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Abstract. We provide an overview of research related to environmental effects of dispesal of coal
combustion residues (CCR) in sites in the United States. Our focus Is on aspects of CCR that have the
potential to negatively influence aguatic organisms and the health of aquatic ecosystems. We identify
major issues of concern, as well as areas in need of further investigation.

Intentional or accidental release of CCR into aquartic systems has generally been associated with
deleterious environmental effects. A large aumber of metals and trace elernents are present in CCR.
some of which are rapidly accumulared to high concenirations by aquatic organisms. Morsover,
a variety of biological responses have been observed in organisms following exposure to and ac-
cumulation of CCR-related contamninanrs. In some vertebrates and invertebrates, CCR exposure
has led to numerous histopathological, behavioral, and physiclogical (reproductive. energetic, and
endocrinological) effects. Fishr kills and extirparion of some fish species have been associaled with
CCR release, as have indirect effects on survival and growth of aquatic animals mediated by changes
in resource abundance or quality. Recovery of CCR-impacted sites can be extremely slow due Lo
continued cycling of contaminants within the system, even in sites that caly receivad CCR. effluzms
for shart perieds of time.

The literaturs synthesis reveals important considerations for future investigations of CCR-impact-
ed sites. Many studies have examined biological responses to CCR with réspect to Se concentrarions
and accumulaiion because of teratogenic and reproduciively toxic effecis known 1o be ussociaed
with this element However, the complex mixture of metals and trace elements characteristic of
CCR suggests that biclogical assessments of many CCR-contaminated habirats should sxamine a
variety of inorganic compounds in sediments, water, and rissues before causation can be linked
to individual CCR components. Most evaluations of effects of CCR in aguatic environmenis have
focusad on'lentic systems and the populations of animals occupying them. Much less is known about
CCR effects in Jotic systems, in which the contaminants may be transported downstreani, diluted
or concenated in downstream areas, and accumulated by more transient species. Although some
research has examined accumulation and effects of conraminants on terrestrial and avian species
that visit CCR-impacted aquaric sites, more exiensive research isalso needed in this area. Effects
in terrestrial or semiaquatic spécies range from accumulatior and marernal trunsfer of elements to
complete recruitment failure, suggesting that CCR effects need to be examined both within and
curside of the aguatic habitats into wiich CCR is released. Requiring special attention are waterfow|
and amphibians that use CCR-contaminated sites during specific seasons or life stages and are highly
dependent on aguatic habitat quatity during those periods,
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Whether accidentally discharged into natural aquatic systems or present in impoundrments that at-
tract wildlife, CCR appears to present significant risks wo aquartic and semiaquatic organisms, Effects
may be as subrle as changss in physiclogy or as drastic as extirpation of entire populatiens. When
examined as a whole, research on responses of aquatic crganisms to CCR suggests that reducing the
use of disposal metheds that include an aquatic slomy phase may alleviate some envirenmental risks
asyociared with the waste produerts.

Keywords: accumulation. aguartic animals, coal ash, electric power, energy, heavy metals, sublethal
effects. Lrace elements -

1. Introduction

Coal 1s widely recognized as a fuel source associated with substantial environ-
mental impacts. Mining, transport, and storage of coal are associated with habitat
degradation and environmental pollution (Dvorak et 4l., 1977). Large-scale, in-
dustrial combustion of coal produces both air-borne and sclid wastes, the former
having been under stringent regulation by federal and state governments for several
decades. In conrrast, solid coal combustion residues (hereafter CCR) which ac-
count for 90% of fossil fuel combustion wastes in the U.S. (USEPA, 1988) remain
only under state regulation, which varies in rigor by jurisdiction. In some states,
basic environmental protection standards for CCR disposal sites such as use of
groundwater monitoring programs, leachare collection systems, and impermeable
impeundment liners are not required. For example, in a national survey of 259 coal
utilities having greater than 100 megawatt capacity, nearly 40% reported operating
under no standards for groundwater quality (EPRI, 1997). _

Federzl regulations on CCR disposal remain in exemption following the 1980
Bevill Amendment to the Resource Conservation and Recovery ACT (RCRA;
USEPA, 1588). The rationale for the amendment to RCRA was that: 1) the wastes
were produced in large volumes, 2) there was little information available on charac-
teristics and environmental behavior of the wastes, and 3) the limited data available
suggested that risks posed by the wastes were low (EPRI, 1997). However, research
conducted in the past two decades has revealed that CCR is a chemically complex
mixture that can pose substantial risks to the environment. In particular, mounting
evidence suggests that disposal of CCR in natural and man-made aquatic systems
results in environmental degradation and poses health risks to wildlife. The goal of
this paper is to review the literature related to environmental risks posed by aguatic
disposal of CCR and to make recomimendations for future research. Qur purpose

is not to provide a thorough review of CCR disposal technologies, or chemical and .

physical properties of CCR. Treatments of these and related issues are available in
the literature (Adriano er al.. 1980; Roy er al., 1981; EPRI, 1987a and b; Bignoli,
1989: Sharma er al., 1989; Eary er al., 1990; Mattigod et al.,.1990; Carlson and
Adriano, 1993; Prasad er al., 1696). However, to provide general background on
CCR, we provide a brief a summary below.
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Figure 1. Netelectricity generation in the U.S. by fuel source, 1999 (USDOE. 2000).

The orgznization of the main body of this review follows a typical ns%c assess-
ment format, beginning with a discussion of sources of EXPOSULE Lo Orgenisms .and
leading to discussions of accurnulation, lethal and sublethal eftef:ts on individu-
als, and ecological (population and community-level} effects. While the ta?les are
meant to provide exhaustive references to pertinent studies as well as pxl'owd? danl
in support of the text, not all studies Listed in tab[es:. are splemﬁcally Fhscussed in
the text. Rather, the text provides overviews of spacific topic areas with reference
to information in the tables when necessary. Because several sysisms have been
particularly well-studied with respect to accumulation and{’or effeE:ts. we mcludel
brief case studies based upon these systems within appropriate opic areas. Tables
specifically related to the case studies are presented in the Appendix. ThrOugh(.)ut
the text and rables we refer to study organisms by the common or group names use.d
by the original authors. Scientitic names of 2ll arganisms discussed are pravided in

" Appendix Table I.

2. Production and Disposal of CCR in the U.S.

With & erowing human population, electricity demands continue to increase. Al-
though an increased reliance on other energy sources in the U.S. in recent decades
has :ESLﬂ[ed in 2 slight decrease in dependence on coal {USDQCE, 1999). the. largest
portion of electric utility capability in the U.S. remains fueled by cqal (Figare 1:
USDOE, 2000). Reliance on coal for power generation has resulted_m a4 Concom-
itant rise in high- and low-volume waste production. with fly ash being the mlg.est
component {see below and Table 1). Technologies used [9 reduce airbarne emigsion
of harmful particulates such as fly ash have resulted in large volumes oF these
wastes being removed from exhaust stacks and the subseguent need for dllsposal
of the particulzte materials. Production of fly ash, which makes up appromm‘mgly
60% of the CCR waste stream, has increased in the U.S. from about 24 million
tonne i 1970 to nearly 57 million tonne in 1998 (EFRL 1997; EPA, 1997; ACAA.

1998; Figure 2),




TABLE]

Characteristics ol high and low volume CCR (Van Hook, 1979; Carlson and Adriano, 1992; EPRI, 19874 and b; 1997)

Wasle Type

Deseriplion

Chemical Constiluenls

Tly Ash

Baottom Ash and Slag

Flue Gas Desulfurization (FGD)
Wasles {Scrubber Sludge)
Fluidized Bed Boiler
Whstes

(FBB)

Coul Gasification Ash (CGA)

Air Heater, Precipitalor Wash
Waters

Boiler Chemical Cleaning Wastes
Boiler Blowdown

Cooling Tower Blowdown

A. High Volume Wastes
Fine particulate residue collegled in emission-control
devices. Comprises ~ 60% ol high volume wasles.

Fine and coarse grain residue remaining in the boiler
following combustion.

Fine gruin residues removed from stack via addition
of limestone slurry to the lue Slream.

Residues mixed with ash resulting from mixueg, lime-
stone and coal in the fumace on an air- fAuidized
bed. :

Waste produced from conversion of coal to gaseous
and liguid fuels, and is similar to fly ash bul contains
a higher proportion of coarse particulate malerial.

B. Low Yolume Wastes

Eftfluent generuted by hiph pressure washing of fly ash
from air heaters and precipitators.

Wastewater produced from descaling boiler ubes.
Low purity waler resulting from continned recirenla-
tion during steam production.

Low purity water peciodically removed from eooling
Systems.

Various elements, including As, Cid, Cr, Cu, Hg, Ni,
Ph, Se, Sr, V, Zn, Mosl enriched tn volatile clements
(c.o. As, B, CL I 5, Se).

Various lace elements, including As, Cd, Cr, Cu, Hg,
Ni, Ph, Se, St, V, Zn.

Fly- and bottom ush constituents, often enriched in
Ca-§ salts and carbonales.

Ash constiluents plus Ca-5 salls and carbonales.

Ash constiluents, iren sulfides, acids.

Ash constituents.

Ash constituents, solvents and corrosion inlubitors,

Dissolved minerals, phosphate, liydrazine,

Dissolved minerals, ainti-Fouling and anti-lungal com-
pounds.

Waste Type

Cloal Pile Runofl

Coal Mill Rejecls

Demineralizer
Resing

Repenerant  amd

Surlace drainage

TABLEI
Continted

S

Description

I —

Runoff wastestream produced frem precipitation an
coal pile stores.
Solids rejected from milling process.

Acidic and b
cxchange beds.

Calleeted runoll [rom Qoors, yards, and low pressure
serice waler.

+ solulions from regenerating ion

-

S
[ —

Chenical Constiluents

- — e —
-'['race elements, PAHs, acids (bituminons coal) of
allealine componnds {rublaituminous coal).
Rocks, metal fragmeonts, minerals, hard coal. iron and
sulfur compounds.

Acids, bases, mineral salis.

Various organic and inargaric materials.

-
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production of fiy ash in the us.,

1870 875 1980

1980 1994 {308

Figre 2. Bsiimated annugl

1970 to 1998 (EPRL, 1997; USEPA,
1997 ACAA, 1998,

Because ENOTMOUS quantities of
re has been a need for economical]
attractive disposal method has been
than land-or mine-filling (Carlson a
of CCR involves pumping
basins that. in mg
basins serve as a pitysical treatment
material from the slurried waste stre

plants rely on aquatie basing for disposal of CCR (EPRI
disposed. approximately two-thirds of CCR was disposed of using aguatic basing

prior io 1980 (EPRI, 1997). Today, aquatic basing stil] account for disposal of
approximately ane-third of CCR produced (EPRT, 1997; Figure 3).

wastes are produced from coal combustion,
y efficient disposal Systems. An economically-
aquatic disposal, which 1s less lahar intensive
nd Adriano, 1993), Typically, aquaric disposal
duction site to constructed

. 1997}, In terms of volume

3. Composition of CCR’

The composition of COR can pe quite variable (Tables I and I, refiecting differ-
CNces in parent coal compasition (Dvorak, 1977, 1978), inclusion of other fuels
m the combustion processes, combusti ing technology, and disposal
techniques (Carlson and Adriano, 1993). Because coal is itself a coneentrated

source of many trace elements, oxidation and 1oss of carbon from the solid substrate
during combustj

non-volatile

™ can return volatile components to the CCR
ustion. Moreover, waste

TABLE II
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Landfills (65 %)

Aquatic basins (32 %) Minefill (3 %)

Figure 3. Percentage of CCR dig

1997). posed of 1n landfills, aquaric basins, and minefills ig the U.S. (EPRIL

Management practices vary amon
Waste products associated with co,

1997).

The largest proportion of CCRr
1988) that contain a variety of pote
Tand II}. Thos, from the standpoint
with CCR, the salid ash fraction ap
Particular artention. The emphasis o
solid CCR in aquatic environments

zs‘in the form of solids such as ash (USEPA,
ntially toxic elements and compounds (Tables'
of potential environmental impacts associated
Pears (o be a component of CCR that requires ‘
T this paper will be on environmental impacts of
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4. Environmental Impacts of CCR in Aquatic Systems

4.1. EXPOSURE TQ CONTAMINANTS

4.1.1. Sources of Contaminants to Biota

Disposal of CCR into aguatic systems can physically and chemically alter habitat
conditions via sedimentation and changes to sediment particle size distributien,
turbidity, pH, cenductivity, and inputs of contaminants (Theis, 1975; Carlson and
Adriane, 1993; Dvorak 1977, 1978). Numerous aquatic systems have been studied
with respect 10 these habitat modifications, the focus primarily being on inor-

ganic contaminants associated with CCR. Concentrations of several trace slements

(primarily As, Cd, Cr, Cu, Pb, znd Se) have been particularly well characterized
in several CCR-impacted systems because of the abundance of these elements in
CCR and/or concerns associated with the known toxicological actions of these ele-
ments. Whereas in some systems the focus of chemical screening was primarily ¢n
dissolved fractions of one or a few trace elements in water, surveys in other systems
suggest thal numerous trace elements are elevated in CCR-impacted systems not
orly in water, but also in suspended solids and sediments (Table IIT).

The results of chemical surveys presenied in Table III reflect the elevated con-
centrations of contaminants associated with CCR in dissolved and particle-associa-
ted forms. However, to examine the potential risks that elevated CCR-derived con-
taminants in aguatic systemns may pose for wildlife, the propensity for contaminants
to be accumulated from the environment must be examined, as must the biological
responses associated with contaminant accumulation. These topics are treated in
the following sections of this document.

4.1.2. Trace Element Accumulation by Biota

There is a large amount of data demonstrating that plants and animals inhabiting
CCR-contaminated sites or chronically exposed to CCR in laboratory or field-
based experrments gccumulate trace elements, sometimes to very high concen-
trations (Table IV). Accumulation of trace elements from water and sediments
by vascular and non-vascular plants suggests the potential for trophic transfer of
bloaccumulative elements to grazers. For example, in the D-Area facility, SC,
numerous types of producers accumulated trace elements from sediments and/or
water, themselves apparently serving as vectors of the contaminants to several graz-
ing invertebrates (Table IV; Cherry and Guthrie, 1976, 1977; Guthrie and Cherry,
1979). Occurrence of some trace elements at very high concentrations in micro-
and macroinvertebrates also suggests that predatory vertebrates may accumulate
some trace elements to levels that may ultimately result in lethal or sublethal effects
(Hopkins, 2001). In Stingy Run, OH, high tissue burdens of some contaminants
in odonates may have been a source of contaminants to several species of fish
which accumulated frace elements in numerous tissues (Table IV; Lohper and
Reash, 1999; Reash ef al., 1999). Such relationships between tissue trace element




TABLE ILE b
Mean or ranges of trace element concentrations in water (ppb), suspended solids (ppm dry maxs), and sediments (ppm dzy mass except o
! where noted) in aqualic sites contaminaled by CCR. NR = not reported, BDL = below detection limils. Decimal places reflect thosc
Ez presented by the originul authors ’
& Site Description As Cd Cr Cu Ph Se Reference
‘Whater {ppb)
Belews Lake, NC Prior Lo ash ellluent BDL NR NR . NR NR BDL Olmsted & flf.\, 1986
discharge : i )
Helews Lake, NC Ash ellluent entering lake 190-252 NR NR NR NR 157218 Cumbie, 1978
Belews Lake, NC - Lake water, 2 yr 4-19 NR NR NR NR  7-M4 Cumbic, 1978
Tollowing initial ash
cfiluent dischorge e}
Belews Lake, NC  Lake water, 2 yr 6.6 NR NI NR NR 12.6 Olmsled ef ai.. 1986 [
following initial ash 8
effluent discharge . rﬁ
Belews Lake, NC  Lake water, 5 yr 43 NR NR NR NR 9.5 Olimsled ef al., 1986 E]“
S following inttinl ash ’ >l'>'
i effluent clischarge :
| % Belews Lake, NC Luke water, B yr al NR NR NR NR 8.8 Olmsted of al., 1986
following initial ash
g {5 - effluent discharge
Belews Lake, NC Lake waler, 22 yr NR NR NR NR NR <ID Lemly, 1997 5
: following initial ash : P‘
. effluenl discharge, 11 yr 3
] aller discharge hod censed
Martin Creek Fly ash ponds discharging NR . NR NR NR NR  2200-2700  Garrell and Inman, 1984 )
s : Reservoir, TX . . into reservoir .
Colurisbia Drainage from ash pit NR 2429 35-65 443 NR NR Magnuson &f ol., 1980
-Generaling entering Recky Run Creek )
L Station, W1
I : TABLE I
£ . ‘ : ' Continned.
Site Description As Cd Cr Cu Pb Sc Reference
Fruptland, NM Ash pond surfuce water” 33 | "3 2 NR 60 Dreesen et al., 1977
i . 3 NR 5t Dreesen ef ¢)., 1977
; Fraitland, NM Ash pond efiluent water 27 1 2 ) 1076
Lansing. NY Parm pord receiving NR NR NR NR NR 013 Gulecnmann ef e.,
i airbarne drift of coal ash . - . "
Harrodsburg, KY  Ash seiling pond NR 046 NR 438 NR ) NR Benson and Birge, 19! 45
Roger's Quarry During period of active use MR NR NR NR NR - ) Southworth er af.. 199
fy ash reservoir, ’
Ouk Ridge, TN
Roger's Quacry Aller cessation of discharge  NR ) NR NR NR NR <2 Sowhworth et al., 1994 :
B4 : [y ash reserveir,
i Ouk Ridge, TN .
i ' Stingy Ron, OH  Stream draining ash BDI. NR BDL NR NR BDL Reush ef of., 1983 !

reservoir, measuremenls

prior to ash elflucnt mpuis 7 (
Stingy Run, OH Sirean draining ash 21-24 NR 62-129 NR NR 19-33 Reush ef al., 1 988

I'ESCI'VDiI': Measurements

follawing ash effuenl

TYS04SIA D1L¥NDV 40 SNOLLYIITIWI Ty JID0TOOIXOI0E

mpuls*
ni — - —-11.8  Lohner and
i ( e asl <4-143  07-0.8 1.6-29.7 2962 <220 3241
T Stingy Run, OH SllEIE-l‘I,l])idI];Jlnlng ash oo Lo
reservoir .
= - etal, 2001 i
' ash ef al., 1999 _
Little Scary Steeam drainage ash LES NR - NR . I3 NR a2 Reash ¢f ¢ [
Creck, WY reservoir ) ‘
Glen Lyn, VA Ash basin inpul © NR - 3043 NR 270-2,880 NR NR Cairns and Cherry, 1983 F
Glen Lyn, YA Ash hasin outlall © NI 2-150) NR 5-20 NR NR Cairns and Cherry, 1983

Ic
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TABLE I
Continned.
Site Description As Cd Cr Cu Ph Se Reference
[D-Area Power Mulliple poriions of 58-100  100-123  160-200 390-060 NR 100-110 Cherry #t o, 1976,
Facility, drainage system (1973-1979) 1979 a and b; Guihrie snd
Siwzlnnah River Cheny, 1976, 1979: Cherry
Sile, 8C and Gruthrie, 1977
D-Areh Power Secandary sellling basin, 46.0 1.1 0.4 2.6 NR NR Alberls or of , 1985
Facility, dminage swamp, and ‘
Savannah River  swanp outflow combined
Site, SC .
D-Arca Power  Beaver Dam Creek, 0.3 24 22 0.4 200 NR  NR Alberts ef al., 1985
Facility, 10 | km below drainage
Savannab River  swainp outflow
Sile, SC .
D-Arca Power  Primary sciding basin 1717 Ol 0.44 253 Q0B 7.0 Rowe, 1998
Facilaty,
Savannah River
Sile, 5C
Suspended solids {ppm dry mass)
D-Aren Power  Secondury sefiling basin, 762 9.6 73 207 NR  NR Albents ef al. (1985)
Facilily, drainage swamp, and °
Suvannah River  swamnp outMow combined
Sile, 5C .
D-Aren Power  Beaver Dam Creek, 0.3 28 0.9 52 A6 NR NR Alberts ef 2l. (1985)
Facilily, la | km below drainage i
Savannah River  swamp cutfiow '
Sile, SC
J-»* - = s
TABLE HI
Continued.
Site Description T As Cd Cr Co Pb Se Reference
D-Area Power Beaver Dim Creck NR 19 1] ' 149 30 NR Evans and Giesy (1978)
Faciliwy,
Savannah River
Site, SC
Sediment (ppm dry mass)
Belews Lake, NC 2 yrafier discharge J31.2-59.8 NR NR NR NR 608-8.93 Cumbie, 1978
of ash effluent Tad begun
Belews Lake, NC 22 yr [ollowing NR NR NR NR NR 1-4 Lemly, 1997
initial ash cMucnt discharge,
11 ye alter discharge had cedsed
Hyco Reservoir,  Couling reservoir {8-i33 NR 24-197 15-104 NR 0.68-9.5¢  CPL, 1979
NC receiving CCR cifluent
Lansing, NY Famn pond receiving 103 NI 142 208 NR 14 Furr et ad., 1979
airborne drill of coal ash
Sungy Run, OH Stream draining ash 27.6-58 1-19 45.4-132  40.6-57 19.8-3¢  5-20 Lohner and Reash, 1999
reservair ¢
Lile Scary Sirenm drainage ash a8~ 107 735 K92 103-110  27-2% o-14 Lobner and Reash, 1999
Creek, WV reservoir ©
D-Area Power Multiple pottions of 107479 13 AB-3R4 52-R1 NR A.6-6.0 Cherry ef ai., 1976,
Bacility. dryinage sysiem (prior 1o B 1979 a ad b; Guthrie and
Suvanmaly River 1476; ppim et mass) Cherry, 1976, 1979 Chery
Site, SC nd Gutlwie, 1977
D-Aren Power Quibiow from 095-1.69 0.05-0.06 057-062 065096 NR 0.15-0.19  MeCloskey and
Cacility, drainage swamp Newman, 1995
Cosrmmataals T
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TABLETII

. )
. Continued. ]
Site Description . i
P 5 : As Cd Cr Cu Pb Sc Relerence
o e ulffow lrom 248 012 077 200
Fucility, dminage swamp . . NR 0.24 McCloskey ¢ al., 1995
Savannuh River
Sile, 5C
D-Arcu Power Primary setiling basi
Fucilty, Yy ng basin 70.8 057 NR' 718 252 6.21 Rowe e al., 1996
Savannah River
Site, SC
D-Arca Power Dimingse s ’ . .
il 26 Swamp HGE 232 NRS 475 662 778 Roweelal, 1996 a .
Savannah River ’ =
Site, 85C 8
D-Aren Power Terrestrial margins of - =
Facilily, primary setllil:: basin 39638 0252 10869 18386 - 6457 4383 Hopkins et of, (998 m
Savonnah River ;_] 5
Sile, 3C = 4
D-Area Power Seconduwry seltling H 4
Pocily, 'y seltling basin 49.39 072 23185 84.72 NR G.11 Hopkins ef al., 20004 %
Savannuh River : ;
Site, SC g
D-Area Power Drainage swa .
Facilly, 1L mp - 28.94 1.38 2204 43,50 NR 711 Hopkins ef ., 2000a
Savannah River
Site, §C
* Values are ranges af median values reported 19741086, b
of means reported 1979-1980. ¢ Values - " Values are ranges of means reported 1993-1995. € Vulues are ranges
19961997 T Cr consentras ues are ranges of tmeans reported (992, 1994, 1997, € Values are rz ranpes
. icentrations reported in otiginal publication were incorrect anges of means reported
TABLE TV ;
Means or ranges of ace efement burdens (ppm dry mass ‘DM’ or wet mass “WM') in organisms collected from CCR-contaminated siles
or experimentally exposed to CCR. For experimentally exposed organisms, methods are noled. If tissue burdens were associated with
biological effecls, or were measured in sites wreated in case histories, results are presented in Tables V o VII, and Appendix Tables Il 1o
V. NR = not reparted. BDL = below detection limit, Decimal places veflect those presented by the original authors, Scientific naimes tor all
species examined ase provided in Appendix Table I
B L
Species; exposure As cd cr - Cn Pb Se Sije (reference) 9
methods, il applicable ‘ % .
Vlants = ‘
Sago pondweed (DM) NR NR NR NR NR 37 Lansing, NY; farm pond receiving airbome g
drift of coal ash (Gulenmann er ., 1976) Q
Sapo pondweed (DM) 84 NR 84 BDL NR 37 Lansing, N, farm pond receiving airbome C
; drilt of coal ash (Furr ef al., 1979) %
Alpae (DM} NR NR NR NR NR D9 Lansing, N, fann pond receiving aichome %
. drift of coal #sh (Guienmanan ef al., 1976) 5
Algae (DM) 9.6 NR 22 BDL NR 0.9 Lansing, NYY, farm pond receiving airborne g
drill oF coal ush (Furt ef at., 1979) 8
Plants (averages from 1.0 2.3 38 NR NR 103 Monroe County, MI, ash slumy pond :
mieasurements ol 35 (Brieger ¢f of., 1992) @:
specics; DM) ?_’l
Plams {pooled sanples of & 4253 08-15 29-57 72-14 NR 185 D-Area facility, SC (Cherry and Gulbrie, 1576, 1977) 3]
species; WM) . . g
Plants (pooled sunvples of 5 - NR 0447 0942 2-34 NR  5.8-57 D-Area [acilily, SC (Guibric and Cherry, 1979) 8
species; WM) %
Algac (WM) NR 1.3-19 445 7-9.9 NR 1314 D-area Facility, SC{Guilie and Cheory, 1979) ™.
Periphyton (DM) ' NR 1.7 28 144 3 NR D-Area facilily, SC (Bvans and Giesy, 1978) |
Black willow, leaves (DM) NR 0.30 0.55 6.0 1.9 NR D-Area fucility, SC (Evans and Giesy, 1978)
Black willew, stems (DM) NR 0.35 024 54 2.6 NR D-Arca facility, SC (Evans and Giesy, 1978)
Arrowheid, stems and leaves (DM)  NR 1.0 57 24.6 179 NR D-Area facility, SC (Evans anl Giesy, 1978) ta

Catail, stems wnel leaves (DM) NR 157 - 24 118 64 NR D-Area facility, SC {Evims and Giesy, 1978) E




TABLEIV
Continued
Species; cxposoie As Cd Cr Cu b Se Site (reference)
methods, if applicable
Inverlebrates
Plankion (DM) A1-11.3 NR MR MR NR 4137970  Belews Lake, NC (Cumbig, 1978)
Mayfly (WM) 305 NR NR NR NR 836 Belews Lake, NC ((Hmsled ef al., 1986)
Mayfly (W) NR NR NR NR NR 13.6 Belews Lake, NC (Finley, 1985)
Mayity (DM) NR NR NR NR NR 148 Murtin Creck Lake, TX (USDI, 1988)
CaddisQies, whole bedy {DM). 102 306 19 413.1 0.76 185 Stingy Run, OH, (Lobner and Reash, 1999)
Caddisflies, whole body (DM). 13 4.1 NR 83 1t 3l Litlle Scnry Creck, WV (Reash ef af., 1999}
Hellgrammiles, whole bady (DM). 562 4.6 10.2 12352 39 388 Litle Scury Creek, WV {Lahner and Reash, 1999)
Chironomids (WM} NR 12 a8 50 NR 0.7 D-Area facility, SC (Guthrie and Cherxy, 197¢4)
Odonates (WM)" NR -1.2 34-45 20-27 NR 2526 D-Area facitity, SC (Guthrie awd Cherry, 1979}
Mulliple species of rnscets, 2.1-60 254 3597 31-67 DNR 2064035 D-Arex fucility, SC {Cherry
molluses, and crustaceans, and Gulhric, 1976, 1977)
pooled (W}
Asialic clams, Nesh (DM) 13,22 442 563 6487 NR  8.69 D-Arca facility, SC(Maglc et af., 2001)
Crayfish, wholks bodly (DM) 171 278 2.46 15852 NR 1402 D-Area facility, 5C {Nagle ef ed., 2001}
Crayfish (Wn)* NR 6 1.7 1% NR 7.2 D-Aren Facility, SC (Guihrie and Cherry, 1979}
Dragonfly nymphs, whole NR NR NR NR NR 41 . Lansing, N, fam pond recciving airborne
body (DM) " drift of coal ash (Gulcnmammn ef af., 1976}
Draponfty nymphs, whole BDL NR 1.9 86 NR 41 Lansing, NY, fann pond receiving sichoime
bedy (DM) dnift of coal ash (Furr ef al., 1979)
Crickel, whole bady (DM} 1.1 <30 1%Z6 NR NR 6 Monroe County, MI, from vicinity of
ash slurry pond (Brieger el of., 1992)
Grasshopper, whole body {DM) <13 <38 1.2 NR NR 07 Monroe County, MI, from vicinity of
: ash slurry pond (Brieger er al., 1992)
TABLEIV
Continued,
Specics; exposure As Cd Cr Cu Fb Se Sne (reference}
methods, if applicable .
Eurtbworm, whole bady 537 <50 517 NR NR 795 Monroe County, ML, {rom vicinity of ash
(DM}, put nol voided slumy pond (Brieger 2 al., 1992)
Pond suail, whole bocly {DM) 15 <20 64 NR NR 262 Manroe County, ML, from vicinily
of ash slurry pond (Brieger ef al,, 1992)
Fish
Spotied gar, muscle (W) NR NR NR NR NR 2030 Murtin Creek Luke, TX (Giurell and Inman, 1984)
Catfish, skeletal muscle {(WM) <{.1-0.34 NR 421027 NR NR  796-11.3 Belews Lake, NC (Cumbie, 1978)
Sunfish, skeletal moscle (WM) < 0.1—2.65 NR 0.05-1.69 NR NR© 10.6~22.3  Belows Lake, NC {Cumbie, 1978)
Largemouth bass, muscle (WM)  NR NR NR NR NR  22-33 Roper's Quary, Ouk Ridge, TN, cozl ash
dispusal rescrvonr (Southworth et of,, 1994)
Brown bullhead, 5 em NR NR  NR NR NR 52 Lansing, N, fann poad receiving airbome
long, flesh (DM) drifl of ¢oal ash (Furr ef al., 1979)
Brown bullhead, 12.5 em NR NR  NR NR NR 34 Lansing, NY, fann poud receiving airborne
lang, Mlesh (DM) chift of coal ash (Furr ef ol., 1979)
Brown bullbead, 22.5 cm NR NR NR NR NR 1.9 Lunsing, NY, farm pond receiving airborne
leng aduty, Nesh (D) drift of coal ash (Furr ef ., 1979)
Brown bullhead, 22.5 cm NR NR NR NR NR 92 Lansing, NY, farm pond receiving airborne
long, liver (DM) . drifi of cow ash (Furr et al., 1979)
Brown bullhead, 30 cm NR NR  NR N NR 17 Lunging, NY, [arm pond receiving airborne
long, flesh (DM) drift of conl ash (Burr cf al., 1979)
Brown bullhead, 30 cm 0.4 NR 33 BDL NR 82 Lausing, NY, fam pond receiving airborne
long, liver (M) dritt of coal ash (Furr et af., 1979)
Brown bullhead, 20 cm NR NR NR NR NR 9.0 Lansing, NY, farmm pand receiving airborne

achifi_ lver (DM

Wit of coal ash (Guienmann ef af., 1976)
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Species; cxposure
methods, if applicable

TABLEIV
' Continued,

Al cd Cr Cu b o

Site: (reference)

Bluoegill, liver

(D) b

Bluegill, ovary (DM) ! -
Bleegill, estes (DM) h

Green 'sunﬁsh. livetr (DM)®
Green sunfish, ovary (DM)¢
Green sunfish, lestes (DM
Largemoulh bass, avary
WMy
Largemoulh bass, oviry-free
carcass (W) d
Largemouth bass, lesles
wh ¢
Largemouth bass, tesles-free
carcass (W) 4
Bluegill, ovary (WM)!

Bluegill, u\rzt_ljy-free cmeass
Wy ¢

Bluegil], teéstes

wmd
Bluegill, tesies-free carmass

wm)

Specics; exposure
methods, if applicable

Sunfish (D)
Larpemoutl bass {Div)

whole body (DM)
Grecn tweehops, adulls,

Bullhead minnow, whole body (DM),  6.64 1.84 4.98 14.8

' NR
Green frog, larvae, whole hody (DM) NIR NR NR

Green frog, larvae, whale body (D)

BDE NR 4.2
Red spotted newd, whele body (DM) 06 NR 25
6.6
f og 06 3 NR
Lurvae (WM NR i
]l:.’."fm:;: rr(,cenl 15.55 0.80 1.58 1379 NR 26.85
u Py,
metamorphs, whole hody (DM) - o
Southern toads, adulls, 1.58 027 18§ 29.50 .7

047 445
1.7-47 0839 0927 46330 4.7-11.5  209-573
LO0-1.70 0.13-0.24 1.07-1.47 398-721 199266 11.50-32.50

0.80.27 0.08-0.40 {.36-3.60

0517 0548 0348 18197 0321  48-206
577 052 1070 7.97 7.53 15.00
240-740 0.30-0.91 2.90-1490 0.89-650 090-1025 540-9.75
NR NR NR NR NR 44

NR NR NR NE NR 39

NR NR NR NR NR 13

NR: NR NR NE NR 35

MR NR NE NR NR 54

NR NR NR NR NR 32

NR NR NR NR NR a7

NR NR NR NR NR 3.2

GEI-694 129315  403-3100

Stinpy Run, OH, (Lohiner and Reash. 1999)
Slingy Run, OH, (Lobaer and Reash, 1999;
Lolmer er at,, 2001) :
Stingy Run, OH, (Lohner and Reash. 1999}
Slingy Run, OH, {Lohaer ond Reash, 1999;
Lohner er af., 2001 )
Stingy Run, OH, (Lohner and Reash, 1999)
Stingy Run, OH, (Lohner and Reash, 1999)
Stingy Run, OH, (Lehner and Reash, 1999)
Cutfish Reservoir, NC (Baurnann
Gillespic, 1986)
Calfish Rc;uervuir, NC (Baumonn and
Gillespie, 1986)
Calfish Reservoir, NC {Baumann and
Gillespie, 1986)
Calfish Reservoir, NC (Bawnann and
Gillespie, 1986)
Caliish Reservoir, NC (Bavmann
and Gillespie, 1986)
Callish Reservoir, NC (Baomann and Gillespie,
1986)
Catfish Reservoir, NC (Bawnann and Gillespie, 1986)

Calfish Reservoir, NC (Baumune and Gillespic, 1986)

TABLELY
)
Contimied.

As cd Cr Cu Pb - Se
NR NR NR NR NR 169 -

NE NR NR MR NR3%0
NR  NR. 54-68

NR
Black crappic (Whi) NR :E " ' R s
Gizzard shad (DM) NR o has R S
Mosquilofish, ciudal Q.50 1.30 76 i
peduncle muscle (WM) o - o
Mosquitofish, whole body (WM) 05 1.3 2[856 e N o
Musquitolish, whole body (DM) 289 032 2..38 l.m = o
Bluegill, whole body {DM) 201 0,75 I.Z‘ 4.70 - o
Largemouth bass, whole body (DM) [92 034 : el
Amphibinns
NR 4.7

BDL NR 25 09 NR 4.7

1.01 028 7.86- 19.82 NR 0.82

Silc (reference)
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purlin Creck Luke, TX (USDI, 1988)
; Martin Creck Lake, TX (USDL 19RB)
Mariin Creek Lake, TX (Garrell and Inman, 1984)
Maclin Creek Lake, TX (USDL 1088)
I Area lacifity, 8C {Cherry ¢f al., 1976)

D-Area lacility, 5C (Guihsic and Cherty, 1976, 1979
D-Aveca facility, SC {Hapkins ef al.. 19994)
D-Aren Cacility, SC (Hopkins &f al., 1999a)
D-Arca facility, SC (Hopkins er al., 19994)

Lansing, NY, [orm pond receiving airborne
Arilt of coal asl (Gulenmann ef al.. 1976}
Lansing, NY, fann pond receiving nirbome
drift of coal ash {Forr & at., 1979

Lansing, NY. famm pend recciving airborne
drift of coal ash (Fur e at., 1979)

D-Aren Lcility, $C (Gutbrie and Cheny, 1979)
D-Arca Tacility, SC (Hopkins et al., 19992)

D-Area [acility, 5C (Hopkns er @/, 1998)

D-Arca Facihty, 5C (Hopkins ef «f., 199%a)

whole body (DM}

¥TT
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TABLE 1Y
Contimeed.

Speties, cxposure As Cd Cr Cu . Uil Se | Sile (reference)
methads, il npplicable

Reptiles

Bantled| water snake, achult, 1343 0.5 20 827 NR 1419 D-Area Facility, SC (Hopkins e of , 19994)

liver (DM}

Seflshell 1urtle, adull, 18.3 49 22 414 07 219 D-Area lagilicy, SC (Hepking, Rowe,

muscle (DM) Cengdon, unpublished)

Slider urtle, adult, liver (DM) 958 3,57 610 102.23 NR 37.18 D-Arca facility, SC (MNagle er al., 2000}

Banded waler snake, liver (.86 107 NR 35.07 NR  22.63 D-Areu Facility, SC (Hopkins f af., 2001) 5]
(DM, Fed fish collected ;
from CCR-contaminaied [+]
site [or 13.5 mo r%
Bunded water snake, 0.35 044 NR 1.78 NR 2320 D-Area facility, SC (Hepkins ef af,, 2001) ﬂ
Kidney (DM); fed fish =

collceted from
CCR-contaminated site for
13.5 ma, - .
Banded water snake, gonad 0.15 BDL NR 7.55 NR 1534 D-Area facilicy, SC (Hopkins ef af., 2001)
(DM); fed fish collecied from

CCR-contaminated sile for

13.5 mo. i

Banded water snake, liver L.851-2.010  1.625-1.718 NR IRE2-60A75  NR  24076-24220  D-Area facility, SC {ankilis et ., 2002a)
{DM); [ed fish collecied -
froin CCR-comaminated
site for 2 yr

TABLE IV
Continued.

Species; cxposure As | Cd Cr  Cu Pb  Se Site (rference)
methods, if applicable .

Banded wader snake, liver 0.585-0.623 0.695-0723 NR 29.567-39.i64 NR 10.798—11.630  D-Aten facility, 5C {Hopkins ef af., 20024)
(DM; fed allernaling diel’
of uncontaminated nnd
CCR-contwminaled {ish for _
2 yr P . - .
Banded walcr snake, 0.817-1.055 0.234-D.573 NR  6.475-6.777 NR  25379-32.036  D:-Acea lucility, SC (Elopkins ef al., 2002a)
kidney (DM); led fish
collected from
CCR-contaminated site
for 2 yr N .
Bonded water snaike, 0.401-0.6}5 0.169-0.398 NR 7.269-7.768 NR 16.006-21.055 D-Area facility, SC (Hopkins ef af., 2002a)
Kidney {DM); fed
.ablernating diet of
uncontaminated and
CCR-conlaminated fish
for 2 yr B . .
Banded water snake, gonnd 0.315-0.520 0.055-0.059 NR 5.299-5.570 NI 17.642-19.060 D-Area facility, SC (Hopkins e/ af., 2002a)
(DM): Ted fish collected
from CCR-contannnated
site for 2 yr N '
Banded waler snake, 0.197-0.415  0.026-0.041 NR  4.695-5.400 NR 9.534-0972 D-Al'ei\_l':lclhly, SC (Hopking et al., 2002u)
aonad (DM); fied altemaling
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thet of uncontaminated and
CCR-contaminated fish for 2 yr
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oncentrations in fish and accumulation by invertebrate prey species were apparent
‘in severa! systems in which biotic samples were surveyed (Table IV). Note that
-some authors have reported body burdens in concentrations per unit wet mass,
whereas others have reported concentrations relative to dry mass. We indicate in
the tables the different ways in which concentrations were presented by the original

= ] g
g _ . _  Fg # & Bgté g = .
-E--Egé-g ggng‘g":gh% -EE-E 5 = authors,
SLEE Z e EZF gipzpal g The importance of trophic vectors for trace element accumulation by vertebrates
4E33 gsg R:? ) S & d g =52 3E| T8 in CCRrcontaminated systems was demonstrated by a recent series of experiments
EREE wrgsed ; 23 fEfsEE|RE. on the lake chubsucker, a benthic fish. Exposure to CCR-contaminated sediments
Ffyy ggg-<€32sE Egscts3 0% alone (with uncontaminated water and food provided) resulted in rapid accumula-
5 35333 333Jzdg:z2 s8-£5F | E8 : : : -
g ¥Ex: 23 3 Z552EF- EZEcEE|EE tion of trace elements (Table IV: Hopkins et af., 2000b). When the same species
& g g & g L I 58 22 2-2(0E8 of fish was exposed to CCR under semi-natural mesocosms conditions (water,
£ Ezi:z o9 ERLER SE5EzclE3 sediments, and prey collected from the CCR disposal site), trace element accurnu-
& =¥ 3 EE £ 25 ;E E ;§ 3 E i F 2 § E g lation was much greater than in fish previously exposed to sediments alone (Table
' == Ef= IEJESE H & IV; Hopkins, 2001), and effects on growth and survival were greatly exacerbated.
- . © o g’ =3 Trace element accumulation by invertebrates was likely the most important factor
ITEI Z==o ) f o iy I & -_f " influencing accumulation by fish, and led to body burdens in fish more than an
o A 2 B order of magnitude higher than burdens found in fish exposed to contaminated
> 2z5ZF £%=zg % o a = 5@ sediments alone (i.¢, provided with uncontaminated water and food; Table I'V),
[ %f 5 . 2 2 |7 E Amphibians, reptiles, birds, 2nd mammals also accumulate contaminants fram
2z Eggce ¥ gxxw « g 2 § £ CCR-contaminated sites as a result of their feeding niche/trophic status, and/or
Fo == = 5 £ 2 = 2& long'life spans which expose them to contaminants over exceptionally long periods
£z Erm - v & g of time’'(Table IV). For example, the banded water snake is a relatively long-lived
= z I g 5 o predator with high trophic status (preying upon ather vertebrates such as fish and
£25¢ zg %z = . E g emphibians). Banded water snakes collected from a CCR-contaminated system
= z z £ 3 g have the highest hepatic concentrations of Se and As yet reported in a reptile
gy 2 zo g - Lo £ g : (Table IV; Hopkins et al., 199%a). In addition, a series of laboratory studies with
z = 2 = : the banded water snake demonstrated the importance of ingestion of contaminated
£ _é E - prey items in accumulation of contaminants. Adult and juvenile snakes were fed
= ‘ 4 i \ contaminated prey items (fish) collected from a CCR-contaminated swamp (D-
g % g _ g £ 5’3 & : area site, SC) for up to two years, Resulting accumulation was pronounced, with
o OE .; é s % 5 g EE E . 5§ ¢ g g 3 particularly high concentrations of Se accumulating in liver, gondds, and kidney
o 3 “S:g e - R 5‘5 g€ £ & s = 2 (Table TV, Hopkins et al.,, 2001; Hopkins et ., 2002a). Concentrations of Se
£E YEES s g¥E 255 § 5 3 g greatly exceeded concentrations known to inducé reproductive failure in birds and
es| £ ES3:EsgE28FE8 4 S 2 £ fish (Lemly, 1993, 1996). Moreover, snakes fed alternating diets of contaminated
E :éa‘ EE £ ;5";:‘ g ? E FEE § z E 3 f: 3 g 5 and uncontaminated prey (Hopkins ef al., 20022) also accumulated Se burdens
23 E E 3z 5 T EE ,EE £ g °E=, % E é E B 7 g above the reproductive toxicity thresholds proposed by Lemly (1993, 1996). Res-
“sxda<3883835 £ é‘ E% | 28 ults from these studies suggest that even periodic feeding on prey items derived
e from CCR-contaminated sites can result in high tissue burdens in predatory verteh-
rates. Therefore, terrestrial vertebrates inhabiting nearby habitats could accumulate
1 trace elements from prey items dispersing from the contaminated sites, sven if the
E remaining portion of a predator’s diet consists of prey iterns with no history of
confaminant exposure. :
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A particularly well-studied system with respect to trace element accumulation
in aquatic vertebrates as 2 result of CCR contamination is Hyco Reservoir, NC.
Investigators have exaniined several tissuss in numerous species of fish to quantify
Se accumulation. Hyco Reservoir is thus examined more thoroughly in the case

study to follow.

4.1.3. A Case Studv of Selenium Accumulation by Fish: Hyco Reservoir, NC
Hyco Reservoir is a 1764 ha cooling reservoir serving a 2495 MW coal-fired power
plant in Roxboro, North Carclina. As well as heated water discharge, the reservoir
also received sffluents from coal fiy ash basins (CPL, 1981). Fish declines and a
fish kill in anturnn of 1980 (CPL, 1981) prompted several investigations to examine
coal-related contaminants and potential effects on the aquatic community within
the reservoir. Here we provide an overview of Se accumnulation by fish in Hyco
Reservoir, because of the large number of species examined in that system. Bio-
logical responses to Se accumnulation in Hyco Reservoir are presented elsewhere
in this document where sublethal and ecological effects of CCR are considered
(Sections 4.2 and 4.3),

Water chemistry surveys in- Hyco Reservoir found thar dissolved Se concen-~
trations were quite high (Table 11I), whereas waterborne concentrations of other
CCR-derived trace elements did not appear to be elevated (CPL, 1981), Measure-
ments of organic contaminants (PAHs, PCBs, pesticides, herbicides) showad no
elevations above detection limits (CPL, 1981). Sampling of fish tissues revealed
similar patterns as did the water chemistry surveys: fish inhabiting Hyco Reser-
voir experienced signiﬁcant tissue burdens of Se, while other trace elements (Hg,
As, Cu, Cr, Zn) were not elevated abave normal (Appendix Table IT; CPL, 1981).
Tissue levels of organic contaminants (PAHs, PCBs, pesticides, herbicides) were
below detection limits, except for DDD and DDE which were detectible but within
nermal background concentrations (CPL, 1981). Because of the predominance of
Se in water and tissues, subsequent investigations of the Hyco system focused
primarily on Se accumulation and its effects on aquatic organisms (Appendix Table
m.

Selenium accumulation was obssrved in several trophic groups in Hyco Reser-
voir. Accumulation of $e by plankton may have been a source of Se accumulation
ta planktivorous and ultimately higher-level predatory fish (Appendix Tahle II).
Selenium accumulation varied among fish species. Muscle Se concentrations were
generally highest for bluegill and several other sunfish, and lowest for catfish (Ap-
pendix Table IT). Liver Se concentrations in bluegill cellected from Hyco Reservoir
were about 50 times greater than liver concentrations in reference fish (Sager and
Cofield, 1984), and were considerably higher than liver Se concentrations of other
species (Appendix Table II). Gonadal Se concentrations also appeared higher for
bluegil] sunfish than other species and there were sex-specific differences in Se
concentrations in gonads; ovarian Se concentrations were about twice the concen-
trations observed in testes (Appendix Table II: Sager and Cofield, 1984; Banmann
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end Gillespie, 1986). Moreover, bioaccumulation led to Se r:oncf:nt_ratutn-lf3 1111l ;\;r;
ies of bluegills about 1000 times above ambient water concentrations (Ba

and Giilespie, 1986).

It is clear from studies to date that, when CCR is disch_arged into ;quauznsgesd- :
tems, some potentially toxic trace elements in water, sedlfmenés}higuail:l]:e nded
i biota and further transferre g
salids (Table III) are accumulated by _ o e sune
: i . Biological responses resulung Iro
web (Table 1V: Appendix Table II) _ T expose
i ' d. For example, the propensity
and accurnulation would thus be predicte . 1pls prope xS o
i i 11y within ovarian tissues, sugg
ulate in fish from Hyco Reservoir, especially | issus !
Z:;: :;me species in this system may have been at risk of reprodqctlve 1mpan‘_mae:tts.
Demonstrated Jethal and sublethal responses of biota to CCR-derived contamin

will be the subject of the following sections.

42. EFFECTS OF CCR ON INDIVIDUALS

1. Lethal Effects .
Lll"eztéalityeof CCJE{ to aguatic organisms has been observed in laboratory and field

studies (Table V). For example, comparative studies by Bll_lrgbe {19l82t)hzhlz\;'§i :(})lra;
. i ic fish and amphibians in

fAuent was acutely toxic to embryonic : _ "

E:T(ile: Vger];irge (1982) also conducted laboratary bioassays to examine relative

i d
» toxicities of 22 individual CCR-related elements to goldfish, rainbow trout, an:

nagrow-mouth toads. Based upon comparisons of 7 an.d 28d Lnghvah;es, :r?tgrc(::]
mouth toads were found to be the most sensitive species 0 17 [();f t ;le gy e
order of decreasing toxicity: Hg, Zn, Cr, Cu, Cc:t ii,sf’t?\;ectg.s eei;me,n > (,AU, La,
3 i Were mo g, Lz,
Sr, §b, Mn, W), whereas rainbow trout L e
i dies on other vertebrates and in
Ni, V, Mo). Acute laboratory stu : s e
also denonstrated lethality responses by several species _wher:r e;c%:o;e)d o
sediments, or suspended solids from CCR-contammateg s;:ces (3011 :Spe.c.les e
i , dies also suggest that for .
Field and outdoor mesocosm stu scles, fouie
i i be lethal (Table V). For example, :
ic exposure to CCR can ultimately .
grgzlrg I::acrincrp study, shrimp, derters, and salamanders were extremely s,f:ndsl;:llv?l
to'conditi;nsnin a CCR-contaminated site, whereas other invertebrates 1agn7 A sA
experienced much lower mortality rates (Table V; Guthrie and Che_rrz,icamd [.hat
recent exposure of benthic fish in outdoor mesocosms for 45 day_s in ped thet
prolonged exposures to CCR, as would occur in contaminated habitats, m %
b i i : ins, 2001).
i mely high mortality {75%; Hopkins, _ . v
" e;\(.tsri wl'?olegresults of field- and laboratory-based lethality st.uc?ws (Tageicai
it ity 1 endpoint for examining ecolog
st that, if lethality is o De used as an :
sn";%(ieof CCR, numerans species must be simultaneously :3)(211-:111_11'1&11 (gh;e gci};;?:z
i itivi i i e
i ific di i ty. Particular attention shou .
cies-specific differences in sensitivi : ion °
:}13: durat?on and conditions of exposure; a recent stud){ indicates that reilil;im "
in resource abundance during chronic exposure to CCR increases the 1s.ensl i gb
fish to CCR {(Hopkins et al., 2002a). Moreover, the absence of a lethal resp y




Results of studies ol lethatity of CCR to aguatic animals, Tissue trice element concentralions were usually onmeasured or unreported in these

TABLEV

studies. When lissue burdens were measured, the reference is denoted by " and concentrations are included in Appendix Table IV

Species Exposure method Exposurc duraticn. Observed effect(s) Refcrence
Tnvertebrales
Amphipod Laboratory exposure Lo waler lrom 44 Low survival of eady Magnason et al,, 1981
ushpit drninage ditch instars compured to adulty
Shrimp Caged in xitu ut drinage bosin oudlow 5d L00% moertality Guthrie nnd Chery, 1976
Shrimp Caged in sint in driinage basin oulflow dilch 5d 100% mortality Guthrie and Cherry, [976
Sheimp Caged it site al confluence of onifiow ditch 5d 45% mortalily Gullwic and Cheny, 1976
and a creck
Odonates Cagred in site . drainage bastn outfow 5d 508 martality Guthrie and Cherry, 1976
Odonales Caged in sint in drainage busin outflow ditch 5d No mortality Guthrie and Cherry, 1976
Odonates Caged in sifir al confluence of oulllow 5d No mortudity Guilrie and Cherry, 1976
ditcl and a ereck
Craytish Caged i sim al drasinage basin oullow 5d No mostality Guthrie and Cheny, 1976
Cruyfish Cnged in sitet i drainage busin oulflow ditch 5d No muortnlity Gullrie and Cherry, 1976
Crayfish Caged in situ al confloence of oulflow dilch and acreek 54 No mortulity

Channel calfish
Channel catlish
Channel catfish
Moaosquilofish
Mosquitefish
Mosquitofish

Largemouth buss
Largemouth bass

_Caged in sitn ui dminage basin outlaw
Caped in sitet in drainage busin oulflow ditch

ish
5d
5d

Ciged & sine at confluenee of ovilow ditch and a creek 54

Caged in sine at drainege basin outflow
Caged i sim in drainage basin oulflow ditch
Cuged in sitn al confuence of outflow ditch
and acreek -

Caged iir situ al drainage basin oulflow

Caged in site in drainage basin ontflow divh

5d
id
5d

5d
5d

No mortality

No mortality
No ortality
40% monality
No mortality
No morality

20% mortality
Na mortaliLy

Gulhric and Cherry, 1976

Gulhrie and Cherry, 1976
Gullrie and Cherry, 1976
Guthrie and Cherry, 1976
Gutlute and Cherry, 1976
Gualhric and Cherry, [976
Gulhrie and Cherry, 1976

Guthrie und Cherry, 1976
Guihrie and Chenry, 1976

TABLEY .

Contimed.
Species Exposure method Exposure duration  Observed elfect(s) Reference - o
Lnrgelﬁoulh bags.  Caped in site at confluence of oalfow dilch and a creek 5d B No martality Guthrie and Cherry, 1976
Darlers Caged in situ at dminage hasin outilow 5d 100% mortality Guthrie and Cherry, 1976
Darlers Caged i sizi in drvinage basin outfiow dilch 5d 100% mortality Guthrie and Cherry, 1976
Darters Caped irr sine ot confluence of oulflow dilch aad a creek Sd 33% morlality Guthrie and Cherry, 1976
Largemouth buss,  Stocking of isolated coves of reservoir receiving 7d 1009 mortality Olmsled ef al., 1986
fingerlings coil ash elfluent with 200,000 fingerlings.
Channel catfish, Caged ir 5ite for exposure 1o ucidic scepage from 2wk Secrelion of proleclive Coutant ef al, 1978
Jjuveniles a coal ash pend mucus; 1% mortalily
Rainbow trout Expesure to different concentralions 96 hr Morlality at Caims and Cherry, 1983

ol suspended ash in static syslems sume-concen(ralions: no
discernible pstiern

Bluegill sunfish Exposure to different concentmtions 96 hr Mortality of 30 0 80% of Cairns and Cherry, 1983

Banded sculpin

Red car suniish,
embryos

Galdfsh, embryos

Lake chubsuckers.
Jjuveniles

of suspended ash in stalic systems

Released inle coul ash-impacted stream

2-3 yrs afier cessation of discharge into stream
Laboralory exposure to My ash eMoent dilutons
(water only)

Laboralory exposure to fly ash effinent
dilutions (water only)

Laboratory exposure la sediments from a CCR

Mulli-year

id

3d

1244

impacled site (ucontaminated water and food proviced)

individuats al [300-6000
ppm Total Suspended Sotids
No elfeets delected

100% martality o
uncliloted eRluent; 585
mortality in eMuent
dilied 10 109

43% morality in
undiluted efMuent. 24%
mortality in ctuent
diltexl 10 10%

255 mantality

Carrice and Ryaw, 1996

Birge, 1978
Bridge. 1978

Hoplins ef oi., 20006
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TABLE V
Contined.

Species

Exposure method

Exposure duration

Observed effect(s)

Refercuce

Luke chubsnckers,
juveniles

[ake chubsockers,
jurveniles

Lake chubsuckers,

juveniles

Leopard liogs,
embryos
Fowler's load, embryos

Snlnmunders
Salamanders

Sulamanders

Southern onds, larvae
Bullfrogs. embryos

Bulifrogs, embryos

Laboralory exposure 1o sedimenls fram a

CCR impacted sile {uncontaminated water
and food provided); Three ration levels provided

Laboratory exposure Lo sediments from o
CCR impacied site (unconinminated water
and food provided)

Ouldoor mesocosm exposure 1o sediments,
water, and [aod from a CCR impacled site

Laboratory exposure to [y ash eMucnt
{waler only)

Laboralory exposure o fly ash effluent
(wnler oniy)

Caged in sirt at drainage basin cutflow
Cuged in sitw in drainage basin owtflow ditch
Caged o sin at confluence of owllow ditch
and p creek

Cayed in sitn in CCR-ash setiling basin
Laboratory exposure to sediment and water
coliected from CCR-ush settling bagin
Lsboratory expesure ¢ sediment nnd

waler colfecled from drainage swamnp receiving,
efftuent from CCR-ush setlling basin

7|d

100 d

Amphibinns
2.5d

I3d

s5d
jd

5d

Enlire larval period (> 6 o),
Embryonic period

“4d

Embryonijc period

“@d

10% morinlily in lish
provided with medium and

high rations; 60% mortality in
fish provided wilh low mtions

17% mortality

T5% worlality

100% mortality in
undilused cfffuent
54% mortalily in
ondiluted effluent
1009 mortality
100% mortality

80% morlality

100% morrality

32% miortality (10%
mortulity in conlrols)
18% mortality (0%
morlality in controls)

Hapkins ef al., 200207

Hopkins, 20011

Hopkins, 200"

Birge, 1978
Rirge, 1978

Gutlwic and Chery, 1976
Guthre and Cherry, 1976

Guikeie and Cherry, 1976
Rowe er af., 2001a
Rowe, unpublished

Rowe, unpublished

TABLE V
Continued.
Species Expusure methad Exposurc duration Observed elfect(s) Reference
Bullfrogs, Laboratory cxposure Lo sediment und water  Embryanic period 7% mortality {46%  Rowe, unpublished
embryos/larvae  collected frome CCR-ash seuling busin and portion of mortality in controls)
larval perind (34 d total) :
Hullfrogs, Laboraory exposure [o sediment and waler  Embryonic peried 75% mortality (6%  Rowe, unpublished

embryosflarvae collecied drainage swamp receiving

Banded waler
snakes, adults
Banded water

cflluent from CCR-ash seitling basin

Fed fish vollected from
CCR-coptaminared sile
Fed fish collected from

snakes, juvenites  CCR-comtaminated sile

and portion ol larval
period (34 d tatal)

Reptiles
2yr

135 mo

mortalily in controls)

No mariality Hopkins ef «l., 2002a

No mortality Hopkins ef al., 2001
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organisms in acute or chronic tests should not be interpreted as lack of significant
biological effects of CCR. Individuals of many species interacting with CCR in
natural and artificial systems have been shown to respond sublethally, often in ways
in which individual fitness may ultimately be compromised.

4.2.2. Sublethal Effects of CCR

Sublethal effects of CCR have been observed in numerous invertebrates and ver-
tebrates in sites in the U.S. (Table V1, Appendix Tables III and IV). Studies have
shown that severa] invertebrates experience changes in dispersal and metabolic pro-
cesses (Table VI), Fish have been shown to exhibit numerous subletha] responses
upon exposure to CCR and accumulation of trace elements. In Little Scary Creek,
WYV, a system receiving outflow from a CCR retention basin, bluegill sunfish ex-
perienced decreased liver weight and white blood cell counts, and elevated serum
levels of sodium, potassium, and chloride, although condition factors and general
morphology appeared normal (Table VI, Reash et af., 1999). Perhaps the most
frequently observed sublethal effects in fish exposed to CCR, however, are ab-
normalities in developing larvae and histopathelogical changes in adults. Bluegill
sunfish in Hyce Reservoir that were shown to accumulate Se in ovarian tissues
{Appendix Tahle II} produced edamatous larvae which eventually died (Table VI;
Gillespie and Baumann, 1986). Also in Belews Lake, NC and other systems, fish
have been observed to produce edematous larvae, as well as fo experience numer-
ous histopathological changes (Tzble VI). In some cases, abnormalities in larvae
were associated with reproductive failure and population declines (Section 4.3).
In one CCR-contaminated system in particular (Martin Creek, TX), thorough his-
topathological surveys have revealed widespread changes in native fish associated
with accumulation of Se. An overview of findings from histopathological studies in
the Martin Creek system is presented in the following case study. In a CCR disposal
site on the Savannah River Site, SC, numerous taxa have been shown to respond
sublethally to multiple trace elements accumulated from CCR-contaminated sed-
iments, water, and food. The Savannah River site is the subject of a second case
study regarding sublethal responses to CCR,

4.2.3. A Case Study of Selenium Accumulation from CCR and Sublethal
Responses by Fish: Martin Creek, TX

Mertin Creek Reservoir is a 2000 ha cooling water reservoir used by a coal-fueled
power plant operated by the Texas Utilities Generating Co. The reservoir, con-
structed in 1974, is located on Martin Creek, Texas, a tributary of the Sabine River.
In September, 1978 the utility company began discharging effluents from two fly
ash settling ponds into the reservoir {Sorensen ef al., 1982a). Shortly thersafter,
fish kills in the reservoir were observed (Garrett and Inman, 1984), In May, 1979,
approximately 8 months after effluent release had begun, discharge of the effluents
into Martin Cresk Reservoir ceased. The Martin Creek site provided a unique op-
portunity to examine the magnitude of biclogical changes that can occur foliowing

Sublethal effects of CCR associated with trace element body burdens

Ity Andim!

‘Gxpeiire methods arenoted. Trace élement coficentati

exposed 10 CCR. For experimentally exposed organisms;

lethal effects is compiled in A'pp.ehdlx Tubles 11 fa V- -

for systems in which case histories are presented. If known, the specific tissue(s) in which trace elelments were meagured are provided. NR

expressed as ppm dry mass ‘DM’ or wet mass “WM’. Additional information on sob

below detection limit. Decimal places reflect those presented by the original authors. Scientific names for species

examined are provided in Apperdix Table [

nol reporled, BDL

Observed effeci(s) Site (reference)

Pb Se

Cu

cd Cr

As

tissue onalyzed

Species,

protacol

Tnveriebrates

Rocky Run Creek, WI

(Websler ef al., 1981)

- Reduced downstream

NR NR NR

Amphipods; held for 2din  NE NR  NR

laheratory slreams
conlining CCR

movements

{Websler er ol., 1981)

Reduced dowasirenm  Rocky Run Creek, W1

NR NR NR

[sopods; held for 2d

NI NR NR

movements.

in Inboratory streams
containing CCR

(Magnuson ef afl., 1981;

NR NR 0D6-18 NR NR 04 Reduced metabolic rie  Rocky Run Creek, WI

Craylish, musclc (DMY;
caged for 62 d in ashpit

Forbes er af,, 1981)

(Magnuson & af., 19815
Forbes e/ o, 1981}

NR NR 56-6.2 NR NR 3.6325 Reduced melabolic rale RuckyRun Creek, WI

4
g
2
2
g
a
=
=2

(DM); caped for 62 d in
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WI (Magnusen ¢f al., 1981

Farhes ef al., 1981)

fteduced metabalic rate Recky Run Creek,

05-0.8 N NR 0.2-04

NIt

NR

muscle (DM);

Crayfish,

caped for 62 d in

ereck receiving elfluent

from ashpil drainape dilch




TABLE VI
Continyed.

Species, tissue onalyzed Se

Observed effect(s) Sile (reference)

for conlaminants;
protocol,

Crayfish, hepalopanereas 29-121 Reduced metabolic rale Rocky Run Creek, WI
(Div): caged for 62 d in (Magnuson et af., 1981;
creek receiving elMiuent Farbes ef &l 1981)
from ashpil drainage diich
Green sunfish, skelela) NR NR NR NR NR 129 Decreased hemalocri, Delews Lake, NC 2]
muscle (WM); field increased conditwn factor (Sorensen ef al., 1984) r
collected snd hepatnpancreas-io-bodyweighl g
ratia due to edema, histologieal ﬁ
abmormalities {liver, kidney, F—r‘
gill, heart, ovary) E'_’.
Green sunlfish, Liver NR NR NR NI NR 214 Decreased hematocrif, Belews Lake, NC )
(WM): field collected inereased condition faclor (Sorensen ef of., 1984)
and hepatopencreas-lo-bodyweigh
ratio due lo edema, histologicul
nbnormalifies {liver, kidney,
rill, heart, ovary)
Falhead minnow, whole NR 02 NR 6 NR NR Decrensed sensitivity (o Harrodshurp, KY, ash seilling
body (WM}, field metals in acute exposures pond (Bepson and Birge, 1985)
collecled - . .
Falhead minoow, internel  NR 0.7 NR 19 NR NR Decreased sensilivity 1o metals Hurrodsburg, KY, ash settking
organs (W), field in scule exposures, perhaps dus pond {Benson and Birge, 1985)
collected 10 metallothionein praduction

: Tf\‘BL A
w Couttnudd. -

Specics, tissue annlyzed  As Cd cr Cu = Pb Se . Observed effect(s)
for contaninanls;
protocol g
Fathead minnow, gills NR 04 NR 1.7 NR NR . Decreased sensitivily 1o metals  Harrodsburg, KY, nsh setding a
(WM): field collecied in ucute exposures, perhaps due  pond {(Benson and Birge, 1983) E
Lo metnllothionein production 9
Bluegill, liver 34 42 35 335 NI 538 Leukopenia, elevaled serum Little Scary Creek, WV (Reash a
(DM}, ficld collected ' salls, decrf_aseﬂ liver mass er.m'., 1999) . ' 9
Bluegill, avary 0.6 Q. 23 5.8 NE 234 Leukopenia, elevated senom Little Scary Creek, WV (Reash -
(DMY; field collected salls, decreased livey mass er.ar.‘ 1999) w %
Dluegill, 1estes (DM); il 0.6 3 78 NR 24.5 Levukopenia, elcv-:m:d scrflm LllllEr ScaryIC;:e;;. A 5
field collected salls, decreased liver nass (Rcash er of., ! ) %
Bluegill, curcass {(WM);,  0.05-011 0007-001 NR 0D36-0.99 005-026 6.90-720 Reproduciive failme Hyco Reservoir, NC %
field coliecied - (Gillespie and Buumann, 1986) &
Biuegill larvae, whole NR . NR NR NR NR 28.20 Edem; and reduced larval Hyco reservoir, NC (Gillespie ‘.?1
hody (DM), larvac ’ survival and Baumann, 1986) é
derived from crosses =
of adulis from 8 =
CCR-contaminated site . E
Bluegill fingerlimgs, <001-003 NR NR NR _NR 0.6-34 Erratic swimmlr!g, Belews Lake, NC (Olmsted 8
musele (WMY; caged for c)}ophlhn]min, abdominal el al, 1980) g
& din lake receiving CCR . distention
Bluepill fingerlings, <0.02-0.20 NR NR NR NR 34675 Ermratic swimming, Belews Lake, NC (Olmsied

viscera (W), caged
for 8 d in Inke
receiving CCR

exophthalmia, abdominal
distentjon

o al.. 1986)

[
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i
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TABLE VI

Contimied.

SHe (reflerence)

Observed effecitds)

Cd Cr Cu  Pb Se

As

Species, tissue analyzed

Tor eontuminnnis;

prolocal

Edema, lood avoidance.

Belews Lake, NC
{Finley, 1985}

NR NR NR 7.503-7.936

NR

NR

Bluegill puveniles,

histopathological chanpey

muscle (WM); Fed

inverlebrales collected
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from CCR-conlamvinaled

lake for 44 4

Belews Lake, NC
(Finley, 1985)

Edemy, lood awidance,

NR  NR NR 6986

NR

NR

Bluegill juveniles, liver

histopathological chanpes

(WM); Fed inveriehrates

collected from

CCR-contaminated lake

for 44 d

Food avoidance, decreased
growth and condition. faclor,
histopathological changes

8

NR

NR NR

NR NR

Striped bass' musele

{Coughlun and Velie, 1989)

(WM); fed fish collected

from CCR contaminated luke

Birds,

111

Marlin Creek Reservoir,
TX (USDi, 1988)

NE NR NR NR NR Reduced hiching success

Red wiiig blnckbirds,

.. oaps (DM}

# Tissiie ¢onceniration reporicd for aninals havig

durations.

g died from day 12 to day 78, ond therefore reffect a range in actual exposure
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a rather brief period of CCR inputs (8 mo), and the ensuing recovery period. In this
case study, we will focus on examinations of sublethal, histopathological changes
observed in fish in Martin Creek Reservoir. Population-level studies in this system
will be addressed in Section 4.3.

In 1977, one vear prior to ash effluent discharges into the reservoir, fish sampling
efforts were initiated by the Texas Parks and Wildlife Department and sampling
recurred for three years after the discharge of coal ash effluents (1979-1981; Gar-
rett and Inman, 1984). During the same month that discharges began, dissolved
Se concentrations of Martin Creek Reservoir reached 2.2 to 2.7 ppm (Table III;
Garrett and Inman, 1984). Associated with Se in water were high tissue Se concen-
trations and a variety of histopathological abnormalities in fish (Table IV, Appendix
Table TII). Livers of fish sampled from Martin Creek Reservoir in 1979 exhib-
ited & number of alterations typical of Se poisoning (Appendix Table IIT). Such
hepatic alterations included focal necrosis, granular cytoplasm, abnomrmally high
densities of Kupifer cells, and general disorganization of the hepatic architecture
(Sorensen ef al., 1983a). Kidneys of green sunfish also showed necratic cells in
the convoluted tubules, proliferative glomerulonephritis, and hematuria (Sorensen
ef al., 1982a). Because of high concentrations of Se and observations that other
measured trace elements (Zn, Cu, Hg, Ag, Mg, Cr) were not elevaied in tissues,
the authors concluded that Se was the likely cause for observed histopathological
chenges (Sorensen et al., 1983a; Garrett and Inman, 1984).

Studies conducted in 1980 and 1981, two to three years after the discharge of
CCR effluent into Martin Creek Reservoir had ceased, revealed that histopatho-
logical changes persisted in numercus organs in sunfish. Although there were no
abnormalities found in stomach, spleen, gili, or heart of red ear sunfish, the kid-
neys, liver, and gonads were characterized by a number of abnormalities similar to
those previously reported for green sunfish (Sorensen ef al., 1983b). Livers having
approximately 20 ppm Se (wet mass) were necrotic, displayed reductions in rough
endoplasmic reticulum and glycogen particles, and had increased densities of lyso-

. somes (Sorensen ef al., 1983b). Red ear sunfish zlso displayed proliferative glom-
erulonephritis in kidneys and hypertrophy of pancreatic tissue (Sorensen ef al.,
1983b). Ovaries of several red ear sunfish exhibited an abnormally high incidence
of atretic follicles, but testicular abnormalities were not observed (Sorensen et al.,
1982b). Green sunfish exhibited similar abnormalities in liver, kidneys, and ovaries,
‘and additional abnormalities in myocardium and gills. Dramatic increases were
observed in inflammatory cells in cardiac tissue. Gills were heavily vacuolated and
had lamellae up to six-times thicker than those of reference fish (Sorensen et al.,
1982b).

Whereas the discharge of CCR effluents into Martin Creek Reservoir [asted only
about 8 months, recovery of the system took several years. One year following
effluent discharge, gizzard shad had muscle Se concentrations as high as 7.3 ppm
(wet mass), which declined to about 2.9 ppm by the third year after discharge
(Garrett and Inman, 1984). From 1978 to 1982, other species such as commeon carp

.
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and largemouth bass exhibited similar decreases in muscle Se concentrations {from
9.0 10 3.6 for carp and 8.3 to 3.8 pprn for bass; Garrett and Inman, 1984). However,

some species retained high tissue Se concentrations over time, despite the cessation

of CCR inputs to the system. For example, red ear sunfish sampled in 1986 (7
years after CCR input had ceased) still had hepatic Se concentrations of 7.6 pPm
wet mass, exhibited lower condition factors than reference fish, and continued to
exhibit histological alterations in the hepatic architecture similar to those observed
in earlier surveys (Appendix Table III; Sorensen, 1988). In addition, mature red
ear sunfish showed histopathological abnormalites in ovaries suggestive of overall
reproductive impairment. Sorensen (1988) concluded that overall health of red ear
sunfish in Martin Creek Reservoir remained poor, even 8 years following a brief (8
month) release of CCR into the system,

Studies of the fish assemblage in the Martin Creek system demonstrated severe
and widespread changes in tissue morpholozy which appeared to be primarily re-
lated to availability and accumulation of high concentrations of Se derived from
CCR inputs. However, the complex chemical nature of CCR suggests that in many
systems, a single contaminant such as Se may not he responsible for biological
changes (e.g. Tables I to IV?). Rather, the combined effects of multiple eccumulated
elements may lead to numerous changes in individuals that could compromise indi-
vidual fitness or health (Rowe ez af., 2001c). The following case study surnmarizes
research conducted to examine subletha] responses of biota upon expaosure to, and
accurnulation of, multiple trace elements derived from CCR..

4.2.4. A Case Study of Accumulation of Numerous Trace Elements Jrom CCR and
Sublethal Responses by Numerous Taxa: D-Area Facility, Savannah River
Site, SC

Perhaps the most studied site in the U.S. with respect to aquatic CCR is the dis-

posal system associated with the D-Area Power Facility on the U.S. Depattment of

Energy’s Savannah River Site near Aiken, South Carolina, Beginning in the 1970s

and continuing today, investigators have studied chemical, physical, and biological -

features of the aquatic environments in the D-Area CCR disposal basins and down-
stream habitats. At the D-Area site 2 70 MW, coal-fired power plant discharges
sluiced fly and bottom ash into a series of open settling basins. The configuration
of the system since the late 1970s has entailed use of twa settling basins and a
drainage swamp. Sluiced ash is pumped into a receiving ditch which empties into
primary (15 ha) and secondary (6 ha) settling basins. A continuous flow of surface
water exits the secondary basin where it enters a 2 ha swamp. Discharge from
the swamp enters Beaver Dam Creek, a inbutary of the nearby Savannah River,
Sediments throughout the disposal system are elevated in-numerous CCR-related
trace elements (Table IT). In addition to the elements presented in ‘Table 11, water,
sediments, and biota in the D-Ares site have elevated concentrafions of Al Ba,
Fe, Hg, Mn, Sr, V, and Zn (Cherry er al., 1979a and b; Guthrie' and Cherry 1979;
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Alberts et al., 1985; McCloskey and Newman 1995; McCloskey er af., 1993; Rowe
et al., 1996; Hopkins ef al., 1998).

Plants and animals inhabiting the besins, drainage swamp, and Beaver Dam
Creek accumulate high concentrations of trace elements such as As, Cd, Cr, Cu,
and Se (Table IV). Particularly elevated in amphibians, reptiles, and invertebrates
are As and Se, considered to be among the most toxic trace elements to developing
organisms (e.g. amphibians; Herfenist et al., 1989). For example, larval bullfrogs
developing in D-arca and those individuals that successfully metamorphosed and
dispersed from the site had whole body concentrations of As and Se that were 8-20
tirnes the concentrations found in larvae from reference sites (Table IV; Rowe er al.,
1996; Hopkins er al., 1999a). Banded water snakes, which feed on con_tgminated
fish and amphibians in D-area, accumulated the highest tissue concentrations of As
and Se yet reported for a reptile (Table I'V; Hopkins et al., 1999a). Moreover, accu-
mulation of trace elements was not limited.to aquatic and semi-aquatic species. The
southern toad, a terrestrial amphibian thet congregates at the contaminated aguatic
habitat seasonally for reproduction, has also been found to rapidly accumulate As
and Se from the poliuted habitat (Table IV; Hopkins ez al., 1998). _

While several studies have shown population-level changes in mvertebrates in
the D-Area system (Section 4.3), several invertebrates have been examined_for
s'peciﬁc sublzthal effects of CCR exposure on physiology and growth. Grass shnmp
caged, in situ in the D-Area settling basin for 8 mo experienced standard metabolic
rates 51% higher than shrimp caged in an unpolluted pond (Appendix Table IV).
Such increases in metabolic expenditures may reflect energetically costly processes
inveoked in response to contaminant exposure and accumulation, anq are prediclted
to ultimately detract from portions of the energy budget assaciated with production
(e.g. energy storage, growth, or reproduction). The relationship between standard
metabolic costs and production was sxamined in another crustacean, a crayfish, ex- .
posed chronically to CCR. Crayfish captured in D-Area had much higher standard
metabolic rates than did crayfish collected from an unpolluted site. Crayfish collec-
ted from unpolluted sites and exposed for 50 d to sediments and food collected fr‘om
D-Area also experienced initial increases in metabolic rate, and over the duration
of the experiment, suffered reduced growth rates compared to centrols {(Rowe er

- al, 2001b; Appendix Table IV). Results from this laboratory study are consistent

with the prediction that CCR-derived elevations in metabolic expenditures may
ultimately be respensible for reductions in production processes such as growth.
Interestingly, the phenomenon of abnormally high metabolic rates in response to
chronic exposure to CCR in the D-Area site has been observed in two_vertebratcs
as well, suggesting that similar physiological respenses to CCR are invoked by
several, taxonomically distant species (Appendix Table IV; Rowe er al., 2001b).
Several species of fish have been shown to accumulate contaminants from the
I>-Area site (Table IV; Appendix Tzble IV). However, only the lake chubsucker
has been extensively examined with respect to sublethal changes in physiology or
performance (Appendix Table IV). Recent work on lake chubsuckers indicated that
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critical swimming speed (U, ) and burst swimming speeds were greatly reducad
in fish experimentally exposed 10 CCR (Appendix Table IV). After 3 months of
exposure to CCR under conservative laboratory conditions, fish exposed to the con-
taminated sediments exhibited & 50% reduction in mean Uy, values (from 47.91 to
24.02 cm sec™'; Hopkins er al., 2003). Moreover, the typical relationship between
" Ugry and body mass was reversed in fish exposed to CCR. Instead of larger fish hav-
ing higher Uqg,, the smallest CCR-exposed fish actually performed best, suggesting
that exposure to CCR induced tradsoifs between growth and performance. Burst

swimming speeds were also affected by CCR exposure, with reductions becoming

exacerbated as sprint distance increased (Hopkins er al., 2003). Additional exper-
tmental exposures of chubsuckers to CCR indicate that growth, fin. morphology,
lipid storage, and metabolic rates can be adversely affacted by CCR depending on
the duration and conditions of exposure (Hopkins et af., 2000, 2002h; HOP](]I]S
2001; Appendix Table IV).

Much research on sublethal responses of animals to CCR in the D-Area site has
been conducted on amphibians. Numerous sublethal effects have been reported
in amphibians inhabiting, or chronically exposed experimentally to, conditions
in the D-Area site, including changes in morphology, behavior, energetics, and
endocrinology (Appendix Table IV),

Studies conducted recently in the D-Area site have demonstrated frequent ac-
currence of morphological abnormalities in larval bullfrogs (Appendix Table IV).
Up to 96% of larval bullfrogs captured in D-Area exhibited zbnormelities of the
oral structores, including absence of grazing teeth or entire tooth rows and ab-
normal morphology of labial papillas (Rowe et al., 1996). When embryos were
transplanted from a reference site into the D-Area settling basin and held for 80 d
post-hatching, aver 97% of larvae expressed oral abnormalities, compared to less
than 1% in an unpolluted site (Rowe er al., 1998a). Cral abnormalities chahged
the feeding ecology of the affected individuals, limiting their feeding niche and
subsequently reducing growth rate when heterogeneous sources of food were un-
available (Rowe er al., 1996). Axial malformations in the tail region (scoliosis)
have also been observed in larval bullfrogs in the D-Area site (Appendix Table
V), Thirty seven percent of bullfrog larvae captured in D-Area exhibited ‘sceliosis
of the tail, whereas such malformations were rare in nearby unpolluted reference
sites (< 3% overall; Hopkins e al., 2000a).

Abnormal swimming behaviors by larval bullfrogs have been observed in anim-
als captured from the D-Area site (Raimondo er al., 1998; Hopkins ez af,, 2000a). In
farval bullfrogs experiencing scoliosis, swimming speeds were redueed -compared
to animals from the same site which lacked the spinal malformations (Hopkins
et al., 2000a). Moreover, larval bullfrogs from D-Area that did not have scoliosis
had decreased swimming speeds and were less responsive to physical stimuli when
compared to larvae from an unpotluted reference site (Raithondo ez.al, 1998),
In experimental mesocosms, larval bullfrogs from D-Area were more frequently
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preyed upon than were bullfrogs from an unpelluted site (Raimondo et al., 1998),
suggesting a relationship between altered swimming behaviors and predation risk.

Abertant behaviors were also observed in adult southern toads exposed ta coal
ash (Hopkins er al., 1997). Male southern toads inhabiting the margins of a coal ash
settling basin displayed breeding behaviors (vocalizations, posturing, selection of
conspicuous microhabitats) for over one month beyond the typical breeding peried,
during which time females were unresponsive to male advertisements. These dis-
rupted breeding cycles, which coincided with modified circulating hormone levels
that regnlate male reproductive behaviors (discussed below), were not chserved in-
other local populations of toads (see below; Hopkins ef al., 1997).

Energetic changes. similar to those observed in grass shrimp and crayfish were
also observed in larval bullfrogs in D-Area. Larval bullfrogs captured from D-Area
had metabolic rates from 30 to > 100% higher than did bullfrogs in uncentaminated
sites. A transplant experiment with embryos from different populations indicated
thar increased metabolic rates were induced by environmental conditions in D-
Artea, but were unrelated to the population from which embryos were derived (Ap-
pendix Table TV; Rowe et al., 1998b). As with crayfish which experienced reduced
production of tissue (i.e., growth rates) when metabolic rate was elevated (Rowe
et al., 2001b}, bullfrogs from D-Area appear to have lower production of lipid
reserves at metamorphosis, perhaps a result of elevated metabolic expenditures due
to CCR exposure (Appendix Table IV; Rowe and Hopkins, unpublished). However,
controlled experimental work is required to verify the relationship between lipid
reserves and metabolic rates in D-Area bullfrogs.

In adult southern toads in D-Area, changes in endecrinological traits have been
observed, Adult male toads inhabiting the site exhibited increased circulating levels
of adrenal stress hormones znd androgens (Hopkins et al., 1997). Circulating hor-
mone levels were elevated under seasonal and behavioral circumszances in which
hormones should have been at baseline levels, coinciding with aberrant calling
behaviors discussed previously. In addition, adult toads collected from a reference
site and transplanted to D-Area exhibited a pronounced adrenal stress response
{Hopkins ef al., 1997; Hopkins er al., 1999b). Toads chronically exposed to CCR
in D-Area were less efficient at responding hormenally to direct additional stim-
ulus of the corticosteroid producing axis (Hopkins er al., 1999b). The abserved
inability to respond to the stimulus indicates that the normal stress response might
be disrupted and that approprizte responses to additional environmental stressors
may be impaired (Hontela, 1998).

Although much research in the D-Area site has focused on sublethal responses
of animals to CCR, lethality has also been observed, reflecting either direct toxicity
of CCR to the study species, or indirect effects that led to mortality via CCR effecis
on resources. Southern toads transplanted as embryos into the D-Area site and
an unpolluted area had no differences in survival through the embryonic period;
yet exposure to coal ash during the ensuing larval period resulted in mortality of
100% of study organisms prier to metamorphosis (Table VII; Rowe et al., 2001a),
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Larval mortality was associated with extremely low resource abundance in ID-Area,
and very high trace element concentrations in available resources. It thus appears
that effects of CCR. on D-Area toads probably reflected a combination of direct
toxic action and limitation of resources (Rowe er al., 2001a). Moreover, the low
recruitment of toads in D-Area suggests that the aduit breeding population is made
up of immigrants from nearby uncontaminated sites. In such a way, this CCR-
contaminated site may act as a population sink, attracting migrants from nearby
populations that use the site for breeding, resulting in reproductive failure (Rowe
et al., 2001a).

Reptiles and birds in D-Area have also been examined for sublethal effects or
maternal transfer of CCR-derived contaminants to offspring. Banded water snakes
captured from the D-Area drainage swamp had higher standard metabolic rates
and hepatic trace element concentrations than did snakes capture in uncontamnin-
ated sites {Appendix Table IV, Hopkins er al., 1999z}, Laboratory feeding studies
confirm that snakes from the D-area site accumulate much of their trace element
burdens from dietary sources. Snakes fed fish collected from D-area for 1-2 years
accumulated significant quantities of As, Cd, Se, Sr, and V in target organs (liver,
kidneys, and gonads; Hopkins et 4., 2001, 2002a). However, trace slement con-
centrations were much lower in laboratory-exposed snakes compared to snakes
collected from D-area, suggesting that longer periods of exposure and/or other
routes of exposure are encountered by snakes under natural’ conditions (Hopkins
et al., 1999a, 2001, 2002a). Although snakes with lower body burdens of trace
elemnents did not exhibit changes in metabolic rates, approximately one third of the
snakes experienced significant tissue damage. Liver fibrosis was the most prevalent
pathelogy, involving proliferation of collagen fibers that resulted in narrowing or
occlusion ¢f sinusoids and increasing the mass of the intersinusoidal parenchyma
(Rania and Hopkins, unpublished).

Turtle, alligators, and birds inhabiting the vicinity of the D-Area basins and
drainage swamp have been found to accumulate several trace elements and transfer
some contaminants, primarily Se, to developing offspring (Appendix Table I'V).

Hatchling slider turtles derived from D-Area females experienced reduced meta-’

bolism compared to reference animals, although other traits compared between
the groups did not differ Hatchling alligators from nests constructed by female
residents of D-Area have also been found te receive Se via maternal transfer, as
have hatchling common grackles. Potential biological ramifications of maternal
transfer of Se to hatchling alligators and grackles have not yet been identified.
The observed sublethal effects of CCR in znimals in D-Area, Martin Creek,
and other systems illustrate that numerous traits in individuals can be substantially
modified following chronic exposure to, and accumulation of, contaminanis asso-
ciated with CCR in aguatic systems. However, to ¢xamine the potenitial ecological
importance of CCR in aquatic systems, it is necessary to consider the ways that
animal populations and inter- and intra-specific interactions among componernts
of natural communities are modified in CCR-contaminated - systems. :Ecological

ECOTOXICOLOGICAL IMPLICATIONS OF AQUATIC DISPOSAL 247

changes in response to CCR contamination of aquatic habitats will be considered
in the following section.

4.3. BECOLOGICAL EFFECTS oF CCR

4.3.1. Population and Community Responses to CCR

The research summarized thus far was directed primarily at examining sources, ac-
cumulation, and effects of CCR-related contaminants on individuals in aguatic sys-
terns. However, higher-order, ecological processes have also been found to be mod-
ified as a result of CCR discharge into aquatic systems, Here we present overviews
of research in which modifications to animal populations, interspecific interactions,
and the structure of aguatic communities have been linked to contamination of
aquatic- habitats by CCR. ‘

Studies in Rocky Run Creek, WI, examined effects of CCR effiuents on popu-
lations and communities of benthic organisms. Dissolved Cd, Cr, and Cu concen-
trations were clevated as a result of disposal of CCR in an ashpit draining into the
creek. Invertebrates accumnulated trace elements and exhibited sublethal changes in
metabolism (Tatle TV). Moreover, effects on invertebrate diversity and sbundance
were observed (Table VII). Surveys of aquatic invertebrates were conducted prior
to and during the period of CCR inputs at sites upstrean and downstream of the
discharge arca. Abundance and diversity of invertebrates within the ashpit drain-
age decreased after CCR inputs began, and over time a pattern emerged in Rocky
Run Creek such that diversity and density of invertebrates were greater as distance
increased from the discharge area (Table VII; Forbes ¢7 al., 1981; Magnuson ef al.,
1981). Similar effects of CCR on invertebrate abundance or diversity have Been
observed elsewhere as well, including the D-Aree site in SC, and, in an offshore
CCR dispasal site in the United Kingdom (Table VII).

By adversely affecting the abundance, diversity, and/or quality of food resources,
CCR also has substantial indirect effects in higher trophic level consumers. In the
ashpit drainage in the Rocky Run Creek site, fungal decomposition of detritus was
extremely Jimited, reducing the quality of detrital material available to grazing
invertebrates, perhaps explaining the reductions in diversity and density of benthic
invertebrates in the system (Table VII; Forbes and Magnuson, 1980). Similarly,
extremely low periphyton abundance in the D-Area site may have bsen partially
responsible for high larval mortality rates in southern toads (Table VII; Rowe et al.,
2001z). Likewise, benthic fish relying on low quality invertebrates from a CCR site
exhibit higher mortality rates and greater reductions in growth than fish exposed to
CCR with high quality resource pravisions (Hopkins, 20G1).

Ecological changes as a result of CCR inputs to aguatic system have been mMost
thoroughly studied for populations and communities of fish inhabiting lacustrine
systems receiving CCR. Lemly (1985a) suggested that extirpation of largemouth
bass in Hyco Reservoir, NC resulted from reproductive effects associated with
accumulation of Se {(e.g. Appendix Table II). In the same system, severe reductions




TABLE V11 .
Ecological (population or community) effects of CCR associaled with trace element hody bordens in animals collecied from
CCR-contaminated sites or experimentally ¢xposed 1o CCR. Trace element concentrations are means or ranges expressed as ppm
dry mass ‘DM’ or wel mass “WM’. Additional information on population effects in Lhe Belews Lake, NC site is provided in
Appendix Table V. 1T known, the specific lissue(s) in which trace elelments were measured are provided. NR = not reposted. BDE
= below deleclion limit. Decimal places rellect those presented by the oniginal aulhors. When possibie, scicotific names lor all
species examined are provided in Appendix Table 1

Species. lissue analyzeq Ax Cd O Cu Sile (reference)

far contaminants; protacal

Fungi deprading sugar
maple leaves; leaf paeks
ploced in ashypit dminage
ditch for 96 d

Benthic inveriebrates;
enumeraled on arteficial
substrales

Odonate, imuscle (WM);
fietd collected

Crayfish, abdeminal
muscle (WM); field
callecled

Gastropel, whole body
(WM); ficld collecled
Chirengmid, whole body
(WM); field collected
Odonale, imuscle (WM);
lield collecled

NR

NR

1.20

NR

NR

343

Tungi
NR NR

Inverichrates

NR NR

33.8-30.1 C 442

26.3 4.4

303 1.2

56.0 NR

26.84 248

Pb  Se Observed ellecl(s)

Reduced funpal colonizistion
of leaves and reduced
decomposition by delritivorous
inverichrales

Abundance nnd diversity
increased with distance

awiy trom CCR inpust
Decreased population density

Decreased population density

Decreased population densily
Decreased popnlation density

Decreased population density

Rocky Run Creck, W1
(Forbes and Magnuason, 1988)

Rocky Run Creck, Wi
(Forbes er af., 1981,
Magnuson ¢ al., 1981)
D-Aven Facility, SC (Cherry
et al., 197%)

D-Area Fucility, SC (Cherry
et al., 1979a)

D-Area Facility, SC (Chery
etal., 1Y79a)

‘D-Area Fucility, SC
(Cherry ef al., 1979a)
D-Aren Facility, 5C
(Cherry er at., 1979b)

Species, lissve analyzed

for contaminants; prntm:él

IV L3 30 17D

Odonate, muscle (W), Decreased population densily  D-Area Facilivy, SC (Cherry §

field collecled et al.. 1979b) 8

Crayfish, ubdominal 136 1563 7.66 1931 NR 720 Decreascd population density  D-Area Facility, SC (Cheny E

musele (WM); er'af., 1979b) 9

lield collecied 8

Chironumid {W); 1.93 L.I5 3827 5000 NR 0.70 Decreased populition density  D-Asea Facility, SC (Cherry o

field eollected . a ai., 1979b) 5

Benthic marine NR NR NR NR NR NR Decreased nbundsnce and Northumberland Coast, U.IC 2

macrofauna; fickl diversily; possibly related 1o (Bamber, 1984) E ‘

collecled physical characterisiics af ash Q

»6! i

Fish &

Mosquitofish, caudal 20 NR  NR 15 NR 92 Drecreased population density  D-Area Facility, SC (Cherry EE,‘

peduncle nuscle (WD, et ef,, 19790) 5

fiald collected s

Largzemouth bass, aclutt NR NR NR NR NR  3.8-8.3" Reduced reproductive success  Mmiin Creek Reservoir, TX g

muscle (WM, liek and population Ouetuntions (Gaurett and Tnman, 19843 <

collectel 5

Channel calfish, NR NR NR NR NR 2.746" Reduced adult biomass Marlin Creek Reservpir, TX 8

adult, muscle (Wh); {(Gomey and Iaman, [984) '?‘

lield collected

Givzard shad. adult, NR NR NR NR NR 2.9-7.3" Population decline Martin Creck Reservoir, TX

musche (WM} ficld
collected

{Garrelt ad Inman, 1984)

e



TABLE VII
Continned.

Species, lissue analyzed
for conlaminanls; pretocol

Pb

Se

Qbserved ellect(s)

Sile (reference)

Common carp, adull,
musele (WM); field
celleeted

Lang car sunfish,
adull, muscle (WM):
field collected
Bluegill, adult, muscle
(WM}, fictd collccled
Red ear sunish,

adull, muscle (WM);
field collecled

Spatlall shiner, adult,
whole body {DM);
field colleeied

Brown bullhead, adull,
whole bady (DMY,
field caliected

Brown bullhead, young

BDL-L.5

of the year, whole
body (DM); field
collected
Yellow perch, ndull,
" whole body (DM),
field collected
White bass, yeorling,
whole bady (DM);

BDL-A4 BDL-7.2

ficld collecied
R

A

NR

BDL-3E0 NR

NR

NR

3.6-9.17

Population decline

Topulation decline

Population decline
Populution decline
Decreased fish abundance;
Decreased prey abundance

Decrensed prey abundonce

Decrensed prey abundance

Decsensed prey abundance

Decreased fish shundance;
Diecreased prey abundance

Mavlin Creek Reservoir, TX
(Garrett and Inman, 1984)

Marlin Creek Reserveir, TX
{Gamell and Ininan, 1984)

Martin Creek Reservoir, TX
(Garreztt and Inman, 1984)
Manin Creek Reserveir, TX
(Giareld and Inman, 1984}

Whiting Power Planl, Weslern
Shore Lake Brie (Hatcher e af., 1992)

Whiting Power PlanL, Westem
Share Lake Erie {Halcher et af., 1992)

‘Whiting Power Plant, Western
Shore Lake Erie {Halcher ef al., 1992)
Whiting Power Planl, Weslem

(Shore Lake Erie (Hatcher ef #f., 1992)

Whiting Power Planl, Western
Shore Lake Ene {Hatcher et al., 1992

f TABLE VI
i Continued.
5
Species, Llissuc analyzed As Cd Cr Cuo Pb  Se Observed effeci(s) Sile (reference)
fer contuminants; protocol
Amphibians

Bulllrogs, larvac; raised

mn CCR selling basin

untl 60 d eld prior

lo exposure (o predalors in
meSOCasg

NRE NR NR NR NR .NR Increased susceplibilily lo predalicn

D-Area Facility, SC
{Raimontlo ef al., 1998)

TV L3 304 1D

NR NR NR NE Nﬁ NR  1{}0% morlality associated wilh scvere D-Ares Facility, 5C
reductions in resource {periphyton) abundance;  {Rowe ¢f al., 2001a)

Soulhesn loads, larvae;
hatehed ond ruised in
CCR sellling basin
through melamosphosis

polential for contaminated sile -
1o uct #s a sink labitt Jor loeal populations

1 Range in concentrations reflects values obtained one year following an 8 month period of CCR discharge inlo reservoir (high
value; 1980) and vilues ebtained two years later (low value; 1982) lo cxantine recovery of the system.
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in populations of the bluegill appear t6 have resulted from femnale transfer of Se
to offspring, leading to edamatous larvae which were unable to survive the latval
pericd (Table VI; Gillespie and Baumann, 1986). ‘

In Martin Creek Reservoir, TX, populations of several fish were reduced coin-
cident with a relatively brief period of CCR inputs (8 mo; Table VII). The changes
in abundance of different species of fish resulted in overall changes to the com-
munity structure of the systemn, which remained for at least three years after CCR
inputs had ceased (Garrett and Inman, 1984). Different trophic levels responded
differently, with planktivorous and camivorous fish experiencing severe reduc-
tions in total biomass, and ommivorous fish (such as common carp) increasing
somewhat in biomass following effluent relsase. Three years following the effluent
release, planktivorous fish populations remeained extrernely low, whereas carni-
vores appeared 1o have nearly recovered (Garrett and Inman, 1984). The effect
on planktivorous fish was most notable in the gizzard shad, which experienced
an initial reduction in population size from 890 ha™' (1977) to 182 ha™! {1979).
Recovery of this species was slow, having atteined a population size of only 264
ha=! 1981 (Garett and Inman, 1984), While some camivorous species appeared to
have recovered in biomass by the third year following the effluent release, a strik-
ing reduction in small size classes suggested reproductive impairment in surviving
adults.

Perhaps the most notable effects of CCR release into an aquatic site on pop-
ulations of fish were observed in Belews Lake, NC. In this system, surveys of
fish populations, as well as incidence of malformations, were conducted during a
period of CCR inputs and 7 yr after inputs had ceased. Thus a data set spanning a
relatively long time span is available so that populationleve] effects and recovery
can be examined. The fish populations of Belews Lake are examined in the finai
case study. ’

4.3.2. A Case Study of Ecological Effects of CCR on Fish: Belews Lake, NC

Belews Lake is a 1564 ha cooling reservoir constructed in 1970 by Duke Power
Company. Shortly after construction of the reservoir (prior to inputs of CCR),
monitoring of the fish populations was initiated. In 1974 to 1975, the two units
of the Belews Creek Steam Station went online with a total generating capacity
of 2280 MW (Olmsted er al., 1986). In 1974, discharge of CCR effluents into
Belews Lake began. During a 12 yr period from 1974 to 1985 seleninm-enriched
water (150 to 200 ppby, Table III) from a 142 ha coal ash slurry basin was released
into the west side of Belews Lake (Lemly, 1993). By 1976 (2 yr after efflnent
release had begun), Duke Power personnel noted a decline in numbers of large
adult fish (Olmsted er al., 1986). Because of community-level changes in Belews
Lake caused by the effluent releases (see below), the power station ceased releasing
effluent into Belews Lake in 1985, adopting a dry landfilling practice for disposal
of coal ash. Because informatior. was available prior to, during, and after release of
the effluents, the occurrences at Belews Lake provide a rare opportunity to examing
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responses and recovery of an aquatic system to CCR contamination (Olmsted er a!.,
1986). .

Release of CCR effluents into Belews Lake brought about rapid and dramatic
changes in fish populations. All of the 19 fish species collected in Belews Lake in
1975 (one year after effluent release began) displayed morphological abnormalit-
ies, but the centrarchids were the most impacted (Appendix Table V; Lemly, 1993).
Morphological abnormalities included lordosis, kyphosis, partial fin loss, edema,
cataracts, scoliosis, exopthalmus, and head deformities (Lemly, 1993). Fish pepu-
lation declines were also observed following the onset of discharges into the lake
(Appendix Table V); from 1975 to 1976, several species exhibited complete repro-
ductive failure {Cumbie and Van Homn, 1978). By 1978 (four years after release of
effluents began), only four species of fish remained in the lake (Appendix Table V;
Lemly, 1993). Piscivorous and planktivorous fish were essentially extirpated from
the lake. Only omnivorous and very tolerant fish (carp, bullhead, mosquitofish, fat-
head minnows) remained (Appendix Table V: Lemly, 1993) and only mosquitofish
maintained a reproductively viable population (Lemly, 1985a). In 1981, fathead
minnows and mosquitofish accounted for 82% of the standing fish stock in Belews
Lake {Olmsted er al., [986). Moreover, the loss of large predatory species from the
system appears to have allowed some fish having abnormalities to survive, despite
their otherwise high susceptibility to predation (Lemly, 1993).

Initially, several possible causes for the fish declines in Belews Lake were
examined, including thermal loading, fiuctuating water levels, entrainment, and
diseass or parasitisn (Harrell et al., 1978; Olmsted ef al., 1986). When these causes
for fish declines were dismissed, the possibility of chemical effects was considered.
In 1977, pesticide levels were measured in water from Belews lake, but all com-
pounds assayed were found to be below detection limits (Cumbie, 1978). However,
analyses of Belews lake water for inorganic contaminants found elevations in As,
Se, and Zn corresponding with the inpiits of CCR. effiuents (Olmsted er al., 1986).
Mereover, following the onset of CCR discharge to Belews Lake, accumulation
of Se in fish tissues was observed {Cumbie, 1978), and whole-body Se burdens
were shown to correlate strongly with morphological abnormalities induced during
embryonic and larval development (Lemly, 1993). Plankton samples collected in

- 1977 revealed high concentrations of Se (40 to 100 ppm dry mass}, suggesting that

the planktonic community was an important source of Se to the fish in Belews Lake
(Cumnbie, 1978). ) ¢

In 1996, 22 yr after effluent release had begun and 11 yr after it had ceased, signs
of recovery were evident, but risks to wildlife species had not completely abated.
Concentrations of Se in sediments had decreased by 65 to 75%, but remained high
enough to pose risks to wildlife via accumuiation from ingesting benthic organisms
(Lemly, 1997). Concentrations of Se in ovaries of fish (estimated from whole-body
concentrations) decreased from 40-159 (prior to 1986) to 3-20 pprn dry mass (in
1996; Lemly, 1997). Despite the reduction in Se concentrations in ovaries with
time, Se-induced reproductive ancmalies remained ebnormally frequent (Lemly,
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1997). The long-term studies of Belews Lake illustrated that release of CCR efflu-
ents can have rapid and widespread effects on aguatic communities. The studies
also demonstrated that recovery of the system was quite slow, possibly due to the
iong retention time and low sedimentation rates characteristic of the Belews Lake
Teservoir, : : :

5. Future Research Needs

In the past several. decades, much information on environmental effects of CCR
in aquatic systems has become available. Ecotoxicological studies in many CCR-
contaminated sites have been conducted, and in some cases, long term, multi-
investigator projects have provided extensive information on biological responses
to CCR in specific study sites. Especially in these intensively studied systems,
lethal and sublethal effects on individuals and population declines of some spe-
cies illustrate that release of CCR into aguatic habitats can be environmentally
damaging. Despite the large amount of research that has been conducted to date,
we have identified several topics which require greater attention when examining

"+ this issue in the future.

Because CCR is a chemically complex effiuent (Table II), observed biological
effects may often be the result of interactive properties of various compounds. In
some systems, a single component of CCR has been identified as being primarily
responsible for observed biological effects. For example, in the Belews Lake sys-
tem, Se has been shown to be primarily responsible for effects on fish populations,
based upon extensive research that eliminated other potential factors {see Cumbie,
1978; Cumbie and Van Horm, 1978). In other systems (such as the D-Area site),
however, it has proven difficult to isolate the effects of any one component of
CCR as being responsible for the multiple biclogical responses observed. Rather,
the suite of contaminants potentially interacting agonistically, antagonistically, or

additively on biological systems, and differing in bioaccumulation poteniials and

residence times, precludes identification of a particular contaminant as a primary
causal agent. For example, Se and Hg appear to act antagonistically, such that Se
accumulation appears to reduce Hg accumulation; during periods of Se input te a
lake (via CCR), Hg concentrations in fish flesh remained relatively low, but as Se
availability declined after cessation of CCR inputs, Hg concentrations in fish flesh
rose concomitantly (Southworth ez af., 1994, 2000).

In such chemically-complex systems, biological responses to CCR miust be in-
terpreted as overall responses to the mixture of contaminants available to ¢rganisms
in water, sediments, and food. Among different CCR impacted sites, there may be
considerable differences in the suite of trace elements present, their relative concen-
trations, and their bicavailability. Differences in comanagement practices among
facilities can further complicate generalizations due to addition of various organic

. compounds to the CCR waste stream. The site-specific variability in water and

B R )

ECOTOXICOLOGICAL IMPLICATIONS OF AQUATIC DISPOSAL 255

sediment contaminant mixtures and concentrations is problematic when attempting
to assess risks associated with CCR-impacted gystems overall. Even when ambient
contaminant concentrations are consistently elevated, the bioavailability of con-
taminanis may vary on a site-specific basis due to a variety of physical, chemical,
and biological parameters (Hamelink er al., 1994). Thus, in many systéms CCR
must be treated as a unigue effluent, and thorough chemical surveys should be con-
ducted to characterize the overall chemical environment of CCR-impacted areas.
At a minimum, samples from impacted systems should initially be screened for
elevated levels of As, Cd, Cr, Cu, Se, St, Hg, Zn, Pb, and Ni due to their abundance
in some CCR-contaminated sites and their demonstrated effects on organisms. As
well as the potentially toxic components of CCR themselves, it is also important to
characterize other abiotic aspects (such as pH, hydrodynamics) of the systems that
may influence meta! speciation and availability, thereby infiuencing accumulation
and toxicity (Sohoit ef al., 1980; EPRI, 1951). :
Co-management of various wastes by industry can produce effluents that con-
tain many more types of contaminants than just the inorganics associated with the
parent coal, The focus of this report on inorgarnic contaminants emphasizes the

"lack of knowledge about the types, quantities, and effects of other compounds that

enter aquatic environments as a result of comanagement strategies. Variability in
comanagement practices among different CCR producing plants (EPRI, 1997) sug-
gests that in some CCR-contaminated habitats aquatic organisms may be exposed

to numerous, potentially harmful organic compounds as well as the mixture of inor-

ganic elements. Comanagement of various waste products is especially common at
disposal facilities using aquatic disposal methods. Ninety-one percent of surveyed
facilities that use aquatic disposal methods reported comanagement of at least one
low-volume waste, and typically more than five low volume wastes are comanaged
at such sites (EPRI, 1997). Because of the differences in comanagement practices
among disposal sites, each CCR disposal facility may be somewhat unigue in its
chemical characteristics, presenting unique chailenges to aguatic organisms that
interact with the effluents within the disposal site or in downstream areas. It is
therefore important that comanagement practices in use at the CCR source be iden-
tified. Surveys for organic compounds associated with the comanagement practices
in use can be used to examine the potential, additiona] risks to wildlife associated
with comanaged wastes.

‘When characterizing the chemistry of CCR-contaminated sites, it is important
that contaminants be quantified in waters, sediments, and tissues. Numerous in-
vestigations have focuged solely on dissolved contaminants; however, because the
metals and trace elements found in CCR are often associated with particles that pre-
cipitate from the water column, it is important that sediment chemistry be examined
as well. Sediments may act as long term storage sites for CCR-related contamin-
ants, acting as 2 source of contaminants to organisms ané overlying waters for
long periods after effluent inputs have ceased. Aceumulation of contaminants in
sediments can make recovery of aquatic systems following CCR release excep-
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tionally slow. For example, detrital pathways can continue to provide toxic doses
of Se to wildlife in CCR-impacted sites even many years after water-borne Se con-
centrations are below levels of concern (Lemly, 1985a, 1997, 1999). In addition,
future studies should regularly include sampling of tissues from biota within CCR-
impacted sites, since tissue residues may, in some cases, be better predictors of dose
and adverse effects than ambient concentrations alone (Jarvinen and Ankley, 1589).
Because of the association of many CCR-related contaminants with sediments,
benthic organisms may be particularly informative in tissue sampling regimes.

Locations of aquatic CCR disposal facilities must also be considered when ex-
amining potential environmental impacts. Accidental releases of CCR into lentic
systems have been shown to have long term effects on individuals and populations
entrained within the systems. Such releases have been particularly catastrophic in
systems with long water retention times {e.g. Belews Lake, NC; Lemly, 1985b).
On the other hand, lotic systems may provide more rapid dilution of CCR effiuerits
and transport from the release site. Lotic systems also may be more quickly recol-
onized by aquatic organisms, or allow dispersal of some organisms from the most
impacted areas. However, location. of CCR disposal facilities near lotic systems
should not be viewed as a solution to environmental impacts. Very liitle is known
about CCR release and retention within lotic systemns. Shallow areas downstream
from release sites may become sinks for contaminants in sediments due to reduc-
tions in water velocity and settling of suspended materials; these areas would allow
continued resuspension of contaminants from the sediments over long periods of
time (Lemly, 1998, 1999}, Of the wace elements found in CCR, Se may be the
contamninant of greatest concern in such shallow, slowly flowing downstream areas
because it is readily leached from sediments and is very mobile in the aquatic
environment (Lemly, 1985b). Studies conducted in Stingy Run and Little Scary
Creek provided mixed results with respect to biological effects, but demonstrated
accumulation of several trace elements by fish and invertebrates in creeks down-
stream of CCR reservoirs (Lohner and Reash, 1999; Reash ef al., 1999; Lohner et
al., 2001). Further research in lotic systems such as these would be valuable for
evaluating influences of habitat type (e.g. lotic versus lentic) on toxicity of CCR
related trace elements. .

The potential for groundwater contamination from aquatic basins is an issue
that deserves thorough consideration, especially because appropriate monitoring
and protection programs continue to be underutilized at CCR disposal sites (EPRI,
1997; EPA, 2000). The EPA’s recent report on the regulatory status of comanaged
CCR reveals that the percentage of new CCR surface impoundments that use pro-
tective controls has increased in recent years (EPA, 2000). However, 62% of the
existing surface impoundments do not have groundwater monitoring programs,
and 74% of them fail to use protective liners (as of 1995; EPA, 2000). Research
focusing on factors that influence leachability of soluble salts and trace elements
will be important in clarifying the potential impacts of groundwater contamination
on wildlife and human health.
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Many studies of biological responses to CCR have focused on specific, sublethal
effects on individuals. While such studies are very informative, they are sometimes
difficult to interpret with respect to overall relevance to ecological systems (pop-
ulations, communities). If an understanding of ecolegical changes in response to
CCR disposal is desired, care must be taken in choosing response variables that
reflect the operative environment of the individuals (e.g. environmental factors
ultimately infiuencing birth, death, or migration; Cengdon et al., 2001; Rowe et
al., 2001c). In such a way, cbserved effects on individuals can be examined within
a life history-based perspective, allowing for interpretation within a framework of
potential ecological change.

Finally, future studies should evaluate the importance of aquatic CCR disposal
sites as habitats that attract wildlife from other habitats, Because operation of such
sites usually relies on a high volume water source, they are typically situated
near other aquatic habitats. These nearby aquatic sites, as well as surrounding
terrestrial habitats, are often inhabited by abundant wildlife that may frequent the
contaminated systemns. Moreover, areas affected by aquatic disposal of CCR may
be utilized by species that rely on them seasonally for critical portions of their
life cycle. Examples include amphibians that congregate during seasonal breeding
events and waterfowl that may breed or overwinter in CCR-impacted habitars (e.g.
USDI, 1988; Hopkins et al., 1998; Lemly, 1997; Rowe et al., 2001a). Because
CCR disposal in aquatic systems has been associated with complete reproductive
failure in varicus vertebrate species, consideration should be given to the effects
of CCR dispesal on population dynamics of seasonally transient species that may
experience reduced reproductive success when utilizing such sites. Because these
species also eventually leave the contaminated sites, future evaluations should con-
sider their potential as trophic vectors of contaminants not only to other wildlife,
but also to humans.

6. Summary

Continued reliance on coal as an energy source, coupled with a growing amount
of information on the biological effects of coal combustion residues (CCR), em-
phasizes a need for greater consideration of the environmental impacts associated
with CCR. Coal combustion and associated activities in power generating facilit-
ies produce large guantities of wastes. Because the greatest volume of the waste
stream produced is in the particulate phase, consisting primarily of ash, disposal of
this waste product has proved a significant challenge for industry, and, aside from
recycling and use in concrete and other structural materials, has been accomplished
primarily in three ways. Use in mine filling has been rarely used, whereas dry land
filling and ponding of slurried material have been the predominant methods for
disposal. The latter disposal method, currently in use for disposal of roughly one-
third of solid CCR produced in the U.S., has received the greatest attention from
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researchers with respect to potential environmental impacts., This focus by invest-
igators. on aquatic (ponding) disposal methods, and thus the basis of this review,
reflects the potential for CCR-related contaminants to affect aquatic erganisms that
interact with the disposal systems and nearby aquatic systems that intentionally or
" unintentionally receive effluents from the disposal facilities,

Solid CCR hag associated with it numerous inorganic elements associated with
the parent coal which are highly concentrated as a result of combustion, Many
of these elements are of concern due to their toxicological activities, including,
but not limited to, As, Cd, Cr, Se, and Zn. Whereas solid CCR (ash) itself does
not appear be a large source of available organic compounds, comanagement of
multiple industrial wastes by disposal facilities can produce a CCR-based effiuent
that contains additional organic and inorganic constituents not otherwise associated
with coal ash. The use of comanagement practices by a large proportion (> 90%)
of facilities employing aguatic CCR disposal methods, and the variability among
facilities in the iypes of comanaged wasies added to the CCR stream, suggests that
the compositicn of CCR entering any specific aquatic system varies considerably
among sites (EPRI, 1997). _

Because of the abundance of inorganic elements in CCR that are known to have
adverse biclogical effects, most research on CCR-affected aguatic systems has
attempied to relate concentrations of inorganic contamiriants in water, sediment,
and/or food with accumulation and effects on aguatic organisms. Systems receiving
CCR have generally been found te be highly elevated in dissolved and sediment-
borne concentrations of several, potentially toxic compounds. Water concentrations
of As, Cd, Cr, Cu, and Se are:frequently elevated above background levels, but
are highly variable among sites. One element of particular concern that is found
in high concenirations in CCR is Se, an element known to have potent toxico-
logical effects on reproduction and development. In some systems, dissolved Se
concentrations in or near CCR aquatic disposal facilities consistently exceed the
toxic effects threshold for fish and wildlife (2 ppb} proposed by Lemly (1996),
sometimes by more than an order of magnitude. In systems in which Se was iden-
tified as the primary agent of toxicity (for example, Belews Lake, NC), severe and
long term population level effects on fish have been observed, with the effects
sometimes lasting long after CCR release was ceased. Moreover, potential hazards
associated with dissolved contaminants are not limited to aquatic wildlife, particu-
larly if groundwater contamination occurs near CCR-impacted sites. Dissolved As
concentrations frequently exceed EPA revised drinking water quality criteria (10
ppb) proposed (but recently overturned) for additional protection of human health
(USEPA, 2001). ) '

Biological effects observed in animals inhabiting CCR-contaminatéd aquatic
habitats appear to be system-wide, influencing multiple processes in individuals
and sometimes bringing about severe ecological changes. Responses to CCR in
aquatic habitats include mortality, reproductive failure, developmental abnormal-

ities, and maternal contributions of contaminants to offspring, as well as changes
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to behavior, endocrinology, and other physiclogical processes. The maost obvicus
CCR-related effects were the declines in fish populations seen in the Martin Creek,
Hyco, and Belews Lake systems. The reductions in fish population sizes and_ ulti-
mate changes in aquatic community structure likely resulted from direct toxicity to
sensitive species and lifz stages, as well as reproductive impairments resulting frf)m
direct actions on zeproductive processes and indirect actions via reduced offspring
performance. The long period of recovery of resident populations after CCR reIea§e
ceased (e.g. Martin Creek and Belews Lake) suggests that conta.minantsl can remain
in some aquatic systems for long periods of time (particularly in lentic hab1Fats),
resulting in continued accumulation by biota at levels high enough to cause residual
effects on reproductive health.

While not as immediately obvious as fish population declines, nurmerous other
biological effects of CCR in aquatic systems indicate potential environmentaf riskls.
CCR and its compenents can be acutely or chronically lethal to some aquatic
organisms. Sublethal effects on’ physiology, morphology, and behavior suggest
that varjous biological processes arg simultanecusly altered in animals chrgmc-
ally exposed to CCR in the aquatic environment, with demonstrated or predicted
influences on growth, survival, or reproduction (Rewe ef al., 2001¢). Maternal
mansfer of Se to eggs of fish, turtles, alligators, and birds suggests the potential for
trans-generational effects, as was seen in fish from Hyce Reservoir Furthermorn‘a,
CCR in aquatic systems has been linked to indirect effects on some ammals via
reductions in resource abundance, diversity, and/or quelity to the extent that growth
and survival of the consumers are jeopardized. Because terresirial and semiaquatic
organisms utilize some CCR contaminated aquatic habitats for certain activities
(breeding, foraging), contaminants and their effects are not necessarily confined to
aquatic biota. Rather, transfer of accumulaied trace elements from aquatic sites to

nearby terrestrial habitats may occur via trophic interactions.

Future research related to aquatic CCR should include exhaustive chemical
inventories of the sites of study, to identify the spectrum of elements and com-
pounds to which organisms are be exposed. Complete chemical inventories are
particularly important due to the frequency with which multiple industrial wastes
are comanaged with solid CCR, resulting in effluents that may be enriched in
contarminants not normally associated with coal ash itself. Contaminants derived

_ from CCR may be available to organisms in water, or via sediment or food borme

routes. Thus, chemical characterizations should examine all potential sources of
uptake by aquetic organisms. When examining potential environmental impacts
of aquatic CCR disposal, it is alsa important that the systems immediately do_Wn-
stream of the disposal site be characterized and examined with respect to chemical,
physical, and biclogical dynamics. The possibility for sediment accumulation and

long-term availability of some contaminants in portions of lotic systems as a result
of physical processes {Lemly, 1998, 1959) suggests that spatial patterns of con-
taminant availability should be examined in these systems. Finally, groundwater
monitoring programs around aquatic CCR disposal facilities and landfills have
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not been universally adopted (EPRI, 1997; EPA, 2000), and only about 28% of
disposal facilities using aquatic methods employ liners in the basins (from a survey
of 259 total facilities; EPRI, 1997). Thus, the potential for leaching of CCR-related
contaminants into groundwater requires further examination to determine whether
current practices are protective of aquifers.
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Appendix Table I

Scientific names of organismsdiscussed in the text and tables. References are provided when
common names or group names were used by different authors tw in reference to different or-

ganisms. Absence of a reference implies thar usage of common and scientific names coincided for
all relevant authors

Comnion or group Scientific name

Reference, if epplicable

name
) Plants
Algae Oseillareria and Fivdrodiervon spp. Gurthrie and Cherry, 1979
Algag Zygnema sp. Gutenmann er af., 1976
Amowhead Saginaria {atifolia
Sago pondwead Porameageton pectinenis
Caail Typha larifalia
Black willow Salix nigra
Sugar maple Acer saccharinum
q
Invertebrates
Earthworm Limbrucus terresiris

Astalic clams
Pond snail

Corticria fluminea
Physa imregra
Gasrropod Physa sp.

Benthic invertebrates  Gammaius psenudolimnaens, Forbes et al., 1981; Magnuson er af., 1981
Hyalella azieca, Boelis spp.,

Stenacron interpunciatim,

Stenonema axtgium, Cheumatopsyche

spp.. Hydropsyche spp.,

Chironomidae, Simuliidae

Continued,

Commeon or group

Selentific name

Reference, if applicable

name
Amphipod Ganmerus psetdolinuacus
Isopod Asellus racovirzat
Craytish Procegmbearus aeuins Nagle ef af., 2001; Rowe
Crayfish Oreonecies propigquus eral., 2001
Crayfish Caiibaris sp. Magnuson er ai.. 1981; \
. Forbes er ai., 1981 Guthiie and Cherry, [976

Crayfish Procambarus sp. Cherry er e, 197%2 and bt

Guthrie and Cherry. 1979
Shrimp Palaemoneres sp.
Grass shrimp Palgemonetes paludosis
Caddisflies Hydrapsvehe and Chenmaiepsychie spp.
QOdonates Libelila and Enaliagima spp. Gurhrie and Cherry, 1979
Odonates Plariemis bedia and Libeilirta sp. © Chemy et ol., 1979
Qdonates Libefinla and Enatlapme spp Cherry er of.. 19790
Dragonfly Plathemis tydia :
Mayfly,, Hevagenia limbara Finley, 1985
Mayfly Hexagenia sp. Olrmsted er al.. 1986
Cricket Grillis sp.
Grasshopper Melanoplus sp.

Fish

Sported gar Lepisasteus oculatus

Blueback herring
Gizzard shad
‘Threadfin shad
Goldfish
Common carp
Spomail shiner
Golden shiner
Fathead minnow
Futhead minnow
Bullhead minnow
Red shiner
Sarinfin shiner
White sucker
Lake chubsucker
Caifish

Brown bullhead
Black bulthead.
Flar bullhead
Snail bullhead
White caifish
Channe! zarfish
Rainbow trout

" Alesa aesiivalis

Dorosoma cepedianum
Dorasoma peterieise
Carassius qirams
Cyprinus carpio
Norrapis hudsonius
Notemigomis crvsolencas
Pimephales promelas
Pimepholes nearis
Pimephafes vigilax
Cyprinefla lurensis
Cyprineila analostana
Carestomis complersoni
Eriniizon sttceria
fetaluriis sp

Ameitiris nebulosus
Ameinrus metas
Anteirus plarvcephaltis
Ameirus brusnens
Teralurs eciny
Teralurus puncatis
Oncorhynchus mykiss

Lemly, 1993
Benson and Birge, 1985
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Continued.

Common or group name  Scientific pame

Reference, if applicable

Sheapshead minnow
Mosquiiafish
Mosquilofish

Banded sculpin
‘While bass

While perch
Suiped bass
Sunfish

Blusgill

Graen sunfish
Red ear sunfish
Pumpkinseed sunfish
Long ear sunfish
Redbreast sunfish
Warmouth

Black crappie
While crappie
Largemouth bass
Darler

Yellow perch

Bullfrog

Green eefrog
Green frog
Leapard frog

Frog larvae
Seurthaem toad
Fowler's 1oad
Narow-mouth woad
Red spolted newt
Salamanders

Softshell trile
Slider rurtle
American alligator
Banded water snake

Common grackle
Bamn swallow

Red wing blackbird
American coot

Muskrat

- Lepomis sp.

Cyprinodon variegarus
Gambrsia sp.
Gaménsia affinis

Lemly, 1993
Cherry er al., 1976, 19792; Guthrie and
Cherry, 1976. 1979; Hopkins et af., 19992
Corntus carolinae
Morone chrysops
Marone americona
Maorone saxarilis ) .
Cumbie, 1978; USDL. 1988
Lepomis macrachins
Lapomis cyanellus
Lepomis microlophus
Lepamis gibbasus
Lepomis megalotis
Lepoinis aurins
Lepomis gidosis
Pomoxis nigromactians
Pomoxis anriforls
Micropierus satmoides
Erhtiasioms sp
Perca flavescens
Amphibians
Rana catesbeiana
Hyla cinerea
Rana clamitans
Ranu pipiens
Rane sp.
Buifo rerrestris
Buifer fowieri 7
Gastraphryne carolineisis
Notophthalmus viridescens
Eunrayeed sp.
Reptiles
Apaiope spinifera
Trachemys seripa
Alligaror mississippiensis
Nerodia fasciara
Birds
Cuiscalus guisciila
Hirundo rosiien
Agelains phoeniceus
Fulica americana

Nammals
Ondarra zibethicus
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Selenium accumulation by aquatic organisms in Hyco Reservoir, NC. Values
are ppm wer mass. Decima) places refiect those presented by the original

authors
Group or Species  Tissue 15e] Reference
Plankion whole body 2,5-5.1 CPL, 1981
Gizzard Shad muscle 2.0-21,2 CPL. 1979
Gizzard Shad ovary 31 CPL. 1879
Largemouth bass ~ muscle 0.1-5.2  CPL, 1979
Largemouth bass  ovary 7.3 CPL, 1979
Black crappie muscle 0.1-10.5 CPL, 1979
Bluegill muscle 02-122 CPL, 1978
Channel catfish muscle 0.1-9.4 CPL, 1979
White catfish muscle 14-27 CPL, 1979
Green sunfish muscle 4,1-153 CPL, 1979
Flar bullhead muscle 09-1.9 CPL, 1979
Snail bullhead muscle 2.9 CPL. 1879
VBIuegill liver 34.0 Sager and Cofteld, 1984
Bluegill, muscle 130 Sager and Cofield, 1984
Bluegill avary 12.1 Sager und Cefield. 1984
Bluegill esTes 54 Sager and Cofield. 1984
Largemouth bass  Tiver 10.2 Sager and Cofield, 1984
Largemouth bass ~ muscle 6.7 Sager and Cofield, 1984
Largemouth bass  ovary 10.3 Sager and Cofield, 1984
Channel carfish liver 1.2 Sager and Cofleld, 1984
Channe eatfish muscle 83 Sager and Cofield. 1984 -
Channel catfish ovary 99 Sager and Cofield, 1984
Channel carfish iesles - 44 Soger and Cofieid, 1984
White catfish liver 10.8 Sager and Cofield. 1984
Whire carfish muscle 54 Sager und Cofield. 1984
White carfish ovary 8.9 Sager and Cofield. 1984
Largemouth bass"  ovary 7.2 Baumann ond Gillespie, 1986

Largemouih bass®
Largemouth bass®
Largemouth bass®
Bluegill®
Bluegill
Bluegill?
Blusgill®

Bluegill

Bluegill

Bluegill

Bluegill

ovary-free carcass 4.0
testes 3.3
lestes-free carcass 4.1

ovary 1.8
ovary-free carcass 6.9
Lesles 6.6

lesles-free carcass 7.7

lestes 4,37
estes-free carcass 781
ovary 6.96

ovary-fres carcass  3.91

Baumann and Gillespie, 1986
Baumann and Gillespie, 1936
Baumann and Gillespie, 1936
Raumann and Gillespie, 1986
Baumann and Gillespie, 1986
Baumann and Gillespie, 1986
Boumann and Gillespie, 1986
Gillespie and Baumann, 1986
Gillespie and Baumann, 1986
Cillespte and Baumann, 1886
Gillespie and Baumann, 1986
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Appendix Table 111

Selenium secumulation associated with histopsthological effects on fish Magin Creek Reservoir, FX following cessation of
CCR mputs. Coal ash ellluents werc refeuscd Tnto the reservoit from Sepl., 1978 to May, 1979. All concenlrations are in ppm
wel mass. NR = nol reported. Decimal places reflect those picsenied by the original authors

Species Organ \8c|  [se}  [Sel 1Se]  [Se)  Effect(s) TRelerence
1979 19RO 1981 1082 1986
Green sunfish kidney 173 NR NR NR NR  Renal listopathological changes  Sorsnsen &f al-,

19824, 1983
Green suniish  heplalo-pancreas NR - NR 6.05-9 40 NR  NR  Histopathalogical changes (gill. Sorensen ef al., 1982b

pancrens cardine, renal.
. hepatic, ovarian)
Green sunfish  liver 108 Nt NR NR NR  Hepate histopathological changes  Sorensen ef al.. 1983
Redear sunfish?  liver NR 20 NR NR NR  Decreased condition factar,
heputic, renal, and ovarian Sorensen et af-. 19830
histopathological changes
Redear sunfish hepla-pancreas  NR - NR 8.38—11.03 NR NR  Histopuathological chanpes Sarensen ef of., 1982b
pancreas (renaf, hepatic, ovarian)

Redear sunfish  liver NR  NR NR NR  7.63  Pecreased condition fuclor, Sarensen, 1988
hepatic, venal, and ovarinmn
histoputhological changes

Redear sunfish — ovary NR NR NR NR 433 Deereased cendition factor, Sorcnsen. 1948

T¥S0OdSIa O1LYNDY 40 SNOLLYDITdNL T¥II100TODIX0L0DE

hepatic, renad, ind ovarian
histapathological chanpes

. 4 Tissuc Se concenlralion reported as ‘upproximate’ value.
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Appendix Table Iv

Sublethul effects and trace element accumulatGon in animals captured in the D-Area CCR aquatic disposal facility, Savannah River Site,
SC, or experimentally exposed Lo condilions represcntative of the site. Datu are means of trace element burdens in specific tissues (if
known). Concentrations are in ppm dry mass. Ranges presented are (he ranges in means for multiple species categorized together. ‘NR' =
not eeported. Decimal pluces refleel those presenied by 1he original authors

99z

"IV ISIMCI 1D

Species, lissues analyzed As Cd Cr Cu Pb Sc Observed effect Reference
for conlaminanls; prolocol
Inverichrates
Crayfish, whole body; 3.99 488 1.37 223,72 NR 14.70 Elevated Rowe ¢f al., 2001b
field collecied maintenance costs
Crayfish; exposed (o sediments NR NR NR NR N NR Elevated Rowe et gl., 2001 b
and fed figh collected from mainlenance costs;
D-Arca for 50 d reduced growih
Grass shrimp, whale body; eaged  3.154 5185 3.070 168.50r  0.398 11.78L Elevaled Rowe, 1998
i yite in D-Area [or 8 mo - maitlenance cosls
Fish
Lake chubsuckers, juvenile, 117 006 146 391 NR 5.63 Reduced growth Hopkins et erd., 20008
wholc bady; Inberatory-exposed ond lipid conlent,
for 124 d io sedimenm Irom D-Aren fin erasion
Lake ¢hubsuckers, juvenile, 0.44-0.51 007 L11-1.17 208-291 NR  229-6.55 Rednced growih, Hopkins e at., 2002h
whole bod y; laboralory-cxposed fin crosion, cffects
for 78 d 1o sediment from exacerbated as resonree
D-Area® level decreased
Lake clwbsuckers, juvenile, 145 007 255 537 NR 330 Redueed swinmming Hopkins ef al., 2003
whole body; laboratory-exposed ‘ performance
for 10 d to sediment [rom D-Aren .
Lake chubsuckers, juvenile, 2.18 130 160 27.15 NR 7034 Reduced growth and Hopking, 2001
whole body; mesocosm-exposed condition faclor
Tor 45 d 10 sediment, waler,
and food from D-Area
Appendix Table IV
Conrtinued.
Species, lissucs malyzed As Cd Cr Cu Pb  SE Observed effect Relercnce
for eoplaminanls, prolocol
Shecpshend minnows, whele  1.51 0.084 NR 57.70 NR 6407 Reduced gmwth\r Rowe, 2003
body; [aboralory-raised lor condition Mo,
foll life cycke (~ 1 yr)on lipid content, and
sediments from D-Agea .cpp szt
Amphibians
Bullirogs, larvae, whale bedy  48.9 1.71 12.2 314 114 257 Oral abnanmalities Rowe ¢f al., 1996
Bullfrags. larvae; caped i NR NR NR NR NR NR Oral ubnonmalitics Rowe et al., 1998a
yite from embryonic in response (o )
stage through 80 d covironmental conditions, ]
post-hatching independent of parental population
Bullfrags, larvac, whole body; 25.95 4.32 27.25 55.12 7]0.94 25.27 Increased melabolic Rowe ef af., 1998b
cagexl in star From cosls in response (©
embryonic slage though 80 d environmental condilions, independent
post-hatching of parental populalion
Bullirogs, larvac, whole NR NR NR NR NR NR Tnereased melabolic Rowe ef al., 1998
body; field collectcd costs ) )
Bullltogs, larvae, whole body; 15093310 1.59-5.47 3.49--18.25 29.07-11672 NR  20.25-27.93 Spinal (lexures, Hopkins e e, 2600a
field-collected prior Lo use reduced swinuming
in laboratory swimming wriuls speed
Bullfrogs, larvae; NR NIt NR NR NR NR Reduced swimming specd and Raimondo er af., 1998
field-collected prior © use respensiveiess (o prodding
in laborutory swimming uials
Bu:]lfmgs, larvae; raissd NR NR NR NR NR NR Tncreased susceplibifity Raimondo ¢f al., 1998

in contaminaled site until
&0 d ald prier 10 exposure
10 predulors in mesocosms

Lo predalion

AYSOdSIA ALY NDY 20 SNOLLYOITdAL TY OID0TO2NX0.L0DE
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Appendix Table V
Average Se concentrations (ppm dry mass, whole-body), occurence of abnormalities (spinal mal-
ppm cry B!
; = formarions, accurtulation of body fluids, and abnormalities of fins, eyes, or craniofacial region),
£ '3‘ 53 _ and pepulation-level changes in fish in Belews Lake, NC following input of coal ash settling basin
3 = ~ = g effluent from 1974 to 1985. Selenium concentrations provided are means for normal and malformed
& -~ - =] 3 . B P
= =8 s o 2 k] = B : . ' fish, respectively (e.g. entries appear as: concentration in nermal fish, concentration in malformed
) W S - = - . . .
g E = = 5 £ EE T E fish). Data are from Lemly (1993). Dates refer to the following timeline at the Belews Lake site:
a = = = = o 4 2 = = . . .= X
& g £ 2z = 2 & %_ S_' El 1975 — 1 yr after CCR inputs began; 1978 — 4 yr after CCR Input began; 1992 — 7 yr after inputs 10
& & & 2 H 285 £ o = the lake had ceased. Decimal places reflect those presented by Lemly (1993)
g g 2 Species 1575 1978 1992
= T . . . N . .
£ . w % o ta 5 5 Selenium conceniration Selenium concentration Seleniym concentration
- E g 25 2 83z 2 B k] (Percent of population (Percent of population (Percent of population
0 = o = F3 - o [
% 2 z2EET 2 g g g gz £ 3 exhibiting abnormalities)  exhibiting abnormalities)  exhibiling abnormalities}
=3 % =3 S = - = & = £
= = m = = - 5 % - = —_ =
z ggegE= 2 g 3 2 EE 2 g Common carp 62.11,63.32 ' 107.92, 112.29 15.59, 16,20
o E
Z = ¥ g = 8 = s g & g F g 5 :
z E%%Eg E 7 =9 g EE EE . (3) (12) N
© W= he 2 =5 253 = g = Golden shiner 46,54, 48.37 Extirpated Ng recolonization
byl
2 : an
= o ~ « Black bullhsad 57.29, 56.07 94.18, 103.05 13.12. 1476
= ' vh %
3 g = 3 = 2 2 %’ | (6) j£2)] ) (8)
. = H Channel catfish - 60816610 Extirpated Neo recolanization
= - x 2 & e = n: 8 an
T} o =4 o = = = 4 = | _
:; b " @ Whire perch . 55.01,34.63 Extirpated No recolenization
e 3 ‘ 2 b4 g S 33 ‘
< = Z E - E = 2 Yellow perch 41.87,44.72 Extirpated No recolonization
= = o 1 N - = —- :
£C |8 |E & g .r; Z S £ ‘ 3) :
Pl - = ’ Moesquitofish 50.61, 32.17 . 125,61, 131.87 18.50, 16.48
= EE 2n 27 )
o o - gc'\ o - E ; Fathead minnow Nat observed 86.97, 80.13 21.07,19.62
i z = 2 P i é (a4 {10)
. - — - ! White sucker 42.61-43.70 Extirpated No recolonization
g g & 2 Z 5 | & @ -
EY j Redbreast sunfish 58.36, 56.12 Extirpated No recolenization
3 [=}
=4 (32
- 1 g
z % # = s ~ - %D Green sunfish - 66.89, 65.19 Extirpatad . 12.40, 14.68
- - = = = = =
Iy ; ) (33) (11}
E] 2z '*;' Pumpkinseed sunfish ~ 46.74, 48.34 Exlirpated No recolonization
S 9 g L (30)
= E =
= g 5 H s £ g Warmouth 51.22, 54,61 Extirpared Mo recolonization
82|58 2% . b 5 £f g g @2)
2 £ | g 8 = = =1 E = 5 = = 25 & - .
gl E= 5 EHS 82 2 E==z2 8 =& < 2 Bluegill sunfish 53.83, 50.97 Eatirpated 18.40, 15.06
8 ¥ = O = 2 = = z =2 = E T E o & = b} i
§ 2z £=z%:zo 22 EES gt Fo Ia| 3 (22) (&)
2z 2& T Z 29 5 ¥ L:’ 28z .i ';h § 5 ﬁ £ i Redear sunfish 43.13,41.28 Extirputed No recolonization
ZE| B g2 38 % = g = = z = T
£815% 335i< 3Sois3iscis3 2% g ao)
g 1= 9 F< g E A E 2353523228 T = E] & Lareemouth bass 5R.4,59.2 Extirpated 23.19. 15.72
SE|EE A= S35 EI5E. Bz dz| r 19 : 5
= = (19) 5
White crappie 62.37, 60.21 Extirpated No recolonization

(32)
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Appendix Tabie V
Continued.
Species 15875 ) 1978 1992

Selenium concentration
(Percent of population
exhibiting abnormalities)  exhibiting abnormalities)  exhibiting abnormalities)

Selenium concentration Selenium concentranen

{Percent of population (Percenl of population

Black crappie 60,83, 61.49 Extirpated No recolonizadon
(29)
‘Blugback herring  54.70. 56.33 Extirpated No recolonizalion
(12)
Threadfin shad 39.84. 44,96 Exurpaled Ng recclonization
(22)
Red shiner Not abserved Not observed 15.37,13.28
(8)
Satinfin shiner Nor observed Not observed 12,39, 11.17
(5)
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