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1 Introduction

1 INTRODUCTION

This Staff Report presents the supporting documentation for a proposed Basin Plan
amendment to establish a Total Maximum Daily Load (TMDL) and implementation plan for
selenium in the North San Francisco Bay segments (North Bay) including a portion of
Sacramento/San Joaquin Delta, Suisun Bay, Carquinez Strait, San Pablo Bay and Central
Bay (Figure 1). The TMDL is based on attainment of a water column and fish tissue target

concentration protective of human health, aquatic life, and wildlife.

Section 303(d) of the federal Clean Water Act (CWA) requires that States identify water
bodies - bays, rivers, streams, creeks, and coastal areas - that do not meet water quality
standards and identify the pollutants that cause the impairment. The North Bay appears on
the 2010 303(d) list because selenium was identified as causing an impairment of the Bay's
existing beneficial uses, including estuarine habitat, preservation of rare and endangered
species, and sport fishing. For these 303(d) listed waters, states are required to establish a
TMDL for the pollutant responsible for the impairment. The purpose of a TMDL is to devise a
strategy to attain water quality objectives, and restore and protect the beneficial uses of an

impaired water body.

A TMDL is defined as the “sum of the individual waste load allocations for point sources and
load allocations for non-point sources and natural background,” such that the capacity of the
water body to assimilate pollutant loadings is not exceeded. TMDLSs are required to account
for seasonal variations, and must include a margin of safety to address uncertainty in the

analyses.

In addition, the scientific basis of the Basin Plan amendment is currently in the process of
external scientific peer review. This step is required under section 57004 of the Health and
Safety Code, which specifies that an external review is required for work products that serve
as the basis for a rule, “...establishing a regulatory level, standard, or other requirements for
the protection of public health or the environment.” All comments by the peer reviewer(s) will

be considered in finalizing this staff report and the proposed Basin Plan amendment.

The process of establishing a TMDL includes compiling and considering available data and
information, conducting scientific analyses relevant to the impairment problem, identifying
sources, and, if necessary, allocating responsibility for actions to address the impairment.
This report is organized into sections that reflect background information as well as the key

elements of the TMDL process. Section 2 presents the problem definition and the objectives

North San Francisco Bay Selenium TMDL Draft Staff Report July 2015
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1 Introduction

of the project. Section 3 provides background information on characteristics, speciation and
environmental fate of selenium as well as the existing water quality objectives and
assessment of selenium bioaccumulation in fish and birds. Section 4 establishes the numeric
targets for the TMDL expressed as fish-tissue and water column concentrations protective of
the most sensitive species. The main sources and estimates of the loads of selenium are
discussed in Section 5. Section 6 explains the key processes and conditions leading to
selenium bioaccumulation in the North Bay and linkages between the sources, loads, and the
proposed targets. The recommended selenium allocations and the plan to implement the
allocations are presented in Section 7 and 8, together with the monitoring activities proposed
to ensure that the targets are met and the beneficial uses are protected. Finally, Section 10,
References, lists all the information sources cited and relied upon in the preparation of this
Staff Report.

The proposed Basin Plan Amendment is included in Appendix A.

North San Francisco Bay Selenium TMDL Draft Staff Report July 2015
Page 2



2 Problem Statement

2 PROBLEM STATEMENT

North San Francisco Bay is listed as impaired for selenium because bioaccumulation of this
element led to recurring health advisories for local hunters against consumption of diving
ducks. Moreover, elevated selenium concentrations found in biota exceed levels associated

with potential reproductive impacts in fish elsewhere.

The introduction of the Asian clam (Corbula amurensis)l into the Bay in 1986 has
exacerbated the bioaccumulation of selenium in benthic fish. This non-native clam is a
prodigious filter-feeder, and by consuming large quantities of selenium-laden particles this
exotic species provides a pathway for biotransformation of a considerable mass of selenium
from the benthic food web to diving ducks and large fishes such as white sturgeon. The
estimated selenium concentrations found in sturgeon’s muscle sporadically exceed the draft
United States Environmental Protection Agency (USEPA) limit of 11.8 pg/g proposed for
freshwater fish (USEPA 2014). Increased levels of selenium in the Bay-Delta have been
suggested as a possible contributing factor to the observed decline of some key species,
(e.g. white sturgeon, Sacramento splittail, and diving ducks) and therefore these species are

the main focus of the analyses in this report.

This TMDL addresses the selenium impairment in the North San Francisco Bay segments,
which for the purpose of this project include a portion of the Sacramento/San Joaquin Delta
(within the San Francisco Bay region), Suisun Bay, Carquinez Strait, San Pablo Bay and

Central Bay (Figure 1).

2.1 Basis for 303(d) Impairment Listing

In 1987, the California Department of Health Services issued a human health advisory
against consumption of two species of ducks (Greater scaups and Surf scoters) from the
Bay-Delta area due to elevated concentrations of selenium in tissue of the waterfowl. The
health advisory was based on the initial results reported by the selenium Verification Study
that began in 1985 (DFG 1991). This advisory reflected the selenium impairment of San
Francisco Bay and provided a basis for placing the Bay on the 303(d) list of impaired water

bodies.

The purpose of the Verification Study was to provide a comprehensive assessment of

selenium and trace elements in a wide array of aquatic and terrestrial organisms from

1 .
Also known as Potamocorbula amurensis
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2 Problem Statement

previously identified areas of concern. The selenium contamination was measured in 26
locations throughout the state including the areas in the San Francisco Bay and the Delta.
The results of the study showed very high concentrations of selenium in scoters (more than
30 po/g wet weight in liver) as well as elevated levels of selenium in the muscle tissue of
white sturgeon (average of 4.1 pg/g wet weight or >16 pg/g dry weight). The levels of
selenium in scoters were higher than those determined by the US Fish and Wildlife Services

(USFWS) to cause selenium toxicosis and reproductive impairment.
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Figure 1: Segments of San Francisco Bay
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2 Problem Statement

The study also found high concentrations of selenium in clams and other animals that are a
source of food for these migratory waterfowl and certain larger fishes. As an example, on
average, selenium concentrations in the muscle of white sturgeon, which feeds primarily on
benthic organisms, were five times higher than in striped bass, which are primarily
piscivorous. The study concluded that food habits played a role in selenium bioaccumulation,
and that the species with elevated levels of selenium in their tissue were either bottom-

dwellers or species with diets comprising of benthic organisms.

As a result, the San Francisco Bay segments were initially identified as impaired by selenium
in the 1998 303(d) list (Table 1). Among others, the listing factors include a health advisory
against consumption of edible resident organisms and bioaccumulation of pollutants in tissue

of aquatic life.

Table 1: The North Bay segments listed as impaired by selenium

North San Francisco Bay segment 2010 303(d)List Indicator of Impairment
Portion of Sacramento-San Joaquin Delta v
Suisun Bay v E_aéchability in nesting diving
irds

Carquinez Strait v Health consumption advisory
v in effect for scaup and scoter

San Pablo Bay (diving ducks)

Central San Francisco Bay v

While water column selenium concentrations in the North Bay do not exceed the National
Toxics Rule chronic criterion for protection of aquatic life (5 pg/L), the observed
bioaccumulation of selenium in fish is the basis of impairment of the estuarine habitat (EST)
and could pose a threat to other estuarine organisms including waterfowl and shorebirds.
Other designated uses of the Bay, such as preservation of rare and endangered species
(RARE) as well as commercial and sport fishing (COMM) could also be affected by selenium.

These beneficial uses are described in Table 2.

Since the early 1990s the Water Board has undertaken actions to better understand
conditions leading to selenium bioaccumulation in aquatic life, and to alleviate selenium
impairment in the North Bay. In particular, petroleum refineries investigated selenium sources
within the plants and evaluated potential waste reductions measures. As a result the loads of

selenium discharged by petroleum refineries were reduced by more than 75 percent, and

North San Francisco Bay Selenium TMDL Draft Staff Report July 2015
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2 Problem Statement

2.2

technological improvements in the treatment of wastewater led to more effective removal of

the most bioavailable forms of selenium (selenite) from effluent before it reaches the Bay.

Project Objectives

The proposed project is intended to evaluate the contributions of the existing and future
selenium discharges to the impairment of beneficial uses in the North San Francisco Bay
associated with controllable water quality factors (i.e. resulting from human activities that can
influence water quality and can be reasonably controlled through prevention, mitigation, or

restoration actions). The specific goals are:

e  Comply with the CWA requirement to adopt a TMDL for Section 303(d)-listed water

bodies;

e  Protect the overall aquatic health and human health beneficial uses of the North Bay and

enhance its aesthetic and recreational values;
e  Establish numeric targets protective of North Bay beneficial uses;
e Determine selenium loads protective of North Bay beneficial uses; and
. Establish an approach for implementation that attains the TMDL.

Table 2: Beneficial uses of the North Bay potentially impaired by selenium

Designated Beneficial Description

Estuarine Habitat (EST) Uses of water that support estuarine ecosystems, including, but not
limited to, preservation or enhancement of estuarine habitats,
vegetation, fish, shellfish, or wildlife (e.g., estuarine mammals,
waterfowl, shorebirds), and propagation, sustenance, and migration of
estuarine organisms.

Preservation of Rare and Uses of waters that support habitats necessary for the survival and
Endangered Species successful maintenance of plant or animal species established under
(RARE) the state and/or federal law as rare, threatened, or endangered.

Ocean, Commercial and Uses of water for commercial or recreational collection of fish, shellfish,
Sport Fishing (COMM) or other organisms in oceans, bays and estuaries, including, but not
limited to, uses involving organisms intended for human consumption

or bait purposes.
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3 Background and Impairment Assessment

3 BACKGROUND AND IMPAIRMENT ASSESSMENT
3.1 Environmental Setting
San Francisco Bay, with an area of approximately 1,600 square miles, is the largest estuary
on the West Coast. The region is recognized as having utmost ecological and economic
importance. It supports a variety of natural habitats and a diverse wildlife population, and
provides drinking water for more than 70 percent of Californians and irrigation water for 4.5
million acres of farmland. The North Bay, in particular, supports a diverse fish and bird
population. The fish supported include both sport fish and threatened and endangered fish
species. The five most common sport fish in the North Bay are: (SFEI 2000; listed in order of
catch frequency):
e  Striped bass (Morone saxatilis)
e Halibut (Paralichthys californicus)
o Jacksmelt (Atherinopsis californiensis)
o  White sturgeon (Acipenser transmontanus)
e  White croaker (Genyonemus lineatus)
In addition to the sport fish listed above, the North Bay supports the following threatened and
endangered fishes (Beckon and Maurer 2008):
e  Chinook salmon (Oncorhynchus tshawytscha)
e Delta smelt (Hypomesus transpacificus)
e  Green sturgeon (Acipenser medirostris)
o Longfin smelt (Spirinchus thaleichthys)
e  Sacramento perch (Archoplites interruptus)
e  Sacramento splittail (Pogonichthys macrolepidotus)
o Steelhead trout (Oncorhynchus mykiss)
e Tidewater goby (Eucyclogobius newberryi)
The Bay is commonly divided into segments including Sacramento/San Joaquin Delta,
Suisun Bay, Carquinez Strait, San Pablo Bay, Central Bay, and Lower and South Bay (Figure
1). Each segment has a distinct ecological structure defined by the local tidal datum, amount
of fresh water influx, sediment input, and the underlying hydrology. The North Bay, which
extends from the Sacramento/San Joaquin Delta through Central Bay, differs significantly
from the South Bay as it receives almost 90percent of the entire fresh water and sediment
inflow into the Bay (SFEP 1992).
North San Francisco Bay Selenium TMDL Draft Staff Report July 2015
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3 Background and Impairment Assessment

3.2

The northward-flowing San Joaquin and southward-flowing Sacramento Rivers discharge into
the northern reach of the Bay and carry about 60 percent of the state runoff, draining
approximately 152,500 square kilometers or 40 percent of California’s surface area
(Conomos et al. 1985). The Sacramento River typically accounts for 80 percent of the fresh
water inflow coming through the Delta into the Bay and the San Joaquin River for 15 percent.
The presence of freshwater inflow into the North Bay causes stratification of Bay waters and
generates horizontal salinity gradients. Salinity gradually increases from one part of salt per
thousand (ppt) in the Delta to approximately 30 ppt near the mouth of the Bay (Cohen 2000).
Tidal action, river flow and stratification that occur in the North Bay result in the average

residence time being three to six times shorter than in the southern portion of the Bay.

Sacramento and San Joaquin Rivers are fundamental to the health of the shallow water
habitats in the North Bay area; however, they also provide a conduit for selenium-rich
drainage and agricultural runoff. Freshwater inflows from the Central Valley watershed are
the major source of new sediment input into the Bay. Most new sediment (approximately 80
percent) originates in the Sacramento - San Joaquin River drainage and enters primarily as
suspended load during the high winter flows. Much of the winter sediment load initially settles
out in San Pablo Bay. During the low flow summer months, wind-generated waves and tidal
currents re-suspend the previously deposited sediment and redistribute it over a wider area.
Selenium affiliated with sediments is effectively mobilized and could enter into food webs
contributing to long-term dietary exposure of fish and wildlife (Lemly 1999). Therefore
sediment dynamics exerts an important control on the distribution, transport, and speciation

of selenium in the Bay.

Characteristics, Speciation and Environmental Fate

Selenium is a naturally occurring trace element that is widely distributed but dispersed in the
environment. It is commonly found in marine sedimentary rock formations and soils

developed from parent seleniferous material.

At trace concentrations, selenium is an essential nutrient for plants and animals and it is
important to human health. As a vital constituent of selenoproteins, selenium plays a significant
role in production of thyroid hormones, in the functioning of immune system and in prevention
of oxidative stress or inflammation (Rayman 2000). However, the margin between essential
concentrations of selenium in diet of plants, animals or humans and the concentrations that

can cause toxicity or poisoning is the smallest among all known micronutrients.
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Properties and Distribution in the Environment

Selenium exists in a number of chemical forms and exhibits a complex biochemistry. Most
common selenium species include: elemental selenium (Seo), selenide (Sez'), selenite
Se4+(Se032'), and selenate Se6+(SeO42'). Oxidation level is the key factor determining the fate
of selenium in the environment. Concentration, speciation and partitioning of selenium in a
given environment are mostly governed by complex interactions between pH and redox
conditions, presence of metal oxides, and biological interactions (USDHHS 2003 Chapter 6).
Selenomethionine (SeMet) is the major species (60-80 percent of total selenium) in
consumer organisms such as benthic invertebrates, fish, and birds, and thus represents an
important form of selenium in the environment (Fan et al. 2002, Janz et al. 2014). As
described by Lemly (1997) the aquatic cycling of selenium includes four major pathways: 1) it
can be absorbed or ingested by organisms, 2) it can bind or complex with particulate matter,
3) it can remain free in solution, or 4) it can be released to the atmosphere through

volatilization.

Background selenium concentrations are typically below 1 pg/L, and often range from 0.1 to
0.4 pg/L in natural freshwater and estuarine ecosystems (Eisler 1985, Lemly 1997). Selenium
concentrations in present-day seawater average approximately 0.09 pg/L (Hem 1985).
Selenate and selenite are the most soluble and the most mobile forms of selenium that
predominate in well-oxygenated, aerobic surface waters. Direct uptake of dissolved selenium
from the water column by animals is slow and its contribution to bioaccumulation in aquatic
organisms is negligible. However, out of these two common selenium species, selenite is
more readily taken up by bacteria, which, in turn, serves as a path for rapid biotransformation
into organoselenides. This biologically reduced selenium is then directly available to rooted
plants, bottom-dwelling invertebrates and detrital-feeding fish and wildlife (Abu-Saba and
Ogle 2005, Amweg et al. 2003).

Average concentrations of selenium found in sediments and soils usually range from 0.01 to
0.02 mg/kg with most seleniferous soils containing less than 2 mg/kg (USDHHS 2003,
Chapter 6). However, Cretaceous and Tertiary marine and sedimentary deposits underlying
and surrounding basins such as San Joaquin Valley, and those found in western states are
enriched in selenium. Presser (1994) identified seleniferous deposits in the Coast Ranges of
California and the Central Valley with concentrations of selenium reaching 45 mg/kg and

median values exceeding 6.5 mg/kg.
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3.3

Enrichment of selenium in soils and groundwater commonly occurs in arid and semi-arid
irrigated areas where application of irrigation water accelerates weathering processes and
mobilizes naturally elevated levels of selenium in the soil profile. To reduce effects of
salinization of agricultural lands in these areas, such as the southern Central Valley, large
volumes of water are used to flush the excess salt and selenium that accumulates in the root
zone (Seiler et al. 2003). Drainage of excess irrigation water through the system of drains
and canals is then necessary to prevent waterlogging of the soils. These drains, however,
provide a conduit to carry seleniferous groundwater to surface water bodies and wildlife
areas as it was well documented in the case of disposal of agricultural drainage water into
the Kesterson Wildlife Refuge. This agricultural drainwater is eventually conveyed to the San
Joaquin River, which delivers large selenium loads into the Delta and North Bay. Reported
selenium concentrations detected in irrigation drainage are very high and vary between 75
and 1400 pg/L (Amweg et al. 2003). The arid climate amplifies evaporation-related
enrichment that takes place in lakes and wetlands resulting in selenium concentrations

potentially reaching toxic levels.

Ambient Selenium Levels in the North Bay

Concentrations of selenium in the North Bay water column and bottom sediments have been
monitored since the 1980s. Early on, the monitoring effort focused on the northern segments
of the Bay because sub-surface drainage of agricultural areas in the San Joaquin Valley and
waste streams from oil refineries in the Suisun Bay and Carquinez Strait conveyed large
amounts of selenium to the Bay. Regional Monitoring Program (RMP) data, studies by Dr.
Greg Cutter’s research group at Old Dominion University2 (Cutter and Cutter 2004, Doblin et
al. 2006) and the Selenium Characterization Study (Tetra Tech 2012) provide a
comprehensive view of selenium conditions in the North Bay. General sampling locations are

shown in Figure 2.

The ambient total selenium levels in the North Bay measured between 1993 and 2005 were
consistently low and did not exceed 0.5 pg/L (Tetra Tech 2008a). The mean dissolved and
total selenium concentrations at each monitoring location ranged from 0.12 to 0.18 pg/L and
0.13 to 0.24 ug/L respectively. Dissolved selenium is the predominant form present in the

water column. Particulate selenium, calculated as a difference between total and dissolved

% Funded by the U.S. Bureau of Reclamation, CALFED (Grant 01WRPAOQQ77), California DWR, and National
Science Foundation, Environmental Geochemistry and Biogeochemistry Initiative (Grant: OCE-9707946).
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selenium, accounts for approximately 10 percent of the total selenium. The data collected
during 1999-2005, i.e., following the improved wastewater control measures implemented by
the oil refineries in 1999, indicate a slight decrease in concentrations of dissolved and total
selenium at 0.10 pg/L (n = 105 ) and 0.13 pg/L (n = 100). In comparison, mean dissolved and
total selenium concentrations for the period of 1993-1999 at the same monitoring locations
were 0.17 ug/L (n = 258) and 0.20 pg/L (n = 230). These trends persist through the 2005-2010
period with RMP data showing average dissolved and total selenium concentrations at 0.10
pg/L (n=84) and 0.11 pg/L (n=83).
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Figure 2: Locations of RMP long-term monitoring sites and sites sampled in 1999

Spatially, total selenium concentrations measured by RMP are marginally higher in the mid-
estuarine regions of San Pablo Bay (0.07 — 0.23 ug/L, mean=0.13 pg/L) and Suisun Bay (0.08
—0.15 pg/L, mean=0.12 ug/L) when compared to the freshwater and marine portions of the
estuary (Figure 3). Total selenium concentrations in the western portion of the North Bay are

lower, most likely due to ocean exchange and dilution.
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Figure 3: Total selenium concentrations at RMP monitoring sites
for the period of 2005-10

Values in parentheses are numbers of samples (Data: RMP).
Figure 4 shows selenium speciation in Suisun Bay and at the downstream freshwater
reaches of the Sacramento and San Joaquin Rivers. The composition of selenium species in
the North Bay is somewhat different to that observed in the rivers. In the Bay water column
selenate is the dominant form and averages above 50 percent of total selenium. However, a
relatively high proportion of selenide and selenite is still present, accounting for
approximately 20 to 30 percent. In the freshwater flows from Sacramento and San Joaquin
Rivers selenate concentrations account for more than 70 percent of selenium with the
remainder equally distributed between selenide and selenite. Overall, the speciation in the
Bay changes with year and season but it remains within the speciation range found in the

rivers.

The changes in selenium composition resulting from the improvements in the wastewater
treatment at the refineries are clearly visible during low flow conditions surveyed between
1986 and 2010. In 1986, the more bioavailable selenite fraction of total selenium exceeded

35 percent and almost matched selenate. Since then, the selenite concentration decreased
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significantly and it now accounts for approximately 15 percent of total dissolved selenium

during low flow (e.g. see Figure 4 low flow 1999, 2010).
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Figure 4: Speciation of dissolved selenium in North Bay and main tributaries
(Data: Cutter and Cutter 2004, Tetra Tech 2012)

In the long term, temporal variations in dissolved and total selenium concentrations are
relatively small, and despite inter-annual and seasonal variability, selenium levels in the North
Bay remain low (mean = 0.11 pg/L). Dissolved selenium dominates in the North Bay, and the
temporal patterns in dissolved selenium closely resemble those in total selenium. The full
range of selenium concentrations measured in 2010-12 transects was 0.06 — 0.13 ug/L. The
transect sampling has confirmed the notable decrease in dissolved selenium in the mid-
estuarine region of the North Bay since 1999 (Figure 5). Higher selenium concentrations are
measured in the transition zone between the Bay and the Delta during wet seasons due to an
increase in flow from San Joaquin River, while concentrations decline slightly near Golden

Gate due to ocean exchange and dilution.
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Figure 5: Distribution of dissolved selenium along the salinity gradient for different
flow conditions

(Data: Cutter and Cutter 2004, Tetra Tech 2012)

Although most selenium in the water column at any given time is in one of the dissolved
forms, the particulate selenium comprises somewhere between less than 1 to 20 percent
(mean = 10.3 percent) of total selenium. This particulate selenium is also more readily taken
up by bivalves and zooplankton and becomes available for bioaccumulation in higher trophic
level organisms. Suspended materials in the North Bay waters include mineral particles,
particulate organic matter (non-living) and living organic matters, primarily algae and bacteria.
The vast majority of suspended particles originates from various non-point sources
discharging to the Bay, may be generated in situ, or may be eroding from the sediment bed,
and a small proportion of particulate selenium originates from point sources discharging to
the Bay. Studies indicate that particulate selenium is a function of phytoplankton productivity
and riverine inputs of sediment to the Bay (Abu-Saba and Ogle 2005). In general, particulate
elemental selenium is associated with bed sediments while particulate organic selenium is
associated with algal/bacterial uptake, and selenite and selenate are sorbed to mineral
particles and/or particulate organic matter.

Particulate selenium concentrations and speciation were measured in 1997-1999 (reported
by Doblin et al. 2006) and in 2010-2012 (Tetra Tech 2012) using comparable field and
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analytical methods. Concentrations of selenium associated with particulate material typically
range from 0.2 to 1 ug/g3 with a few exceptions (Figure 6) and do not show trends with
salinity, flow or season. The 1999 data and, to a limited extent, the 2010 data (for both wet
and dry seasons) suggest an east to west trend, with higher values of particulate selenium at
higher salinities. The 2010 dry season and 2011 wet season data suggest an opposite trend,
i.e., a decrease toward Golden Gate. These changes may be related to the abundance of
total suspended material and the variation of its mineral and organic constituents, which can
be affected by short duration events such as riverine flows and the presence of algal blooms.
Similar to the dissolved selenium, particulate selenium concentrations measured during
2010-2012 are generally lower (<0.5 pg/g) compared to those measured in 1999 (>0.6 pg/qg),

and the difference is statistically significant.
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Figure 6: Distribution of particulate selenium along the salinity gradient for different flow
conditions

(Data: Cutter and Cutter 2004, Tetra Tech 2012)
The water column inventory of particulate selenium expressed as (total particulate
selenium/sum of total particulate and dissolved selenium)*100 has not changed since 1999.

The seasonal inventory estimated for current data ranges from 5.3 to 12 percent and

? particulate selenium concentrations are expressed here as pg/g to account for the presence of total

suspended material (TSM) in the water column as the quantity of selenium available for filter feeding organisms

depends on the amount of TSM.
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3.4

corresponds to the inventories in April and November 1999, of 11.9 percent and 11.3

percent, respectively (Doblin et al. 2006).

Existing Water Column Objectives

To ensure protection of aquatic life, numeric water quality criteria for toxic pollutants such as
selenium have been established by the USEPA in the California Toxics Rule (CTR) and
National Toxic Rule (NTR).The aquatic life criteria include one-hour average (acute) and four-
day average (chronic) concentrations of these pollutants to which aquatic life can be exposed
without harmful effect. Although in 2000, the USEPA promulgated selenium criteria for
aquatic life in the CTR for California, these criteria do not apply to San Francisco Bay and the
Delta. The Joint Biological Opinion issued by the National Marine Fisheries Service and the
Fish and Wildlife Service questioned the proposed criteria for selenium as potentially
underprotective of certain threatened and endangered species in California (Federal Register
2000). In order to ensure the continued protection of Federally-listed species the USEPA
agreed to reevaluate and revise selenium criteria to include protection of aquatic-dependent

wildlife.

In 1992, prior to the CTR, USEPA promulgated selenium criteria for the San Francisco Bay
and Delta in the NTR. The water quality objectives that apply in the North Bay are 5 and 20
pg/L (Table 3), and are based on aquatic life guidance criteria for freshwater. The USEPA
found substantial scientific evidence that high selenium bioaccumulation was taking place in
San Francisco Bay and, under these conditions, concluded that the saltwater guidance
criteria did not account for the food chain effects observed in San Francisco Bay. All water
column concentrations in the North Bay do not exceed the NTR chronic freshwater criterion
of 5 pg/L.

Table 3: Water quality criteria for selenium in Bays and Estuaries

Water Quality Criteria Chronic ug/L Acute pg/L
(4-day average) (1-hr average)

San Francisco Bay and Delta * 5 (freshwater) * 20 (freshwater) 3

Rest of California 2 Reserved (freshwater) /

5 (freshwater) */ 71 (saltwater) * 290 (saltwater) *

! National Toxic Rule Criteria promulgated by USEPA in 1992
2 California Toxic Rule Criteria promulgated by USEPA in 2000
3 Expressed as total recoverable selenium

4 Expressed as dissolved selenium
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3.5

Even though the water quality objectives in the North Bay are lower than saltwater standards,
it has been recognized that they may not be fully protective of the most sensitive species.
The USEPA acknowledges that the existing NTR criteria do not fully account for selenium

bioaccumulation and have not been derived to protect wildlife and fish.

Draft selenium criteria proposed by the USEPA (2004) for protection of aquatic life
recommended a tissue-based criterion as it more directly represents the main pathway for
selenium toxicity, which is diet. The USEPA'’s Action Plan for Water Quality Challenges in the
San Francisco Bay/Sacramento-San Joaquin Estuary identifies selenium as one of the seven
priority items for action. The plan indicates that the site-specific numeric selenium criteria for
protection of aquatic and terrestrial species are under development and they will be
expressed primarily as tissue concentrations with water column concentrations forming an

additional criteria element.

Human Health Criteria

Although the North Bay was originally listed as impaired because a health advisory was
issued against consumption of diving ducks based on the high selenium content in the
waterfowl, the concentrations of selenium found in organisms in the Bay do not pose a risk to

human health.

In 2008 Office of Environmental Health Hazard Assessment (OEHHA) developed a new
methodology designed to estimate contaminant levels that pose no significant health risk to
individuals consuming sport fish and could be used to establish fish tissue-based criteria for
fish consumption advisories or pollution mitigation goals. These fish contaminant goals (FCG)
are estimated using a standard consumption rate of eight ounces per week (32 g/day) and
take into account contaminant nutritional requirements. They are similar in nature to the risk-
based consumption limits recommended by the USEPA (2000). The desired contaminant
concentration for a nutrient with a non-carcinogenic effect, such as selenium, is calculated as

follows:

FCG = [(RfD x BW) — BDLJ/CR where:

RfD — chemical specific reference dose (5x10'3 mg/kg-day)

BW — body weight of consumer in kg (70 kg default)

BDL — background dietary level in mg/day (0.114 mg/day)

CR — consumption rate as a daily amount of fish consumed in kg/day (0.032 kg/day)
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The background dietary level was determined based on studies of nutritional requirements
and the results of the National Health and Nutrition Examination Survey. The recommended
dietary allowance (RDA) for selenium for general adult population is 55 pg/day and the mean
selenium intake from diet only, surveyed among all individuals, is estimated at 113.7 pg/day.
For those individuals who supplemented their dietary selenium, the mean intake was found to
be 116 pug/day. OEHHA recommends using the value of 114 ug/day as the background
dietary consumption rate for computing FCGs for selenium. Using the above equation and
assuming a consumption rate of one serving (8 ounces per week of uncooked fish or 32
g/day), which is also the rate used to begin issuing fish consumption advisories, the selenium
FCG is 7.4 mg/kg-ww (or 7.4 pg/g). All known concentrations of selenium in fish in San
Francisco Bay are well below 7 pg/g—ww4 and therefore do not pose a risk to human
consumers (Figure 7). The numeric targets proposed in Chapter 4 and expressed as dry-
weight fish-tissue concentrations are also protective of human health and, therefore, no

specific human health target is necessary.
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Figure 7: Selenium concentrations in sport fish species in San Francisco Bay in 2009

Bars indicate average concentrations. Points represent individual samples
(either composites or individual fish) (Data: Davis et al. 2011)

The origin of the 303(d) listing of San Francisco Bay dates back to 1987, when the California
Department of Health Services issued a human health advisory against consumption of two

species of ducks (Greater scaups and Surf scoters) from the Bay Delta area. Originally the

4 Assuming an average 75 percent fish moisture content, the FCG of 7.4 pug/g ww equals to 29.6 pg/g-dw.
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3.6

advisories were issued because of their high selenium concentrations that could potentially
impact human health. However, when the 2008 OEHAA approach is used to estimate FCGs
for ducks, the concentrations measured in the tissue of surf scoter and scaup (1.34 to 6.4
mg/kg-ww) are all below the estimated FCG human health impact. Therefore, we conclude

that selenium human health risk from duck consumption is low.

Selenium Bioaccumulation and Impact on Aquatic Life

Selenium is a bioaccumulative contaminant, which has a potential to threaten fish and birds
due to a dietary transfer. Evidence of fish and wildlife contamination leading to reduced
survival and deformities due to selenium in agquatic and terrestrial food webs has been
documented extensively (Fan et al. 2002, Hamilton 2004, Skorupa 1998). These studies
confirmed that once selenium enters the agquatic environment it has a high potential to
bioaccumulate in zooplankton and benthic invertebrates, and, to some extent, biomagnify as

it reaches top level predators such as fish, birds and mammals.

Bioaccumulation describes the tendency for selenium to be taken up from the environment
and stored at increased concentrations by organisms. The rate of bioaccumulation is often
site-specific and highly dependent on the forms of selenium present, the environmental
conditions, and the life stage and type of organisms. In San Francisco Bay, selenium uptake
and bioaccumulation effects are particularly evident in the dominant estuarine clam Corbula
amurensis (Linville et al. 2002, Schlekat et al. 2004). The studies found that this clam
displayed a 10-fold slower rate for selenium loss compared to common crustaceans, such as
copepods and mysids, leading to increased bioaccumulation of selenium. The monthly
selenium concentrations monitored in C. amurensis found in the North Bay from 1995
through 2010 varied seasonally from a low of 2 to a high of 22 pg/g dry weight (dw) (Kleckner
et al. 2010). These concentrations are within the range of values that are linked to
developmental toxicity in wildfowl and teratogenic effects observed in fish (Schlekat et al.
2004). In addition, stable isotope analyses used by Stewart at al. (2004) revealed that
bottom-feeding fish (e.g. white sturgeon and splittail) exhibited isotope signatures indicative

of diets that included bivalves and therefore could be at greater risk from selenium.

Biomagnification occurs where there is a progressive buildup of selenium in organisms at
higher trophic levels. Figure 8 depicts conceptually how selenium biomagnifies in the tissues
of organisms present in San Francisco Bay. Lemly (1997) reported that biomagnification

might lead to a two- to six-fold increase in selenium concentrations between primary
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3.7

producers and forage fish. This, in turn, may have adverse effects on fish and waterfowl even

when selenium in the water column does not exceed the water quality objectives.
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Figure 8: Conceptual representation of selenium biomagnification in North Bay
(Concentrations illustrate the range of selenium found in the North Bay species in pg/g dry weight)

Toxicity and Selenium Related Risks for Fish and Birds

Our assessment of selenium impairment and a review of toxicological effects has
demonstrated that selenium bioaccumulation in the North Bay is only prominent in benthic-
based food webs. Among the benthic-based food webs, the clam-eating bottom feeders,
such as white sturgeon or Sacramento splittail, are most at risk, with white and green
sturgeon being the most susceptible. Although selenium concentrations in white sturgeon

remain higher than in any other fish, they are generally below the proposed TMDL target.

In this section we present an overview of the selenium toxicity relevant to fish and birds in the
North Bay, describe evidence to suggest that only sturgeon could be affected by selenium,
and review concentrations associated with toxic effects to provide a scientific context for

establishing the targets for the TMDL in Section 4.

Aquatic and terrestrial organisms are highly sensitive to selenium contamination. They
require 0.5 pg/g-dw of selenium in their diet to sustain metabolic processes; however,

concentrations that are only an order of magnitude greater than the required level have been
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shown to be toxic to fish (USEPA 2004). The main toxicological effects in fish and aquatic
birds involve reproductive abnormalities, teratogenic deformities, selective bioaccumulation
and growth retardation (Eisler 1985).

Toxicity of selenium to wildlife has been researched for many years and numerous studies
have documented that, in contrast to many other microelements, chronic toxicity resulting
from dietary and food chain exposure causes a much greater problem than toxicity
associated with water exposure (for example see: Lemly 1997, Canton and Van Derveer
1997, Hamilton 2002). Reproductive effects in fish and aquatic birds have been identified as

the most sensitive biological indicators of aquatic ecosystem-level impacts of selenium.

The discussion of selenium toxicity takes into account the studies and methods described in
Tetra Tech (2008b), and refers to the review of the existing selenium dietary exposure

benchmarks by Beckon and Maurer (2008). The toxicity-based screening values have been
derived from the available scientific literature, which considered either dietary or dietary and

waterborne selenium exposures as recommended by the USEPA (2014).
Initial Screening of Available Toxicity Studies

Eighty fish toxicity studies reported from 1987 to 2007 were identified and evaluated using a
set of predefined exclusion and acceptability criteria (Tetra Tech 2008b). The reported effects
from each study that met the initial criteria were grouped into one of two categories: major
and minor effects. Major effects are those that have the potential to impact fish or birds at the
organism and/or population level (e.g., increased mortality, reduced fecundity, reduced
growth). The lowest observed adverse effect levels (LOAELS), effect thresholds®, species
mean chronic values (SMCYV), effect concentrations (EC01 or EC10) and species sensitivity
distributions (e.g. Hamilton 2003, 2004) were then used to identify screening levels
applicable to fish and birds in the North Bay.

After applying the screening criteria, 19 studies with usable toxicity data were identified as
suitable for derivation and comparison of the screening levels for fish, and 23 studies for
birds. The studies reported toxic effects associated with dietary or dietary and waterborne
exposure for six species of fish: bluegill, fathead minnow, rainbow trout, Chinook salmon,
Sacramento splittail and white sturgeon. All experiments, with the exception of one involving

Chinook salmon, were conducted in freshwater.

® Effect thresholds are calculated as a geometric mean of the no observed adverse effect level (NOAEL) and
LOAEL
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The available selenium toxicity data showed a broad range of sensitivity among tested fish
and included observed threshold effects at very low concentration levels suggesting that the
dataset provides a good approximation of the expected effects applicable to most fish
species (Figure 9). The larvae of rainbow trout exhibited the highest sensitivity to selenium
toxicity with the whole-body LOAEL concentration of 2.3 ug/g-dw for the growth endpoints.
The lowest species mean chronic value (SMCV) of 3.0 ug/g-dw was estimated for channel
catfish followed by the bluegill and fathead minnow with SMCVs of 5.6 and 6.0 pug/g-dw
(Tetra Tech 2008b).
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Figure 9: Selenium concentrations in selected fish at which adverse effects may occur
(Figure compiled from the data presented in Table 3-3, Tetra Tech 2008b,
showing the most stringent toxicity levels from studies of juvenile fish)
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Selenium Toxicity Thresholds for North Bay Fish

North San Francisco Bay does not generally support the most sensitive freshwater fish
species year-round, for which the most toxicity data are available. Beckon and Maurer (2008)
listed sturgeon, Sacramento splittail and salmon among the fish that could be at risk in the
Bay/Delta estuary with white and green sturgeon being most susceptible to selenium
exposure. Despite this sensitivity, reproductive and developmental effects in sturgeon are
reported at much higher levels than those found in the most sensitive freshwater fish. The
whole-body effect thresholds and LOAELS for juvenile Sacramento splittail and white
sturgeon are in the range of 6 to 18 pug/g-dw and 12 to 22 pg/g-dw respectively (Figure 9).
Toxicity data for green sturgeon are not available. For chinook salmon larvae the lowest
whole-body effect threshold and LOAEL measured in freshwater is 7.6 and 10.8 pg/g-dw.
An evaluation of white sturgeon, Sacramento splittail and Chinook salmon is provided below
to explain their dietary preferences, life histories and evaluated selenium effect levels in

relation to the proposed whole body numeric target of 8.1 ug/g-dw.

White sturgeon

Both the white sturgeon and Sacramento splittail feed on benthic organisms including
introduced bivalves that have been proven to be very efficient selenium bioaccumulators.
This may lead to a greater potential for selenium toxicity for these fish. Native clams and
other mollusks were found to dominate the stomach contents of white sturgeon caught by
anglers in Suisun Bay (1965-1967) reaching up to 77 percent of stomach volume (see Table
10 in Beckon and Maurer 2008). At the same time, herring eggs dominated stomach content
(22.5 to 78.9 percent) in sturgeon caught in San Pablo Bay. The diet of young sturgeon
consists primarily of different types of crustaceans, becoming more diverse with age. Larger
sturgeons become more piscivorous, and they often feed on fish such as herring and their
eggs, starry flounder, American shad and goby (Israel et al. 2010). In the recent evaluation of
sturgeon samples collected between 1965 and 2013, Zueng and others (2014) found a high
proportion of C. amurensis in sturgeon diet accounting for as much as 93 percent of total
stomach volume. However, they also established that assimilated contribution of these clams
to sturgeon biomass was lower than the gut content indicated. This study also showed a

relatively large (up to 19 percent) contribution of fish to sturgeon biomass.

The relatively high selenium concentrations (occasionally exceeding 10 pg/g-dw) found in the

muscle of white sturgeon collected by the RMP from San Pablo Bay between 1997 and 2009,
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might be linked to a diet composed of bivalves and in particular C. amurensis. Even higher
concentrations exceeding 30 pg/g-dw were measured in adult sturgeon caught near Pittsburg
in 2000-2001 (USGS data). However, Linares and others (2004) reported selenium in 39 sub-
adult sturgeon caught between 2002 and 2004 at levels below 11.9 pg/g-dw with an overall
mean concentration of 6.59 + 0.45 ug/g-dw. This variability is likely a consequence of
sturgeon mobility and the fact that their exposure to selenium-laden food items might be
intermittent. In addition, there is new evidence to suggest that despite the high proportion in
sturgeon’s stomach content, C. amurensis have low nutritional value and are often excreted

without being digested by sturgeon (Kogut 2008, Zeung et al. 2014).

Poulton and others (2004) investigated spatial and seasonal patterns of clams and found that
densities of C. amurensis at six sites in San Pablo Bay declined dramatically over winter
(mean= 152 m'z) while other clams were still abundant. The highest density among more
than 1700 core samples was only 2206 m™ which is far lower than those commonly found in
1987-88 (>10000 individuals per m). An approximately 20-fold decline in the bivalve
abundance in San Francisco Bay after 1998 has been also linked to the increased predation
by Crangon shrimp, juvenile Dungeness crab and English sole which have persisted at high
densities since 1999 (Cloern et al. 2007).

Therefore, it may be considered that white sturgeon is not exposed to as much selenium in
its diet as previously thought. It is estimated that white sturgeon diet consists of no more than
41 percent of bivalves, which includes C.amurensis and other mollusks present in the Bay

(Presser and Luoma 2013).

High variability in observed selenium bioaccumulation rates led Tashijan et al. (2006) to
conclude that juvenile white sturgeon were relatively less sensitive to selenium toxicity than
other fish species. In laboratory experiments they showed that even dietary concentrations
exceeding 190 pg/g-dw did not affect the survival of sturgeon (the mean survival rate was
99+0.43 percent). This study also determined, on the basis of frequency of kidney lesions,
that the adverse effects occurred when white sturgeons were fed 20.5 pg Se/g in the diet.
The extensive monitoring of C.amurensis, found levels of selenium not exceeding 22 pg/g-dw
and averaging at 9.9 pg/g-dw over 2000-2010 period (Kleckner et al. 2010). When all
sensitive endpoints were considered, no effects were observed with a diet of 9.6 ug Se /g.
The corresponding whole-body tissue concentrations with sturgeon fed these diets were 14.7
pa/g-dw (LOAEL) and 11.8 pg/g-dw (NOAEL). The estimated NOAEL is higher than the
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proposed TMDL target of 8.1 pg/g-dw, which makes the target protective of sturgeon, and

includes an implicit margin of safety.

Linville (2006) observed similarly variable selenium concentrations in an experimental study
with white sturgeon fed with mostly seleno-methionine diets of 15 to 45 pg/g. In the study
white sturgeon was exposed to selenium using two different approaches: (1) by
microinjection of L-selenomethionine into larval yolk sacs immediately after hatching and (2)
by exposing parent females to dietary selenium (as selenized yeast) for up to six months
before they deposited eggs (i.e., maternal transfer exposure). Using regression equations
and the data from the Linville’s study, USFWS (2012) estimated that incidences of larval
developmental defects such as edema and skeletal deformities began to get significant when

the EC10 exceeds 15.3 pg/g-dw of selenium in larvae (Figure 10).
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Figure 10: Occurrence of edema and/or skeletal deformities in the larvae
from eggs of white sturgeon exposed to dietary selenium.

(after USFWS 2012; data from Linville 2006)

Additionally, the concentrations of selenium in larvae, corresponding to 5 percent and 10
percent abnormalities due to maternal transfer, were then translated to selenium
concentrations in egg, muscle and whole-body of adult sturgeon (Table 4). We only consider
experiments with exposure through maternal transfer as environmentally relevant because it
most resembles the way selenium is transferred in the wild. The EC10 effect levels estimated
for eggs, muscle and whole-body sturgeon are higher than the values proposed in the 2014

USEPA draft criteria document that forms basis for our TMDL targets.
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Compared to white sturgeon, very little direct information is available for the threatened green
sturgeon; however, white sturgeon is generally considered to be a representative surrogate
species for the green sturgeon (Beckon and Maurer 2008). In one study that tested the green
and white sturgeon response to changed environmental conditions, Kaufman et al. (2008)
concluded that green sturgeon exhibited much greater sensitivity to selenium. The noticeable
declines in predator avoidance and reduced swimming performance in green sturgeon were
detected at the dietary dose of 20 ug SeMet/g. However, selenium concentrations and dose
spacing used in the experiment were too high to be applicable to the conditions in the North

Bay and to accurately determine the toxicologically significant thresholds.

Table 4: Selenium effect level concentrations estimated for white sturgeon

Selenium benchmarks in white sturgeon in pg/g-dw !

whole body muscle eggs
Form of
ECO05 EC10 ECO05 EC10 ECO05 EC10 | Effect selenium Exposure
851 9.65 2 13.1 15.0 14 15.8 larval selenized maternal
' ] ' ) ] abnormalities| yeast diet

! after USFWS 2012; data from Linville 2006

2 Whenever possible, the USEPA used EC10 values in derivation of the draft criteria. The sturgeon-
specific EC10 is higher than the proposed numeric target of 8.1 ug/g-dw.

Furthermore, the protection of green sturgeon using a numeric target based on the white
sturgeon data is supported by the habitat and life history of the two species. Green sturgeon
is the most anadromous of the sturgeon species and adults and sub-adults spend a large
portion of their lives in coastal marine waters outside of the estuary. Typically green sturgeon
use the San Francisco Bay during their infrequent (every 3 to 4 years) spawning migrations
up to 240 miles upstream the Sacramento River. The tagging and acoustic data confirm that
mature green sturgeon do not feed or rear in the Bay but simply continue into natal rivers to
spawn (E. Miller presentation at the Science Symposium, UC Davis, March 3, 2015).
Therefore, the potential for maternal transfer of selenium into developing eggs prior to
spawning is low. Green sturgeon juveniles may rear in freshwater and then estuarine waters
for 1 to 4 years before dispersing into salt water (Federal Register 2008). However, data for
white sturgeon indicate that young fish appear to have low selenium levels in spite of
spending prolonged periods of time in the estuary (Linares et al. 2004). In contrast to

mercury, selenium does not tend to associate with proteins (Presser and Luoma 2013) and
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there is no evidence of progressive accumulation of selenium with size or age of fish, which
could explain the relatively low concentrations in sturgeon compared to concentrations in C.

amurensis.

Selenium concentrations in sturgeon (muscle) collected in the Bay since 1997, range from
1.8 to 32 ug/g-dw (average: 7.3 pg/g-dw; Figure 11). While samples collected in 2001-2002
are somewhat elevated (3.2 to 32 uyg/g-dw; average: 9.7 pg/g-dw), these concentrations are
lower than the concentrations measured in 1987-90. Over the last decade selenium levels
have been generally below the muscle tissue target of 11.8 ug/g (Figure 11). Most recent
comparisons showed that the white sturgeon liver concentrations in 2002-2005 samples were
significantly lower than those in the 2001-02 samples (Linares et al. 2015). For the entire
period of 2000 through 2009 the mean selenium concentration in all 114 samples of sturgeon
muscle was 7.5 pyg/g-dw. Since 2002 only 5 samples out of 70 have exceeded the numeric
target. Despite uncertainties associated with the effect thresholds and the extent of possible
selenium impairment, the data demonstrate that selenium concentrations in sturgeon have
been decreasing since the late 1990s with the most recent data showing only occasional
excursions from the TMDL target. When EC10 sturgeon-specific threshold (15 pg/g-dw,
USFWS 2012) is considered, there are only three excursions in the entire data set including

the higher concentration period of 2000-2001.
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Figure 11: Observed selenium concentrations in white sturgeon in San Francisco Bay
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Sacramento splittail

Sacramento splittail could be susceptible to selenium because of their bottom-feeding habits.
The diet of spilittail collected in Suisun Marsh was dominated by detritus with the proportion of
bivalves increasing markedly after the decline of Mysid shrimp in the San Francisco Estuary
(Feyrer et al. 2003).

Despite bivalves in their diet, splittail tissue collected in 2000 from Suisun Slough (USGS,
unpublished data) did not show elevated levels of selenium. In fact, the observed muscle
concentrations in juvenile fish varied from 1.5 to 3.5 pug/g-dw and in adult fish from 1.5 to 4.1
ug/g-dw, and were well below known toxicity thresholds. These concentrations are also
indicative of background level diets not exceeding 1 ug selenium per gram. Deng and others
(2007) observed selenium depletion in the muscle of splittail fed a 12.6 pg/g diet for 9 months
that was then followed by 21 weeks of a control diet of 0.4 pg/g. Faster elimination rates were
detected at the end of a 21-week depuration in fish previously exposed to high dietary
selenium (26.0 and 57.6 pg/g), which might indicate the ability of splittail to cope with the
short-term exposure without adverse effects. The authors concluded that based on the
observed growth, tissue accumulation and histopathology, splittail that survived the 9-month

exposure to 12.6 ug/g or less, could thrive under normal dietary exposure.

One explanation for low tissue concentrations in the North Bay could be related to the fact
that splittail prefers fresher parts of the Estuary where C. amurensis is not so prevalent, and
feeds on many different items; predominantly detritus (50-60 percent) and amphipods,
copepods, insect larvae, and bivalves . This fish is known to spawn in inundated terrestrial
vegetation in the upper Estuary and their recruitment is strongly associated with the
magnitude and duration of floodplain inundation during wet season winter months when the
clam population usually experiences a notable decline (Deng et al. 2007, Parchaso and
Thompson 2002). Feeding studies from Suisun Marsh showed that splittail preferred prey
item was Neomysis and, in general, they did not switch to alternate or more abundant food
items as was observed for other native resident species (Moyle et al. 2004). During
laboratory experiments Teh and others (2004) determined that at least 9 months of chronic
exposure to a diet of 6.6 pg/g was necessary to induce possible deleterious health effects

and these conditions are unlikely to occur in the part of the estuary frequented by splittail.

A small number of Sacramento splittail samples (n=12) collected in Suisun Slough in 2000
shows that selenium concentrations in splittail muscle are at the background levels and range
from 1.5 to 4.1 ug/g-dw (average: 2.4 ug/g-dw). Life history, intermittent exposure to
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selenium and dietary preferences strongly suggest that the proposed TMDL targets are

protective of Sacramento splittail.

Chinook salmon

Salmonids in the North Bay are potentially among the most sensitive species of fish; however,
their migratory nature, the length of time they spend in the estuary and their predominant diet
of insects and crustacean imply that these fishes are at lesser risk from selenium than
sturgeon, and are not impaired by selenium. Simply put, selenium concentrations in salmon’s
dietary items found in the North Bay are low, and it is unlikely they will result in excessive
bioaccumulation. Because of the inclusion of the toxicity data for anadromous species in

derivation of the freshwater criteria the whole-body target is protective of juvenile salmonids.

In contrast with sturgeon and splittail, the diet of Chinook salmon in the estuary consists
primarily of insects and crustacean resulting in minimal direct exposure to selenium. A growth
and survival study with Chinook salmon conducted by Hamilton and others (1990), also
documents that salmonids in the North Bay are not adversely impacted by selenium. The
experiments in standardized freshwater and brackish water, during which swim-up larvae
were fed one of two different diets, showed survival rate of 94.1 to 95 percent in larvae
exposed for 60 days to seleno-methionine diet at concentrations of 9.6 and 5.3 pg/g-dw,
respectively. At the higher (95 percent) survival rate, the selenium concentration in tissue of
the tested fish was 3.1 pg/g-dw with the mean larval weight just marginally less than the
weight of fish with tissue concentration of 0.9 pg/g-dw and selenium diet of 1 pg/g-dw. The
residence time of Chinook salmon juveniles in the estuary ranges from a maximum of 64
days (Beckon and Maurer 2008) to less than 40 days (MacFarlane and Norton 2002), which
corresponds to the exposure time used in the experiments that did not result in any

significant adverse effects.

The calculated whole-body effect thresholds based on the results from the study by Hamilton
and others (1990) are 7.6 ug/g-dw for freshwater and 17.1 pug/g-dw for brackish water, and
the NOAEL is 5.4 pg/g-dw (freshwater) and 12.6 pg/g-dw (brackish). These calculations
exclude the results of the experiments in which larvae were fed field-collected mosquitofish
from San Luis Drain, thought to be potentially contaminated by pesticides and heavy metals
and, therefore, not representative of the selenium exposure. This is contrary to the findings
reported by Beckon (2007), who employed a biphasic model to all the data (including
experiments with mosquitofish) from the study by Hamilton et al. (1990), and estimated that
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20 percent mortality may occur in Chinook salmon with tissue concentration in excess of 2.5
pa/g-dw. The optimum selenium concentration in that interpretation was assumed to be
approximately 1 pg/g whole-body-dw. This interpretation has not been confirmed by a toxicity
study designed to specifically test these assumptions. In addition, the assumed optimum
concentration of 1 ug/g-dw is lower than the natural background concentrations found in fish

from areas where selenium is attributed to natural geologic sources (Eisler 1985).

The results of a stochastic population model simulating the chronic level exposure in
cutthroat trout, which have similar early life-stage characteristics to those of rainbow trout or
Chinook salmon also confirm that the adverse effects from selenium occur at somewhat
higher concentrations than calculated by Beckon (2007). Van Kirk and Hill (2007) simulated
the conditions in the upper Snake River basin to evaluate sensitivity of the resident cutthroat
trout populations to selenium. Based on the modeling results the authors recommended 7
ug/g-dw as the maximum allowable concentration in whole-body fish tissue to protect
cutthroat trout. Furthermore, laboratory studies with fish fed with selenium-rich diets
demonstrated active excretion of selenium during periods of lower concentrations in the food.
The observed excretion was more rapid in fish exposed to higher selenium diets (Hardy et al.
2010).

Toxicity Mitigating Conditions

Environmental factors and water quality parameters, e.g., hardness, have been used in the
development of aquatic life criteria for toxic pollutants in recognition of their mitigating effects,
and to account for the site-specific conditions in a particular water body. Sulfate content and
salinity are among the factors that have been shown to potentially alleviate selenium-related
toxicity to aquatic organisms. Antagonistic effects from sulfate content on either uptake or
acute toxicity of selenate have been reported for algae, aquatic invertebrates, Chinook
salmon and fathead minnows (USEPA 2004).

Hansen et al. (1993) demonstrated that sulfate concentrations significantly reduced the
accumulation of selenium in two aquatic invertebrates: Chironomus decorus and Daphnia
magna. Based on the results of the laboratory experiments, the study concluded that
although increased levels of sulfate could not totally prevent selenate absorption, over 40
percent reduction in tissue selenium concentrations was observed in both invertebrates for
the selenium to sulfur ratios between 1:0 to 1:480. Similarly, juvenile rainbow trout acclimated

in high salinity water (16.8 dS/m) prior to dietary exposure were more resistant to 180 pg/g
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dietary seleno-methionine treatment and experienced limited mortality (33 percent and 0
percent) compared to tests in freshwater where 100 percent mortality occurred (Schlenk et al.
2003). This reduction in selenium uptake has been attributed to salinity and the presence of
sulfate ions. It has been demonstrated that competitive interactions between sulfate,
selenate, and their metabolic products reduce bioaccumulation of selenium at the bottom of
the food web, which, in turn, alleviates selenium toxicity in higher level organisms (see

examples in Hansen et al. 1993).

Hamilton and Buhl (1990) conducted 24-hr and 96-hr acute toxicity tests with advanced fry of
Chinook salmon and coho salmon in fresh and brackish waters simulating the conditions in
the San Louis Drain. Although the study focused on examining the impact of multiple
contaminants and the sensitivity of various life stages of fish, the reported acute toxicity to
selenate and selenite expressed as LC50s were consistently higher in the standardized
brackish water compared to tests in freshwater. In addition, the authors estimated the margin
of safety from the pooled LC50 data for Chinook salmon, expressed as a difference between
selenium levels resulting in no effects and toxic effects. The margin of safety for both
selenate and selenite was significantly higher in brackish water with the value for more toxic
selenite estimated at 276 in freshwater and 468 in brackish water. Similarly, in a chronic
toxicity study with fingerling-sized Chinook salmon exposed to dietary selenium for 120 days,
the fish survival was significantly reduced in freshwater but not affected in brackish water
(Hamilton et al. 1990). In a 10-day seawater challenge test that followed the dietary
exposure, the fish survival was significantly reduced but only in fish fed in excess of 35 g
Sel/g. Evidence of no effects on growth or survival in fish fed 26 ug Se/g prior to a 3-month

seawater challenge was also provided.

Even though the data are limited, fish seem to exhibit much higher resilience to selenium

toxicity in saltwater with higher sulfate content, than in freshwater. The results of these studies
suggest that ambient levels of sulfate occurring in the North Bay are likely to provide an added
level of protection against selenium toxicity and at the same time account for an implicit margin

of safety in our review of the screening values for fish.

Evaluation of Selenium Impairment in Birds

Selenium toxicity in birds has been recognized as an issue of concern since the 1980s
(Ohlendorf and Fleming 1988, Skorupa 1998). Similarly to fish, selenium bioaccumulat