tissue of trophic level 2 organisms relative to the concentration of selenium in their food source.
Using the same rationale, the average concentration of selenium in the tissues of trophic
level 3 organisms can be expressed as the concentration of selenium in its food multiplied by a

TTF which is given as:

TL3 TL3 TL3
Ctissue - TTF x C food

(Equation 6)

. . . . TL3 TL2
For trophic level 3 organisms that consume trophic level 2 organisms, C oy = Cicie .-

Thus:

cIk3 . = TTF™3 x cIL2 (Equation 7)

tissue tissue

Substituting c%:2,, in Equation 7 with TTF ™ x Cod in Equation 5 yields:

CI, =TTF™ < TTF ™2 xC 1

(Equation 8)

Defining the term c3,, as the concentration of selenium in fish tissue, defining the term
crt?,. as the concentration of selenium in living and nonliving particulate material ingested by
invertebrates, and expressing the product of all TTF values as a single term results in the

equation:
— it .
thole—body = TTFcomposte x Cparticulate (Equatlon 9)

where:

the concentration of selenium in particulate material

Cparticulate

Cuhole-body the concentration of selenium in the whole body of fish

TTE®™Ost = the product of all trophic transfer factor values

Equation 9 quantitatively expresses selenium bioaccumulation in fish (Cunole-body) as the
product of the concentration of selenium at the base of the food web (Cparticulate) @nd a parameter
representing the trophic transfer of selenium through all dietary pathways (TTF©™*") This
model of bioaccumulation is conceptually similar to the model of bioaccumulation utilizing a

bioaccumulation factor (BAF). A BAF is the ratio of the concentration of a chemical in the tissue
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of an aquatic organism to the concentration of the chemical dissolved in ambient water at the site
of sampling (U.S. EPA 2001c). Similar to the term TTF®™°® a BAF quantitatively represents
the relationship between the chemical concentrations in multiple environmental compartments.
However, a BAF is empirically derived from site-specific measurements, whereas TTF®™PS jg
derived from knowledge of the ecological system. Because each TTF is associated with a
particular taxon, TTF™°® can be inferred for an aquatic system using existing knowledge and
reasonable assumptions, without the considerable time and cost of collecting and analyzing
tissue and water samples.

Equation 9 characterizes the bioaccumulation of selenium as a combination of TTF
parameters from all steps in the dietary pathway of the predator species of interest. Thus it is
possible to differentiate bioaccumulative potential for different predator species and food webs
by modeling different exposure scenarios. For example, where the fish species of interest is a

Fcomposite

trophic level 4 predator that primarily consumes trophic level 3 fish, the term TT can be

represented as the product of all TTF parameters that includes the additional trophic level given

as:
TTF composite — TTFTL4 XTTF TL3 XTTF TL2 (Equatlon 10)
where:
TTF™- = the trophic transfer factor of trophic level 2 species
TTE™® = the trophic transfer factor of the trophic level 3 species
TTE™ = the trophic transfer factor of the trophic level 4 species
TTF®™Ost = the product of all trophic transfer factors

Similarly, the consumption of more than one species of organism at the same trophic
level can also be modeled by expressing the TTF at a particular trophic level as the weighted

average of the TTFs of all species consumed given as:

——TLx
TTE = Z:(TTFiTLX X Wi> (Equation 11)
where:
TTE™ = the trophic transfer factor of the i'" species at a particular trophic level
Wi = the proportion of the i species consumed
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Fcomposite

These concepts can be used to formulate an expression of TT to model selenium

bioaccumulation in ecosystems with different consumer species and food webs. Figure 3.4

FCOmPOsite +6 model selenium

describes four example food web scenarios and the formulation of TT
bioaccumulation in each of them.

The parameter TTFP™*" quantitatively represents all dietary pathways of selenium
exposure for a particular fish species within an aquatic system. The parameter is derived from
species-specific TTF values representing the food web characteristics of the aquatic system, w;,

the proportion of species consumed. See text for further explanation.
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A) Three trophic levels (simple):
TTF composite =TTE TL3 «TTE TL2

TTFTL3 TTF2 G5
s €—— # €—— s

-.j}:_'a a
B) Four trophic levels (simple):
TTF composite =TTF TL4 «TTF TL3 «TTF TL2
TTFTL TTETLS TTIFT2 75
s €—
C) Three trophic levels (mix within trophic levels):
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Figure 3.4. Example Aquatic System Scenarios and the Derivation of the Equation
Parameter TTFPo,

Because EPA’s objective is to derive an equation that translates a fish tissue

concentration of selenium to a water column concentration, the term Cyater IS reintroduced into
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Equation 9 by defining the enrichment function EF representing the steady state proportional

bioconcentration of dissolved selenium at the base of the aquatic food web given as:

EF = Spartiouate (Equation 12)

Cwater

Where:
Crarticulate = Selenium concentration in particulate material (1g/g)
Cuwater = Concentration of selenium dissolved in water (pug/L)
EF = Enrichment function (L/g)

Rearranging the terms of Equation 12:

Cparticulate = EF X Cyater (Equation 13)
Substituting EF x Cwater for Cparticulate In Equation 9 results in:

Conatsoqy = TTF ™ X EF xC, (Equation 14)

whole—body
Solving for the concentration of selenium in water in Equation 14 results in:

_ C

C _ whole—body
water TTE composite x EF (Equation 15)

Because Equation 15 relates a concentration of selenium in water to the concentration of
selenium throughout all tissues of the body, Cunole-body Must be converted to an equivalent
concentration in eggs or ovaries. EPA achieved this conversion by incorporating a species-
specific conversion factor (CF) into Equation 15. CF represents the species-specific proportion
of selenium in egg or ovary tissue relative to the concentration of selenium in all body tissues

and is given as:

CF _ Cegg—ovary
C
whole-body (Equation 16)
Where:
CF = Whole-body to egg-ovary conversion factor (dimensionless ratio).

68



Cegg-ovary = Selenium concentration in the eggs or ovaries of fish (ug/g)

Selenium concentration in the whole body of fish (ug/g).

thole—body

Rearranging the terms of Equation 16 yields:

C _ Cegg—ovary
whole—-body
CF (Equation 17)

egg-ovary

Substituting Cwhole-nody in Equation 15 with yields the translation equation:

Cegg—o vary

Cwa er — composite
e " T comoste  EF o CF (Equation 18)

where TTF ©™ equals the product of all trophic transfer factors from trophic level 2 through
the target fish species.

Equation 18 describes an ecosystem-dependent relationship between the concentration of
selenium in the eggs and ovaries of fish with the concentration of selenium in the water column.
This approach explicitly recognizes the sequential transfer of selenium between environmental
compartments (water, particulate material, invertebrate tissue, fish tissue, and eggs and/or ovary
tissue) by incorporating quantitative expressions of selenium transfer from one compartment to
the other. Because this approach uses food web modeling along with species-specific TTF and
CF parameters to quantify most of the transfer between compartments, the only field
measurements needed to relate selenium in egg-ovary and water are measurements from the

water column and particulate material sufficient to calculate EF.

3.2.2 [Equation Parameters

Empirical or laboratory data related to selenium bioaccumulation in aquatic organisms
are needed to derive the equation parameters EF, TTF, and CF. EPA obtained data from
published literature as described above The search resulted in the retrieval of 63 acceptable
studies containing a total of 8,707 selenium measurements at 768 aquatic sites (2,927 from

water, 373 from algae, 29 from detritus, 821 from sediment, 1,324 from various species of
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invertebrates, and 3,233 from various species of fish) and 34 acceptable studies yielding 139
physiological constants (48 values of ke, 81 values of AE, and 10 values of IR). EPA used this
collection of selenium measurements to calculate site-specific EF values and develop species-
specific TTF and CF values in an unbiased and systematic manner. A more detailed description
of how EPA calculated EF is described below. How EPA calculated TTF and CF is described in
detail in Appendix B.

3.2.2.1 Derivation of Trophic Transfer Factor (TTF) Values

EPA derived TTF values for taxonomic groups of invertebrates and fish by either using
physiological coefficients found in the literature, or by evaluating the empirical relationship
between matched pairs of selenium measurements in organisms and the food they consumed.
When physiological coefficients were available, EPA calculated a TTF value using Equation 3
(Section 3.2.1):

TTF = AEx IR

e (Equation 3)
Where:
k

e

Elimination rate constant (/d)
AE
IR

Assimilation efficiency (%)

Ingestion rate (g/g-d)

EPA also derived TTF values using empirical measurements of selenium from field
studies. EPA searched its collection of available selenium measurements and identified
measurements taken from aquatic organisms. For each measurement from an aquatic organism,
EPA searched for additional measurements from other aquatic organisms or particulate material
that was collected from the same aquatic site and of a type deemed likely to be ingested as a food
source or in conjunction with feeding activity (i.e., a lower trophic level). If multiple lower
trophic level measurements were matched to an aquatic organism measurement, the median of
the lower trophic level measurements was calculated. Each pair of measurements, one taken
from an aquatic organism and the other taken from lower trophic level organisms or particulate

material, was designated as a matched pair. EPA limited particulate data used to calculate

70



invertebrate TTFs from field data to those aquatic sites with at least two particulate selenium
measurements paired with invertebrate selenium measurements, and only used sediment
measurements if there was at least one measurement from algae or detritus. If selenium
concentrations from more than category of particulate material (algae, detritus, or sediment) were
available, EPA used the median Se concentration of the available categories as the particulate
concentration for that site.

Because selenium is transferred to aquatic animals primarily through aquatic food webs,
the observable concentration of selenium in different environmental compartments may vary
over time. To establish an appropriate time period with which to define matched pairs of
selenium measurements, the effect of sample collection time on the relationship between
selenium concentrations in different media was analyzed. EPA defined matched pairs of
selenium measurements as described above using different relative collection time ranges and
estimated the strength of the relationship between the two measurements by calculating the
Pearson product-moment correlation coefficient (r). Figure 3.5 shows the correlation coefficients
for selenium measurements taken from the same aquatic sites when the measurement collection
times were systematically shifted relative to one another. Each correlation coefficient was
calculated from a set of data within a specified range of relative collection times with respect to
the higher trophic level. For example, the correlation coefficient calculated from invertebrate and
fish measurements with a relative sample collection time of 30 to 60 days were from invertebrate
and fish samples collected at the same site, with the fish samples collected 30 to 60 days after the
invertebrate samples. Similarly, the correlation coefficient calculated from invertebrate and fish
measurements with a relative collection time of -60 to -30 days were from invertebrate and fish
samples that were collected at the same site, with the fish samples collected 30 to 60 days before

the invertebrate samples.
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Particulate versus invertebrate
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Figure 3.5. Effect of Relative Sample Collection Time on Correlation Coefficients of
Selenium Measurements in Particulate Material, and Invertebrate and Fish Tissue.

Error bars indicate the 95% confidence interval of r calculated using Fisher's r to z
transformation. Horizontal dashed line indicates r = 0; vertical dashed line indicates relative
collection time expected to have the highest correlation. The absence of a correlation coefficient
indicates an insufficient quantity of data at the specified relative collection time range.

The results of this analysis suggest that the relationship between selenium concentrations
in particulate material and invertebrate tissue and between invertebrate tissue and fish tissue is
insensitive to relative collection time within a one year time period. These results also suggest
that selenium becomes relatively persistent in the aquatic ecosystem once dissolved selenium
transforms to particulate selenium and becomes bioavailable. On the basis of these analyses,
EPA concludes that selenium measurements from samples collected at the same aquatic site
within one year of each other are acceptable to use as matched pairs of measurements from the
aquatic sites. Note that EPA chose a relative collection time period of one year on the basis of
data taken from many different aquatic sites. Individual aquatic sites may have selenium loads
and/or bioaccumulation characteristics that require different relative collection time criteria to
accurately characterize selenium relationships.

After matched pairs of selenium measurements from samples collected in the field were
identified, EPA evaluated two different analytical approaches to derive species-specific TTF
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values from them. TTF was previously defined above as the steady state proportion relating the
concentration of selenium in the tissue of aquatic organisms to the concentration of selenium in

the food they ingest such that:

Ctissue =TTFxC food (Equation 4)

Rearranging the terms of Equation 4 yields Equation 19:

TTF — Ctissue

food (Equation 19)

Because TTF can be defined as the ratio of the concentration of selenium observed in the
tissue of an aquatic organism to the concentration of selenium observed in the tissue or material
the organism ingests, one approach for deriving TTF values from field data is to simply use the
ratio of the two values. EPA evaluated this approach by calculating the ratios for all matched
pairs of selenium measurements, and for each species or taxonomic group, used a statistic of
central tendency of the distribution of ratios as the TTF value. An advantage of quantifying the
relationship between selenium in two environmental compartments using ratios is that it is a
simple and straightforward method that is conceptually similar to a bioaccumulation factor
(BAF). A disadvantage of this approach is that it presumes that the quality and quantity of data
used to derive the ratios adequately represent the relationship being characterized. Furthermore,
many aquatic organisms tend to bioaccumulate more metals at low environmental concentrations
(McGeer et al. 2003; Borgman et al. 2004; DeForest et al. 2007; U.S. EPA 2007). Thus a
distribution of ratios could be biased toward larger values if the data are obtained from aquatic
systems with low selenium concentrations.

Another analytical approach for deriving TTF values from matched pairs of selenium
measurements is to model the species-specific relationships using linear regression. One
possibility is to regress the concentration of selenium in the food of a particular species or
taxonomic group with the concentration of selenium in the organism's tissue, and use the

regression coefficient as the TTF. EPA evaluated this approach by applying ordinary least
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squares (OLS) linear regression on the matched pairs of data. The regression coefficient (slope of
the fitted line) was then taken as the TTF value for that species or taxonomic group. An
advantage of this regression approach is that it estimates the quantitative relationship of selenium
across a range of environmental concentrations in a manner that allows statistical assessment.
Disadvantages of this regression approach include the assumption that the underlying data are
normally distributed; one or a few very high values can have a disproportionate influence on the
slope of the fitted line; and the bioaccumulation model does not account for a non-zero y-
intercept. Constraining the y-intercept to zero (also known as regression through the origin or
RTO) eliminates the added complexity of a non-zero y-intercept. However, RTO further
increases the disproportionate influence of one or a few high values on the slope of the fitted
line. Furthermore, RTO does not provide a straightforward way of evaluating goodness of fit
(Gordon 1981).

After evaluating both approaches, EPA decided to use a hybrid approach by designating
the median of the ratio of matched pairs of selenium measurements as the TTF value, but only if
OLS linear regression of those data resulted in a significant (P < 0.05) fit and positive regression
coefficient. Requiring a significant positive OLS linear regression coefficient confirms the
relationship between selenium in organisms and the food they ingest is adequately represented
by the available data. Using the median of the individual ratios provides an estimate of central
tendency for that relationship that is less sensitive to potential bias from measurements taken
from aquatic systems with very high or very low selenium concentrations. Some aquatic
organisms exhibit selenium bioaccumulation inversely related to water concentration (McGeer et
al. 2003; Borgman et al. 2004; DeForest et al. 2007). This inverse relationship is likely due to
saturation uptake kinetics of specific transport mechanisms that regulate metals bioaccumulation
within certain ranges (U.S. EPA 2007). EPA evaluated the effect of very high and very low
selenium concentrations on the calculation of TTF values using the hybrid approach described
above by calculating TTF values excluding selenium measurements above 10, 25, 50, and 100
ug/g and below 0.1, 0.5, 1.0, and 2.0 u/g. EPA found that excluding very high or very low
selenium measurements had minor effects on TTF values. EPA concludes that using the median
ratio effectively attenuates effects of selenium concentration on the calculation of TTF values
using the hybrid approach described above and allows the use of all available data without the

need to introduce additional arbitrary exclusion criteria.
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EPA calculated TTF values for 13 invertebrate species and 32 fish species that live in
freshwater aquatic environments in North America. The data used to derive these TTF values are
provided in Appendix B. The final TTF values are listed in Table 3.10 and Table 3.11. The
presence of physiological coefficients for a taxon in Table 3.10 and Table 3.11 indicates that the
TTF values were calculated using those parameters. The absence of physiological coefficients for
a taxon indicates that EPA derived the TTF value using field data. If a TTF value could be
calculated from both physiological coefficients and field data, EPA used the TTF value
calculated from the substantially larger number of field measurements to minimize statistical

uncertainty.

Table 3.10. EPA-Derived Trophic Transfer Factor (TTF) Values for Freshwater Aquatic
Invertebrates.

Common name Scientific name AE IR Ke TTFE
Crustaceans
amphipod Hyalella azteca - - - 1.22
copepod copepods 0.520 | 0.420 | 0.155 141
crayfish Astacidae - - - 1.46
water flea Daphnia magna 0.406 | 0.210 | 0.116 | 0.74
Insects
dragonfly Anisoptera - - - 1.97
damselfly Coenagrionidae - - - 2.88
mayfly Centroptilum triangulifer - - - 2.38
midge Chironimidae - - - 1.90
water boatman Corixidae - - - 1.48
Mollusks
asian clam® Corbicula fluminea 0.550 | 0.050 | 0.006 | 4.58
zebra mussel Dreissena polymorpha 0.260 | 0.400 | 0.026 | 4.00
Annelids
blackworm | Lumbriculus variegatus | 0.165 | 0.067 | 0.009 | 1.29
Other
zooplankton | zooplankton | - | - 1 - ] 189

4 Not to be confused with Potamocorbula amurensis
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Table 3.11. EPA-Derived Trophic Transfer Factor (TTF) Values for Freshwater Fish.

Common hame Scientific name AE IR Ke TTFE
Cypriniformes
blacknose dace Rhinichthys atratulus - - - 0.71
bluehead sucker Catostomus discobolus - - - 1.04
longnose sucker Catostomus catostomus - - - 0.90
white sucker Catostomus commersonii - - - 1.11
flannelmouth sucker Catostomus latipinnis - - - 0.98
common carp Cyprinus carpio - - - 1.20
creek chub Semotilus atromaculatus - - - 1.06
fathead minnow Pimephales promelas - - - 1.57
red shiner Cyprinella lutrensis - - - 1.31
redside shiner Richardsonius balteatus - - - 1.08
sand shiner Notropis stramineus - - - 1.56
Cyprinodontiformes
western mosquitofish Gambusia affinis - - - 1.21
northern plains killifish Fundulus kansae - - - 1.27
Esociformes
northern pike | Esox lucius | - - - 1.78
Gasterosteiformes
brook stickleback | Culaea inconstans | - - - 1.79
Perciformes
black crappie Pomoxis nigromaculatus - - - 2.67
bluegill Lepomis macrochirus - - - 1.03
green sunfish Lepomis cyanellus - - - 1.12
largemouth bass Micropterus salmoides - - - 1.39
smallmouth bass Micropterus dolomieu - - - 0.86
striped bass Morone saxatilis 0.375 | 0.335 | 0.085 | 1.48
walleye Sander vitreus - - - 1.60
yellow perch Perca flavescens - - - 1.42
Salmoniformes
brook trout Salvelinus fontinalis - - - 0.88
brown trout Salmo trutta - - - 1.38
mountain whitefish Prosopium williamsoni - - - 1.38
cutthroat trout Oncorhynchus clarkii - - - 1.12
rainbow trout Oncorhynchus mykiss - - - 1.07
Scorpaeniformes
mottled sculpin Cottus bairdi - - - 1.38
sculpin Cottus sp. - - - 1.29
Siluriformes
black bullhead Ameiurus melas - - - 0.85
channel catfish Ictalurus punctatus - - - 0.68
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For fish species without sufficient data to directly calculate a TTF value, EPA estimated
the TTF value by sequentially considering higher taxonomic classifications until one or more
taxa for which a calculated TTF value was available matched the taxon being considered. If the
lowest matching taxon was common to more than one species with a TTF value available, EPA
used the median TTF from the matching species. For example, although data to directly calculate
TTF for Chrosomus eos (northern redbelly dace) were not available, this species is in the family
Cyprinidae, which also includes Rhinichthys atratulus (blacknose dace), Cyprinus carpio
(common carp), Semotilus atromaculatus (creek chub), Pimephales promelas (fathead minnow),
Cyprinella lutrensis (red shiner), Richardsonius balteatus (redside shiner), and Notropis
stramineus (sand shiner). Because Cyprinidae is the lowest taxonomic classification where
Chrosomus eos matches a species with an available TTF value, the median of the blacknose
dace, common carp, creek chub, fathead minnow, red shiner, redside shiner, and sand shiner TTF
values was used as the TTF value for northern redbelly dace. The data and analyses used to
calculate all TTF values including those estimated by taxonomic classification are provided in
Table B-8 of Appendix B.

3.2.2.2 Derivation of Whole-Body to Egg-Ovary Conversion Factor (CF) Values

The parameter CF (conversion factor) in Equation 18 (Section 3.2.1) represents the
species-specific partitioning of selenium as measured in the whole-body and in egg-ovary tissue.
EPA derived species-specific CF values by applying the same method used to derive species-
specific TTF values using empirical measurements of selenium concentrations in different tissues
of the same fish. To derive whole-body to egg-ovary CF values, EPA defined matched pairs of
selenium measurements from the whole-body and from the eggs or ovaries measured from the
same individual fish or from matched composite samples. Egg-ovary concentration was defined
as a measurement from either the eggs or the ovaries. If multiple measurements from both eggs
and ovaries of the same individual or matched composite sample were available, the average
value was used. For example, both egg and ovary measurements were available for five of the 27
egg-ovary concentrations used to calculate the bluegill egg-ovary to whole body CF (Coyle et al.
1993), and 16 of the 69 measurements used to calculate the cutthroat trout egg-ovary to muscle
CF (Kennedy et al. 2000).

Similar to the procedure used to derive TTF values, EPA first confirmed a statistical

relationship between egg-ovary and whole body selenium for each species using OLS linear
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regression of the matched pairs of measurements. If the regression resulted in a significant fit
(P<0.05) with a positive regression coefficient, EPA calculated the ratio of the egg-ovary to
whole body selenium concentration of each matched pair and used the median ratio as the CF
value for the species. A detailed comparison of the advantages and disadvantages of the median
ratio and least squares regression approaches to calculating CFs, along with a comparison of CFs
calculated from median ratios, OLS regression following log transformation, and total least
squares (TLS) regression following log transformation is included in Appendix N.

EPA had sufficient egg-ovary and whole-body selenium measurements to directly derive
egg-ovary to whole body CF values for 13 species of fish. However, matched pairs of selenium
measurements in eggs and/or ovaries and muscle tissue, and matched pairs of selenium
measurements in muscle and whole body were also available. To derive CF values for additional
fish species, EPA used either the additional data or a taxonomic classification approach to
estimate CF.

For those species of fish with neither sufficient data to directly calculate an egg-ovary to
whole body CF, nor data to calculate a conversion factor for egg-ovary to muscle or whole body
to muscle, EPA first estimated CF following the approach described above for the estimation of
TTF values. In this first approach, EPA sequentially considered higher taxonomic classifications
until one or more taxa for which a calculated CF value was available matched the taxon being
considered, and if the lowest matching taxon was common to more than one species with a CF
value available, EPA used the median CF from the matching species. For example, CF data are
not available to directly calculate CF for Lepomis microlophus (redear sunfish); however, genus-
level CFs for Lepomis cyanellus (green sunfish) and Lepomis macrochirus (bluegill) are
available. Thus, EPA used the median CF values of Lepomis cyanellus and Lepomis macrochirus
for redear sunfish.

For fish species without sufficient data to directly calculate an egg-ovary to whole body
CF, but which had sufficient data to calculate a conversion factor for either egg-ovary to muscle
or whole body to muscle, EPA followed a two stage approach based on taxonomic similarity. If a
fish species had a species specific egg-ovary to muscle conversion factor, but no whole body
data with which to calculate an egg to whole body CF, available data for other species would be
used to estimate a muscle to whole body conversion factor for that species based on taxonomic

relatedness. The estimated muscle to whole body factor would be multiplied by the directly
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measured egg-ovary to muscle factor to estimate an egg-ovary to whole body CF for that species.
For example, rainbow trout has a species specific egg-ovary to muscle conversion factor of 1.92,
but does not have a species specific egg-ovary to whole body CF. Using the taxonomic approach
described above, the most closely related taxa to rainbow trout with muscle to whole body
conversion factors are in the class Actinopterygii. The median conversion factor for the eight
species within that class is 1.27. The final egg-ovary to whole body CF for rainbow trout is 2.44
(Table 3.12), or 1.92 x 1.27.

EPA derived 13 CF values directly from matched pairs of egg-ovary and whole-body
selenium measurements and an additional seven CF values by multiplying EO/M and M/WB
conversion factors. Variability in the CF values for 19 of the 20 fish species was low (Table
3.12). Excluding mountain whitefish, CFs ranged from 1.20 to 3.11, a 2.6-fold difference. CF
variability within each species was also low for 7 of 13 species for which egg-ovary to whole-
body CFs were calculated. The two species with relatively high standard deviations for their CF
values (brown trout and cutthroat trout) contained potentially anomalous hatchery data that
contributed to the variability (see Table 3.12 footnote). These species specific CF values are
listed below in Table 3.12 and in Table B-5 of Appendix B. All CF values including those

estimated using the taxonomic classification approach are provided in Table B-6 in Appendix B.

Table 3.12. EPA-Derived Egg-Ovary to Whole-Body Conversion Factor (CF) Values.

Common name Scientific name CF Std. Dev.?
Acipenseriformes
white sturgeon | Acipenser transmontanus \ 1.69
Cypriniformes

bluehead sucker Catostomus discobolus 1.82 0.19
flannelmouth sucker Catostomus latipinnis 1.41 0.20
white sucker Catostomus commersonii 1.38 0.36
desert pupfish Cyprinodon macularius 1.20 0.10
common carp Cyprinus carpio 1.92 0.49
roundtail chub Gila robusta 2.07 0.29
fathead minnow Pimephales promelas 1.40 0.75
creek chub Semotilus atromaculatus 1.99 1.00
razorback sucker Xyrauchen texanus 3.11

Esociformes
northern pike | Esox lucius | 239

Perciformes
bluegill | Lepomis macrochirus | 213 0.68
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Common name Scientific name CF Std. Dev.?
green sunfish Lepomis cyanellus 1.45 0.23
smallmouth bass Micropterus dolomieu 1.42 0.19
Salmoniformes

brook trout Salvelinus fontinalis 1.38

Dolly Varden Salvelinus malma 1.61

brown trout Salmo trutta 1.45 1.81°
rainbow trout Oncorhynchus mykiss 2.44

cutthroat trout Oncorhynchus clarkii 1.96 2.03
mountain whitefish Prosopium williamsoni 7.39

% Standard deviation for CF values for those species that had egg-ovary and whole body selenium
concentrations.

® The brown trout and cutthroat trout standard deviations for CF values of 1.81 and 2.03 are
considerably higher than the other standard deviations in this table. The brown trout data were
taken from two studies, NewFields (2009) and Osmundson et al. (2007). CF values for three of
the four fish samples from Osmundson et al. were four to six times greater than the median.
Also, the NewFields data consisted of samples collected from natural streams and samples
collected from a fish hatchery. The CF values for the fish hatchery samples were four to seven
times lower than the median value. Although collectively, the data set meets the criteria for
including the brown trout CF, the CF values for Osmundson et al. and NewFields hatchery
samples may be anomalously high and low, respectively. Excluding these potentially anomalous
data reduces the brown trout standard deviation to 0.47. The cutthroat trout CF values are from
two sources (Formation 2012 and Hardy 2005). The reason for the higher variability in the
cutthroat trout CF values is due to the relatively higher CF values in the hatchery fish from the
Formation study. The standard deviation for cutthroat trout drops to 0.62 if the hatchery fish are
excluded. See Appendix B for a presentation of the data for both of these species.

3.2.2.3 Calculation of Site-Specific Enrichment Factor (EF) Values

The most influential step in selenium bioaccumulation occurs at the base of aquatic food
webs (Chapman et al. 2010). The parameter EF characterizes this step by quantifying the
partitioning of selenium between the dissolved and particulate state. EF can vary by at least two
orders of magnitude across aquatic systems (Presser and Luoma 2010). The greatest reduction in
uncertainty when translating a fish tissue concentration of selenium to a water column
concentration using Equation 18 is achieved when spatially and temporally coincident site-
specific empirical observations of dissolved and particulate selenium of sufficient quality and
quantity are used to accurately characterize EF. Thus, EPA only used aquatic sites with sufficient
data to calculate a reasonably reliable EF value.

To calculate the EF of aquatic systems, EPA searched its collection of selenium

concentration measurements from field studies (see Section 2.7.8 for a description of data
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sources and acceptability criteria) and identified aquatic sites with measurements from both
particulate material and the water column. EPA first identified all selenium measurements from
algae, detritus, or sediment, and then searched for corresponding water column measurements
from samples collected at the same aquatic site within one year of the particulate sample. If more
than one water measurement was available for any given particulate measurement, the median
was used. For each of these matched pairs of particulate and water measurements, EPA
calculated the ratio of particulate concentration to water concentration. If more than one ratio for
any given category of particulate material (algae, detritus, or sediment) was calculated at an
aquatic site, EPA used the median ratio. The geometric mean of the algae, detritus, and sediment
ratios was used as the site EF. Because there were at most only three possible values (one for
algae, one for detritus, and one for sediment), EPA used the geometric mean in order to reduce
the potential for one of the values to have excessive influence on the final site EF value.

The availability of selenium measurements from particulate material was limited. In
addition, the majority of particulate measurements were from sediment samples with a
significantly lower correlation to selenium in water (r = 0.34) compared to algae (r = 0.68; Fisher
r-to-z transformation, P < 0.001) and detritus (r = 0.94; Fisher r-to-z transformation, P < 0.001).
Therefore, to reduce uncertainty in estimating site-specific EF values, EPA limited its analysis to
those aquatic sites with at least two particulate selenium measurements with corresponding water
column measurements, and only used sediment measurements if there was at least one other
measurement from either algae or detritus. On the basis of these requirements, EF values were

calculated for 96 individual aquatic sites.

3.2.3 Food-Web Models
For the aquatic sites with a calculated EF value, EPA modeled the food webs for the fish

species the studies indicated were present. Some of those studies provided information about the
species and proportions of organisms ingested by fish, either through direct analysis of stomach
contents, or examination of the presence and prevalence of invertebrate species. For those
studies, that site-specific information in the food web models was used. Most studies, however,
did not provide site-specific food web information. In those cases, the food webs of fish species
present were modeled using information about their typical diet and/or eating habits obtained

from the NatureServe database (http://www.natureserve.orq).
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After EPA developed food web models, EPA identified the appropriate species-specific
TTF values for each model and calculated TTF®™®  Although individual TTF values were
derived for several different taxa of invertebrates and fish (Table 3.10 and Table 3.11), some of
the food web models included one or more taxa for which no TTF value was available. EPA
estimated TTF values for these taxa using the same taxonomic approach used to estimate egg-
ovary to whole body, egg-ovary to muscle, and muscle to whole body conversion factors for taxa
without sufficient data. In brief, for taxa with insufficient data to calculate a TTF value, EPA
sequentially considered higher taxonomic classifications until one or more taxa for whicha TTF
value was available matched the taxon being considered. If the lowest matching taxon was
common to more than one species with a TTF value available, EPA used the median TTF from
the matching species. EPA used site-specific food-web models to translate the egg-ovary
criterion element to a set of water column concentrations in order to derive the water column
concentration element of the selenium criterion. Details of these food web models are shown in
Table B-8 of Appendix B.

3.2.4 Classifying Cateqgories of Aquatic Systems

Transformation reactions that convert dissolved selenium to particulate forms are the
primary route of entry into aquatic food webs, and are critical steps in selenium bioaccumulation
and toxicity (Chapman et al. 2010). Site-specific characteristics can result in substantial
bioaccumulation variability and consequently different risks of selenium toxicity for a given
dissolved selenium concentration. Freshwater systems fall into two distinct categories: lotic
systems such as rivers and streams, characterized by flowing water, and lentic systems, such as
lakes and ponds, characterized by largely standing water (e.g., Jones 1997). Water residence time
is generally shorter in lotic systems than in lentic systems, and subsequently, aquatic organisms
living in lentic systems tend to bioaccumulate more selenium than organisms living in lotic
systems for a given dissolved selenium concentration (ATSDR 2003; EPRI 2006; Luoma and
Rainbow 2005; Orr et al. 2006; Simmons and Wallschl&gel 2005).

Although the distinction between lotic and lentic aquatic systems is often straightforward,
some aquatic systems possess both lotic and lentic characteristics. For example, flow rate can
vary greatly among lotic systems, with slow flowing low gradient systems (such as sloughs)
having longer residence times relative to fast flowing high gradient systems. Lotic systems can

also become more lentic during dry periods as hydrologic connectivity between deeper pools

82



decrease or cease with decreasing flow (Buffagni et al. 2009). Downstream reaches of some low
gradient coastal rivers can also be influenced by tides (Riedel and Sanders 1998). Some lentic
systems can exhibit some degree of flow, such as lakes fed and drained by one or more streams;
however, the magnitude of flow is generally small compared to a lotic system. Even after
accounting for flow, the majority of water movement in a lentic system is driven typically by
wind or convection rather than gravity (e.g., Jones 1997). Finally, human-made reservoirs have
some features that are intermediate between typical lotic and lentic systems. For example,
reservoirs tend to be longer and narrower than natural lakes, and they have somewhat shorter
water retention time than a natural lake of comparable volume (Thornton et al. 1990). Overall,
however, reservoirs as a general class are considered more lentic than lotic, and have historically
been classified as a type of lake (Thornton et al. 1990).

To verify the suitability of lentic and lotic aquatic system categories as the basis for
independent water column criterion element values, EPA evaluated the aquatic systems that
provided data for the 96 EF values. EPA utilized the description provided by the study authors to
categorize each aquatic system as either lotic or lentic. Of the 39 lentic sites, the authors
identified them as ponds (n = 18), lakes (n = 13), reservoirs (n = 4), or marshes (n = 4). Of the 57
lotic sites, the authors identified them as creeks (n = 31), rivers (n = 16), artificial channels
(drains and wasteways, n = 3), springs (n = 2), sloughs (n = 2), or ephemeral systems (draws and
washes, n = 3). The three ephemeral aquatic sites (two washes and one draw) were categorized as
lotic because there was flowing water at the time they were sampled (Butler et al. 1995; Presser

and Luoma 2009). EF values for these aquatic systems are shown in Figure 3.6.
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Figure 3.6. Enrichment Factors (EF) for 96 Aquatic Sites Derived from Published Studies
and Organized by Waterbody Type.

The dashed line represents the median EF for the 39 lentic sites (0.9 L/g), and the solid line
represents the median EF for the 57 lotic sites (0.4 L/g). See text for information on labeled data
points.

Because the six labeled aquatic sites in Figure 3.6 (Ma, Ba, Bn, Hi, El and Fl) appear as
outliers, EPA selected them for further scrutiny. Data from site “Ma” result in an EF value of 5.2
L/g. Site “Ma” was a small irrigation pond within the Mancos River Valley watershed in
southwestern Colorado (Butler et al. 1997). This watershed drains the Mancos Shale, a region
that is naturally high in selenium. Data from sites “Hi,” “Bn,” and “Ba” resulted in EF values of
5.0, 5.9, and 12.5 L/g, respectively. Data from site “Hi”” were from High Rock Lake, NC, data
from site “Bn” were from Barnes Lake, British Columbia (Orr et al. 2006), and data from site
“Ba” was from Badin Lake, NC (Lemly 1985). The high EF values at these three lakes were the

result of a relatively high selenium concentration in particulate matter coupled with low aqueous
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selenium concentrations. Data from site “EI” result in an EF value of 6.3 L/g. Site “EI”” is an
upstream site in the EIk River watershed in southeastern British Columbia, and the relatively
large EF is the primarily th