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INTRODUCTION

Pealoxicology s the scivnce of cantaminmts in the biosphens and
their effects on comstituents of the Biosphens (Newaan il Unger,
2003} 1 fallows from this delinition that ecotoxicologists cxam-
ine large-seale conlogical phenomenon (Preston, 2002) in addition
1o thase normally sddressed moxicolopy: vcoutoxicalogy s n
overarching goal ol explaining and predicling effect or exposure
phenameni il seversl levels of biological organizatuon (Fig, 30 1),
Essentinl explanations amd iodels inclode those applicd in conven-
trenril toxieology and o rmge of covisonmental scicnces.

Adthough Trilant s ordainal deliniiion of this new science
cncompassed ety o humans (Trobaut, 1977), mos) meeent defind
tions ol ecotoxicology do nut, Relevant effects i nonhuman tiipets
range ram biomolecular 1o global. Taking on the classic toxicol-
gy vankage initially, suborganismal and erzanisimal efeels wore
emphasized during ceotoxicolupy's nascent stape; however, studies
of higher fevel effeets and interctions are beconming incroasingly
commonpliee 75 the science matores. Sucl indirect checis’ were
initiilly considered problemitic and selwctntly relegated tosecond
ary impoctance (Flecger enal., 20030 relitive to direct efTects toindi
widwals, Inslirect effects e sow known to be as fmporant as direct
ety bo nanbimen lagets (Flecges of al., 2000; Chapoon, 2001)
As the need o prediol imgjor effects w populations, conmminitics,
cevsystents, nnd other higher Fevelenlitivs has become invcasingly
apparent, more cavse - effeel models relevant 1o Mese high levels

ntirect efteets are elfects of micamts ediinted by anioher coasygha com-
rrtsenl CRrivisar, TR st e fhose that might occor g Hovwering phant
i posticlde were b eliminate is primary inscel pollinalor.
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of bological erganization are added 10 the comventional set of toxi
cology marlels applicd by jioneering cootoxicologists,

Contaminant chenieal form, phase sssociation, and move-
menl among components of the biosphere e also centiml vsues
m ceotoxicolugy breause they delermine exposure, lionvailability,
il reanlfeed dose: The context of thisse biogeochemical studies b
expiniled in the lastsevern] decades o encompass issues ol lurger
seitle such as global movement of persistent organic pollutants
(POPs) (Wanin and Mackay, 1996),

From o practical vaminpe, cootoxicology informs, decision
ahers about ecological risks assoctated with contamination, Risk
by ceological emtifies is estimated or predicted by combining CRpO
sure and effect information. Risk sight imvolve diminished finess
ol individunls, increased dsk of local population extinetion, a dogp
i specios diversity, o reduced nultent cycling or pritey produc
livily, Because potential ceological eml points are so diverse, the
ecological risk Frumework teads (0 be more flexible than that of the
comventnnl human health vsk assessment (Fg, 30-2). This ingor-
tant role of cootoxicology i ccological disk pssessment {ERA) will
bee discwssed fnomone detail below.

SOME DISTINCT ASPECTS OF EXPOSURI
Predicting exposan: sl effoet is diftfivull for all elevint coolagi
cul entities. o contrast to i wosicology i which information
absouta few species might be wsed to predict haom o one (o),
ecotoxicology commuonly uses sparse Infonmulion for o few SIS
to predict effects to wiany species aml their interactions, Bxposure
pathoyays, biowvailability, bieaccumlution, and texicanl tranaler
for all relevant ceological entities nre also difficalt issues requiring
ctmnsilerble cffort woadeguaiely understamd.
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Flguee 3000, Eerlogival scolfes relevant t2 ccoboxicology. Solely hinlogical
seales rolovan toccotonicolopy range fwm the molecalar o fhe community
fesels: splely abrotic seales rmange Fom the elemical o e cotie labital,
Biotic and abintic componcnts we sy combiped at level$ above 1the
cealogical community o habitan, The ecologicel commumity and physi
cochemical Labital comlined w form the ecogystem, Heologicil systenis
can b considened ut the bndseape seate, Mhat s, e combinaion of e,
freshwater, and teresivial systens ol a over's mouth. Becently, the conti-
icital aed blospleic scales hive become relevan) as in fhe ciases of osome
depletion, weid precipitation, snd plebal wanring.

Relevinl cxposure romles are the conventional ingeston, inha-
lation, and dermal absovption. Bul unigue leatires of exposure path
ways must be accommodated Tor specices hal ingest a wide range
af materinls using disting] feeding mechanisms, breathe paseaus or
lioguiel vk using dilferent structares, and come fnfo denmil con-
et with oo variely of gaseons, Houid, and solid media,

Prediction of oral exposure cin be Bimited because specics teed
o different imaterals; however, conventiond] principles reganting
aral lnesavailability remin relevanl. As an example, some binls
are o]y at high rskoof lead poisoning beconse they ingest
and then use fead shot s gl Shal are ground oeetlicr in thiii
sizzards voder acicic comditions, weleasing significant amounts of
dissolved Teasd (Kendallef af., 19962, As true with hommans (e, the
e hypothesis of Mathews, 19043, the dissolved Tform of lead
is amnre available o do baon tan solid Tesd shot. Similar high
rizk of lead poisoning is presenl Tor some raptors feeding on game
Darals wherses ssnes can contain lead shot (Waylomd aod Bollinger,
19580}, Conmples sorting of filtered materials on the gills of bivalve
molluscys strongly influences the metal content and biouvailabil
ity of the material that eventually passes into their gots (Adlison
el al., 19981 Some invertebrale species have claborate fesding
strvctares thal are alsecmvolved morespiration (eg, ligwioms and
bivalve molluses) or locomation (copepods and other zooplank
ton specics). Some zooplankton species Teed and dipest algal
cells o such o way that only metals soluble in the algal cylosol
ares higvailable (Remfelder and Fisher, 19913, Unlike mnmmn
T wpecies, many invertebite species ane capabile ol seguesto
ing large amounts of metals woimtmeeiinkir ermnoles (Mazon and
Motr, VURTY Dncorporation of melals into geanules by prey species
recliuces metal igaviilability (o predatoss (Mot wed Nicolaidou,
19935, Just #5 noted with 5 Huorueacil wbiinistration or chronie
eilianol consmmption, some pollotml exposures caise malabson)
tion by dasmaging the iestne wall. A relevant situation would be
infestioal danugee toolters caused by ingestion duning proaming of
iled Tor {Lipscomb er ol 1990; Chomseth amnd Ben-David, 20007,
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Fiure 30-2. The gerteral form of on ecologicol risk ossessment -including
problem formulalion, anplysis, and ask chamcerzotion stoges, Peoblem
formulation is done in dialog with rish managees aad stakeholdes,
involvies o cledr siatement ol the coolagical entity o be assessed, o concep-
tual meodel for the process, and:a plan foe conducting the ussessment, The
analysis stage ivlves eaposue and effeds chamecterizations. Using e
ennfext diveloped during problem formufation and inlonmistion orpanised
fogellser in the aanlysis stage, a-statement of dsk and sssociied woeertain

ties are macde in i risk chaswcleication stuge,

The primeiples renain e sanie in all of these cases bul coitieal
exposure pulliwhy delails are different.

My technigoes applied to defermining human ol bio-
avnilability src:avaitable o the ecotonicoloist; however, as just
illustrated, maditications wre needed for the many patlwiys Tor
aanhiman specics exposure. Typical are those assovimed with
estimating conbuninant bicavailability in aguatic environments.
As i example, biomimetic aml welaled catrction methods wseil
to predict homan oral oavaiiahility can be modified o predict
sediment bound contwminuni bivavailabilities, Sediments ane
placed inty contael with biomimetic solations (Chen and Maver,
PO0E; Leslic er el 2002) or digestive Nuids tiken from organisims
Ehbiyer e ali, 1990 Weston ol Muroya, 20020, and the amiil of
extracied contamimami tsed o esiimate biosailabiling.

Estumativm ol chemieal speciation is centml o predicting
Bisvailability of water associated confimminanls, Speciation can
dletcrmine thie bi'l1'.|:'|.'.|I|'.l|11ij|._'|.' ol dis=olved mcials. Movenwenis of
nonienic and jonizable crgamic compounds aecss the g or gills
are steengly inllvenced by lipid solubility gl e pH-partition
ey, respectively. Consequently, deteqminatiom ol o compound’s
lipophilicity or calealation of pll- amd pK dependent lonicition
Facilitites some predictive cupubilily for bioavailability, A com:
migy appliciion of this approgsch would e estimalion of water
P eflects on ammenia toxicily as e conscguence of the ease
with which womized smmeonin passes through eills relative 1o
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fonized wmmeniin (Lloyd and Herbert, 19600, 'The ee fon acliv-
ity el (FTAM) stales thi uptake and loxicily of cationic ace
inetals e best predicted From their free ion activily or concentra
tion {Campbell and Tessies, 1990), dlllingh cxceptions cxist o this
extension of the ionic lypolhesis, Conseguentiy, dissolved wiely
expasire assessments allen begin by estimating the amonnl ol o
metal present s the ree jone Normally, such clcoalinions requine
omly thermodynamic modeling lased on iessored conconbrations
of dissolved cations ol anions. Lipid parlitioning is often nsecd
to predict dissolved, nonionizing orsanic compotmd secommly-
P e sk el Tects (o sogquatic biota 'The propensity Bor s organie
cennpoungd to accumulite in aquatic organisoes increases with lipid
solubility as often described withi o stple gquantitative stiucie
activity relationship (QSAR) (Neely er af  1974; Mackay, 1952;
Chio, 1885 Comnell, [990). The log of the octasol-waler parti-
tion cocflicient (log £ ) is used to predict casores such s the
bingconeentration factor (U the gquulient of the concentration in
the organism and that in the waler from which the organic com-
pounn] is Deing pecumuloted):

Cﬂrguni:im
B =—— :
Cuter

Bicavailahifity, biosecomuolition, or exposure concentifions
for sediment-gysocinted toxicants are also approached by consid
ering chemical speeiation and phase patitioning, Metals in sedi
ments are cither fncorpacated into one of many solid phases o
disszolved in the inferstial waters surrounding the sediment parfi-
cles, Biowvaitabilities of metals in these difterent Tonms are dillicult
tor presclic) (Luomg, 1989 but, nonethieless, vorions schemes have
been applicd to that end. Bioavanlable nctals have been estimated
by normalizing sediment metnl concenlrations to easily extmgted
s cuneentrations bocause solid iron and man
sanese exides soquester metals in pourdy bicavailable solid forms
{ Lo imd Bryan, 19780, Cther chemival extraction metlods Tiave
been applied with sonwe suceess (Tessior of al, 1988, A pragmalic
inethiod For predicting sedimemt metal binavailabilily b cmoerzed
that 15 based oo (hi vssomplion that e sedinwent metad form of
et coneem 15 the dissolved wetal. Porther, Tor nany metals dad
sedimenis, the dissolved interstitind metal concemations aee deler-
mincd by equibibivnm between solid (ronand manganse) sollides

prem and g

el the interstatasl wiiler:
Co™ o+ FeS,, ¢+ CdS, 1 Fe,

Becawse the equilibrivm so Favars formation of wetal sulfide
(S i this case) ol e expense of Fe, insignilicant wmounts of
dissodved metal will bepresent i (e interstitial witers If enough
FeS s present. This preaise hos given rise to aostandind fechnigue
for determining, il sedlinents might contain enough metal 1o wir-
v concern (10 Toro e ol 9900 First, a sediment aliquot s
extratil with ool hydrochlonic acid. Then (he pmoonts of solfide
Cared voltile sullides [AVS]) and simullimeonsly extracted metals
(SEM) ure measuisd in it extract, The difference belween (e
SEM ol AVE sugsesisowhether or not enomgh melal will be disg
sl i thie aotersiiad waters w warranl concern, This metlusd his,
erpoved wide application and wis recently refincd by D Voo o o,
L2003) by inchuding metal partitioning to sediment orginic matler
Some ecoloxicologists such os Lee ef af, (20007 sugoest that furthes
selinciment remains o be done hecase melul exposure of aiganisme
that ingest sediment particnlates i not fobly defised by interstitiol
wiler concentrabons nlonge,

Aiimyvarlahility and secommlation of sediment-associated
orgunie compounds are predicied with tools simi

il e

described for waters. The bivavailabilily ol iomzable organic con-
pounds can e approxingted with the pH partition Dy pothesis
refates the availability of an fonizable compound bo e dilTosion of
its wiomired [orm through membranes os detenmined by pH and
pk . Availability of nontonizing orgimic componnds for sconmunla-
tion can often beestimated wilh s log K wnd equilibrivm pati-
toming theorny s deseribed slecady Tor accumuolation Do walers,
The challenge with nonlonizing organic componnds beeomes
mlegquately slelining the phases etween wineh ihe compound is
partitioning. This might be done by estimating the pastitioning of
the compound leiween sediment solid phases and the mterstitial
waiter s done Ty T3 Ton ef gl (19910 Deseriptions of nonionizing
argie compeund bioaccwmulation fom sedimwns can also entail
nermalization of concentrativig io phases thought 1o be dictating
paurtitioning:

pmefkn lipid

Hiots sediment accumulation fucin (TSAF) — . =
prpekr orgamic carbon

whene (he mmass of componnd e ibe orgganisims s divided by kilo
grams- of organism-associsted lipid and the mass of compound
i the sediment is divided by kilograms of sediment-mssociied
crgamc carlien,

Anuther issuc of importance to the ecolosicologist is the pos-
sibility of biomagnification, the inerease in contaminant concenir-
ton as it moves throngh o Toml web As will be deseribed below,
Bieniwipnification cin resultin harmiful exposures o species situated
Dby i il Food wels sueh as Bivds ol ey,

TOXICANT EFFECTS

While detenmining exposure comprises one hall of ihe risk assesy

ment paridhigim, the other half, wndesstanding chemieal ottects,
lics at the heant of wsicolopy and, hence, comprises the focws of
this chaprer. ‘The effects, or deleterious consequences of clicmical
ex [ostnes, con be enormously diverse as demonstted by provious
chapters, and investigated by mameroms iwehmigques, One approach
ter this complex wpic of ecotxicologicul cffects, which we employ
here, s w0 oiganizae ellects according o biological levels of onga

mization. Thos, one may consider etfects, in wseending order, ol
the subwelukor (moteoular and Divctemical), cellular, organizimal,
population, community, sl ecosystem lovels of ompanization, As
noted earlier, an nnporiant distinetion betwees fanfiiom ] biomedi

eal, or I health-orented, toxicology aml ceotoxicolopy s
il conphiasis by the latier on higher levels of biological oganiza-
tion, specifically poputations, communities, sl ecosystems, while
biomedical toxicology Tocuses on lower levels, Trom vrganismil
il below, This difference avises Do the Tocns of biomedical
leicalogy ononc species and concers for protecting the health of
individuals of that species. Tealoxicolozy, in contrast, deals witly,
theorctically at least, all species;, and in Hoe with dilier sspeets of
natural rescurce managemcnt, the primsry concem is one of sus

tainalsility, That s, policics and regulations surmnnding cheimical
effects m mitural ecosystems ane designed 1o protect ecalogieal
features such us popalation dypamics, community structures, and

ceosystei Tnctions, b this Dght, e ndividual crgamism is cssen
tially viewesd as expendable, as long s these Tigher Tevel
o progected, A excepiion bere is thar of eodangered or threatened
specics, where the Toss of an individual may lave maceeplable
legal vr ecological consequences.

While higher levels of arpanizstion comprise the ullimule
focus of those concevmed wilh chomical pollution o winral sys
tems, the seence of ceoloxieotopy includes stodics aoross (e
entive nnge, Studies al lower levels (cellnlar and below) provide
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Mechanistic relevance specilicity and sansitivity
shorler time-to-effect

Ecological relevance and iutegraﬁ_un
Iongar fime-lo-cffoct

Flaguee 3003, Hicrorchical fypes of affects considered in ecoloicilige. @i-
cafing relufive oltribules such as mechanistic verses scoloqical eetevance o
time fngs hehveen expostre ard abservable effect. Based oo aiwork Kindly
prewided by 5, Marshall Adanis, Oak Ridge Mitionil Labomtory.

insights inwo mechanisms of sty il can be valuable for mak

g predictions among related compounds or species, amd estab-
Tishing couse—effect relattonships in fcld stodies, Tor gencrting
uselul “biomarkers™ of chemcal exposure and cffect, and for
providing nsights into higher level, paricularly population level,
effects. Studics ot the organisn Jevel have bistoically played a
dominant ale in regulatory cootostoology; miny traditional Bio-
asspys, deseribed Titer, can be viewed as organismal level querdes.
Again, understinding effects o e popabation and higher fevels
can be viewed ns the Seold stmdand™ mceotodcolopy: Thowever,
hecinise these effects can reguire arelatively long thne beyond (e
il exposure of aosystem wemerge, their quantificstion is ofien
illicult, sl they generally do not serve to identify the nature of
the stressor, Thus, the clucidation ol elTects of chicmival pollntits,
as well a5 ether stressory, in midural systems drvws on imlbple
apprroachies and conelusions are generally based on the weight of
evidenee wvarlable, Exinples of effects, ov end points, teat cal be
mcisired spanning levels ol vrganization ol thels welutive sensi

tivities and ceological relevineics are illustroted in Fig, 20-3. The
originator of this Hgure, Adams (Oak Ridge National Laboratory ),
hias diseussed the inportanee of integeating stodies across levels
of orgamization and mathematicol approasches Tor secomplishing
ihis (Axlones, 200000,

T the Followwlng sections, we deseribe importont chemical
cffects that hive been addressed ol different levels of biological
orpanization in ccotoxicologieal contexts, meloding flosirfive
exunples, 1tis boyond the scope of this chapter W provide discos-
sionis of all chemicals thiad have reoeived cootoxicologicnl micp-
tiom. CHher eluspiers i this text, paticulady thoeee n Unit ¥, provide
detailed information Toe most clisses ol chemicils of concen s
poblutants of notural systems, albeal in o prissarly mosmenaling con
test. Many of the effects described are relevamt. o other animals,
anel ol conrse mammals do occar in natural systems! Some plant
;zpm:'[lil.: chtects will be addresses] berein, 1 shonbd be noted that,
while we have employed o iological level of organization approach
asar mieaninglul way to organize and convey a complex wiay ol
i forrnmatiens, (e plic e e live cilegonized into varous levels
are iltimitely mterwosven, as will become appsmenl,

Molecular and Biochemical Effects

This lowest level of ergamization includes fundamental processes
associated with the regulation of gene lamscoption wul transla

lion, bictraasformation of xenobiotics, and the delelenons bio-
chemical effects of xenobiotics on cellular constituents including
protcins, lipids, and DNAC These effects have been descrbed clse

where throughout this book inovarions comtexts relited to human
health. Here we will hizhbight sone gapects of salcellular effects
thisl lave received particular attention in the contes! of ccolosi-
cology, Researeh in this aved lias been performed tor o varety of
reasons, incloding e elucidation of mechanisms of adaptation
anid wxicity, understanding species similirities and differences
(e, lo compare selected wildlife species with stundard nuomima-
T moadets; oo o identify particularly scositive species), sl o
develop uselul bivmurkers of chemical exposure and toxicity for
environmental asscssmoents, More in-depth dhsenssions we pro-
vided in monographs such as Hoffman of qf, (2003), Muewan ol
Ulnger (20033, Mommsen and Moon (20053, and Di Giofio and
Hinton {in press).

Gene Expression and Ecotoxicogenomics

Along standing mechanistic Tssue m wsicalogy concerns chemi-
cil effects on gene and protein expression. Xenobioties can aflect
gene nmscription through interactions with tanscriplion Tclors
andfor the prometer regions O genes thit bind transcription fac
tars in the process of achividing amseripbiong T e context of
environmental oxicology, perhaps (he most stinkicd Senobiolic
elfects iovalyve Hgamd-astivated anscrption factors, These infm-
cellular receplor profeins recognize aml bind specilic compounds,
thus forming o comploex thal inds (o specific promoler regions ol
genes, therely activating transeription of mENAs, snd uliimalely
transhation of e associated protein. T'wo examples of substan
il importance v ecotoxieology that illustrate these interactions
involve the estrogen receplor (BRY and the syl Divdracirbon
receptor (AR

Estrogen Recaptor A momber of chemivals bave been shown
o pertarh various components of the endoerine systenn, and (e
it ibcation aml elucidation of “endocrine distuptors” has been
a subjeet of el vesearch and regalatory action. in recent years,
b the contexts of both homan wd wildbife health Csee Clage, 100
Rotchell and Qstrander, 2003). Pechaps the most stedicd compo-
pent ol e vertebivste endocrine system in this context is the ER.
particubarly BR-o aml responses associsled with i The domenant
mtural lipand for this:nuclear receptor 15 estrchol (E2): buding
of E2 with BX produces a complex that can then bind o estrogen
response elements (ERE}of specific genes that contain one or more
EREs, therchy cousing geme trmscriplion (see Fig. 304 Genes
regulited i this manner by F2-ER play virons iportant mles
i, fow expmple, sexual organ development, bebavior, fortihity, smil
b ety (Deroo ool Kerael, 2000,

A muber of chemicals including certain drgs and environ
o sl ol lonterits oo serve o Nt s for TR 0 okl cases these
"enoestronens” actvide gene winseripnaen, el is, sl to 12,
setingg s recepror agonists The fiest xenecstrogen identificed was
dictliylstilbestral (153, @ dimg vsed to prevent miscarriage in
the 19490 to i 19705 untl o wos discovered o bave profonnd
developmental effcets in some alfspring ol women receiving the
trestment (Trinille; 20000 In recont yeans, o number of coviron-
arental pollutants sl esiiopgenic aclivily bave been identified,
inchniling cortain chbmimated hysrocarhon iseciicides (g, DL,
methexyehlor, endosulfan), surfactunts (nomyipheiod), some
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Figure 30-4. A simplified mode! of estroges receplor signaling including the estrogen receptor (FR), which on binding to notive fornone g
(estrogen) or xenpoestrogen (see fig. 30-5) forms The fransenptionally active £8 homodimer complex thot binds fo genes conlofning estronen
response elements (LRC) aodd therelny upiregulntes franscrption and lranstation of genes/iroleins regaleled by the syslesn such as vitellagenin

{Vig). Kindly provided by Carla Rosenfeld, Duke Universily.

pebychlorinated biphenyls (PCRs), bisphenol A (used in plastic
s feturing ), and ethiny estradiol, aosyothetic esirogen wed in
birth control pills and observed fn municipal eMuoems snd sorlbce
warters (Shelby ef e, 190060 arsson e ., 1999; van der Oost
ef el 20008 see Frg 30-5), With the cxeeption of ethiny] estrudiol,
thise pullutants exhabit relntively low bindiog atfinities o BR, ax
comparcd with E2 or DES (Shelby of of., 1996); however, envi
pesmnenal ex posires miy be solficient o pertueb reproduction o
Uesvieloymnenl,

Evidence for such “endocrine dismuplions” by coviromnin-
1l xenocstrogens appears o be overall stronger [or wildlife than
for humans, likely due to instances of elevate! exposures that arc
less prome (o confommling fctors then s typically the cose for
human exposores. Also, egz laving vertelwates. provide i unigue
biomarker of estrogen cxposue that Tas contribted o cootosico-
logical siudies in this area. Vikellogenin (Vig) is o protein that is
iy prriloeed by the ver of fensales and transported via e
Blodudstream Lo the ovary where, as o key component of yolk, i
provides nourishment to the developing embya. The produclion of
Vip is regulated Dy the estropen-TR system, Tntercstingly, males
ol epe-laying verelome species contiin the molecular machinery
for presluee Wiz, bui production asd ciecubating levels ae nonmlly
viery low, due to low tters of estrogen: However, exposures ol males
for catrogen and sencestrogens upreeiliote Vig production, which
cany be readily measured in Bl somples, Conscouently, clevated
Mg inommles of these speeies is o vselul biomastker of gstrogenic
chiemmeal exposurcs (Sumpter and Jobling, 1995 see e seclion
“Biomarkers”). Examples include vainhow tronl (Qnearlivnchns
aevkivey caged in sarface wolers helow indestrial or wunicipal

ellluent sonrees eorched inalkylphenolic surfaetants in the United
Kingdom (Huarries er al, 1997) or nataral and syatlietic estrogens in
Sweden (Larsson et al, 19999, and whitelish (Coregenmy hivaretus)
ciged near paper il e[Moents 10 Finland (Melanen e aof 19997,
While: the bulk of rescarch related to eshiogenic componnds in
milural systems his Focuged on Gsh, s approach his ment for
other epp-laying vertebries (L omensen e ol Z003: Huang ef af.,
H05), wnd for some invericbrates that produce Vig-like proteins
(Porte ef pl,, 2006),

Awl Hydrocarbon Heceptor The AHR is o member of the
hasic helix-loop-helix Per ARNT Sim (bHLH TPAS) family of
recepdorsfirmseription fwcetors that play eales in developmea,
a4 sensorts of the internal and external enviromment in erder o
maintain homeostasis, and in establishment and muinterance of
circmdipn clocks (Demson and Nagy, 2003; Halin et ol 2005),
The AFIR is amomz the most intensively studied receptons in foxi-
coogy due 1o irs role in regulating a number of genes coding Tor
profeins invalved In Xeonobiotic metabolism, and Qs responsive

fess fooa mnnber of widespread chvironmental contaminants, ox
well as o doogs and endogenous compounds. The ATTR is o
lgamd-aetivated cytosolic receptor tid on biding oo lgand
tratverses o the nocleus where o complexes with jmother trin

scription factor, the AR ooclear fronstocator (ARNT) protein
(Fig. H-6) o fomm a ranseriptiondly active dimer This AHR-
ARNT vomples binds o promoter Scquences of genes regnbiled
by the AHR systeim these promotess are st often refemed (o
a5 “xenoblotic response elements™ (XRE) or “dioyin response
elenents™ (R,
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Flgbte 3076, A simplified modef of tie aivl Dydeocorbon seceptar (ANRY Tncludivhg nctivetion by AHR luoneds {see Fig, 30-7) that allows for
dimerization with the AHR nuclear tmasporter (ARNT) that ferms the transcrptionally ective comgles thot tinds to venoliolic sesponse elements
(KRE) and thereby apregulates o number af genes, incuding several ivolied in biotransformalfon, fndicated heee, o5 well os Hie AUR repressor
[ANER) that provides negotive feedbock contrl of the spstem, Hspd), XAPE and p23 ace chaperone proteins; SROC-T and p300 are examples ol
eorepulutor proteins tovolved in tronscrpion. Kindly paoyvided by Carrie Fleming and Carla Boseateld, ket Iniversity.



Choraeterized genes that are upregulated by the ATIR sys-
tem in large part code for enzymes involved in the metabolism
of lipophilic chemicals, incloding organic senobiolics and some
endogenons subsimles snch ws steroud hormones. These enzvimes
include specific eyviochrome PA50s tmammalian CYTIAL, 1AZ,
amil [B 1 umd their counterparts in other vertebiates), o glodaibi-
ane trinsferase (GST) & glucuronesy! ranslemse (UDPGTY, an
afenbol debrydropenese {ALDY, and s guinone oxidoreductase
CHOON. T aslilition fo these eneymes, AHR-ARNT upregulates
the AHR repressor protein (AHER), which then compeles will
AHR for ARNT. This results o a transeriptionally inaelive com-
plex and cHectively provides a megative Teedbuck loop [or con
trolling AUR-mediated peoe tramseription (Hahn ef al., 2005).
The hiotransformation cneymes seaulated by the ATIR systen me
deseribed in detail i Chap. 6. Briefly, they play key roles Tor nins-
forming many lipophilic chemicals, including mnmeross commoen
organic conlinminanls, info more wiler-soluble, and benee excie-
Fable, prowhucts, However, this bistrnsformation activity cin resull
in production of highly eactive products that are more losie than
their parent componnds, that is, “welivalion,”

QF particular relevance W (he present discussion, however,
is e whility ol seme obigeitous pollutants o act a5 ATIR Byouls
and markedly upregulate gene transediption via (he ATR-ARNT
signaling pathway descibed above {Denison and Nagy, 2003). In
some cascs, this can be interpreted as an adaptive response  the
organism is reavling o exposore o lipophilic xenobiotic in onder
o enbiinee s elimimation, However, as noted above, iotrns-
formation can also lead to enhanced toxicily of some subsirtbes
e teen major classes of pollatants hat ave members that act as
ligands for the AR aod apregolie gene expression (and therehy
Mimduee™ biotrinsfonnation enzymest and have received the preal-
estilention in ceotoxicology are the polyeyelic mromamic hydro
carbons (PAHs) and the polyhalogenated armnatic hvdrocarbons
(pHAHs): examples of both ane provided in Figo 3007 The most
stidied plTAHs wre particolar “coplanar PCBs and chilorinmed
dioxing, Whereas some PAHs and pHAHS share the olality 1o aet-
vate the AHIR, important differences between these classes exist
A, whether they ore lignnids Tor the AHE or not, are overall
very gonod substrates Tor the notranslormation systeins aprepi-
Batedd v thee AFIR, which e sct to both detoxily amd enbamuee
e tosicily of some PAHs (discussed in the section “Cancer™). In
genceral, pHAH type AHR ligands ne wone potemt AHR Hpands
and enzy e inducers thas PAMs, but due to extensive balogémiting
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e e h poorer substrates for biotcinsfoonaiion, One of the mosi
potent ligands tor the AR i the dioxin, 2,3, 7.8-eimehlorodiben
zodioxin (TC), which is highly recalcitonl W biotransforma-
Ciom { Deaiison mnd Nagy, 200030,

In similanty. with xenoestrogen mediated inductions of Vig
via the ER, the inducibility of biotransfommation enzymes via
the AHR by senobiotics bas been wsed Tor biwmonitoring. In this
reganl, eveyimntic activities nssociated with the CY P As hove Deen
thies st widlely wsed AHR-related Biomarkes, praticularly an octiy-
ity thal wppears highly specific for these CYPs, ¢thoaynesomifin
£ decthylase (ERODY), which is mast eflen mcmsoncd inliver tissoe
of vertebrates. Elevated aclivities ol FROD in varous vertebrates
Iawer Deen miiocinted with exposores 10 MCBs, dioxing, PALTS, mnd
complex mixtures of these associated with, Tor example, harbor sed
nnents, municipal ofiuents, paper mill elMuoeats, relinery cMucnts,
and crude oil spills (Cister ¢ af,, 20015 van der Qost, 2003; Milles
el il 20053 Tverlebrale AHR homologues examimed de s Ding
Lo higamdls stmilarly to vertebrate AR ancd do ol denonsirale pro-
tein inductions analogous Lo those observed in veriebrates (Butler
el 00 Habm, 2002 Chaty e af, 2004). PAH and pHAT tox-
icities anel e poteniiad roles played by their interactions with e
AHR will be discossed at various points in sulsegien! seclions of
this chapter, and related discussions from g homan health standpoin
appear in other cliaplers,

benomics and Ecotoxicogennmics Recent-adyvances in swne
seguencing and . associated technigues for investigaling mecha-
nism underlying gene expression Tave revolutionized molecu
far biology, These advances are rapidly permeating many areas
ol ivlogical yesearch, meluding toxicology and environinen-
Il seience. Underlying these advances are very Targe projects
to sequence the entire genomes. of varous specics, such as the
highly publicized Human Genome Project that was completed
i 203 (Linle, 2005), Other species that have heen complelely
ar larzely sequenced include e monse, ml, cow, dog, chimpan
zee, chicken, zebratish { artio rerio), poller lish (Frga ribripes),
medika (Cevztay datipes), Tt Dy (Drosophilic selosagasier),
wosen urchin (Strongylocentromms pargneeatus), o seil gemeatode
(Coenorhabditis elegans), a veast (Socolromyces corevisiae),
md rice (Chryvzo sativa), sl the pomber of spocics sequenced is
anticipated fo expmel wpidly (see wwwgenome sov; Crollivs
el Weissenbaeh, 2005), Genome scguencing el (e stoee for
penome-wide amalysis ol geme expression (Ciranscriptomics’);
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Represeatative gamds af the anyl bydecarbon receptor, incluging 2,3. 2, 8 telochlocodeneodiain (TEM), o coplaner polyciio-

rinated biphend (POA 126}, twe polyeyrclic aromalic hydrocarbens (henzofo)pyreme [HaPT ornd T-methylchotonthrome (3801 end o levane
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clINAS ol kinown genes can be spolted on glass shides, or chips,
resatlling in Soicroamrays” il can be cimployed o guantify rela

five Jewels, that s, expression, of mENAY for those sencs in sam

ples of imteresl, The study of changes in gene expression ansing
from chemical exposures is a key compouent ol “loxicogenmmes”
Echumid e, 2O020. Bicromriays For e ionies or gemime Componenis
al iefenest (saeh as penes associded with stress responses, ciarel

negenosys, wmd development) are commercially availalile fon many
specics, and rpidly expanding, Also advancing rapidly are related
analyses of global changes in proteins (e tnmshilion prodocts
ol mBEMAs), relemead woons “profeomies,” and resolting metabolite
prcdiles fanmemnts ol sugars, Hpids, ammo acids, cle, in varioos
tissues that are controlled in part by enzyoe activities), relerel
fo s U metalolomics.” A ampor complexity in these globa) analy-
ses s the extremely Frge dida sels thal arise, Tor example, when
ome eaaines he responses of thossands of genes from organ

smy exposcd (e one or more concentrations of a chemical al ong
or more time podnts. This has led o the development ol the: lield
of i formatics” i mchudes e appheation of sophisticated
statistical ol computing approsches for revealing biologically
meaningful pullerns of gene expression such as relationships to
collular signaling pathways. “Omics™ is @ leom used o eler col-
lectively to these infenelnted appronches (e, (rnnscrplonnes, pro

fecmics, metabolomics, and hicinformmlics),

Chmies have spread info the sticnce and applications of eco-
toxicology, collectively teomed ecotdXicopenmuics. As is e case
Fon oz health-oniented toxicogemonmnics, ecolosivoeensmics has
e podentiand Foe elucidintiog impaicls of chemicals of coological
concern and ulimately for plaving an importast role in ERAs and
regnlatory ceotoxicology (Snape e af, 2004 Ankley e af., 2000;
Watanabe and [guchi, 2000). Specific areas to which ihis emerging
fielil ca contribute mclindy priovieaien of chemicals investigated
i BRAL wlentificption of modes of dction of pollutants, identh
ficution of parlicolarly sensitive species, and effect prediction w
higher levels of organization. As in elhier weas aleceloxicalogy, o
piagor comnplexity Facedd is the vist array ol species of potential con
cern, This s u padicubirly problematic issue in ceotoxicogenomics
that regoires substimtinl specics specific molocalar inlimntioi.
However, as mentioned carlicr, the number of ecologically relevanl
species for which tis information s becoming ovinlible is cxpand
v ranprind by sl 1 Dikely fo seeclerte s wobs are relined. Moreaver,
its anformalion grows, genomic approaches hold great promise for
ilentifying appropriate suerogate species Tor labasitare studivs nsed
in basic ecotexiemlogical research wuld o suppont ol egolitory coo
ohcolopy (Henson amd D0 Cralio, 20068,

Protein Damage The stady of chemical effects on prolvins, pare
teularly enzymes, bis o long history a0 losicelogy, OF particukar
interest within ecotoxicolopy are the inhibitions of acetylcholin
esterase CACKE) by vortain posticides and of deles-aninolevulinge
acid dehydeatase (ALAL) by lead, ACKE degrades s ienrsirans-
mitter acetyleholing, and in 5o doing, conbuls serve iRinsinission
in chofinergic nerve trpcts, The widely nsed organophosphate snd
cirbimate classes of insecticides kil by inhibiting ACHE, el
this acelimism is opeitive Tor “woatanget™ srganisios ineluding
invertebrates, wildlile, ol homns, (See Chp. 22 Tor o detailed
dlisvussion of these pesticides amd AChE inhibiton,) OF paiticuliv
cilugival convern bive been e dngestions. of ACHE-ihilbining
ipseeticides with food iems or pranubar foomalations (mistken
as seed oor grt) by binds and exposires o ageatic snimals from
agrwica il conedl (Minean, V990 Core e ol 1997; Wilson ¢ral,
200 Doormemy field studies, effects of those insecticides on oo
tlity, unl relationships between ACRE inhibition aml psoninlivy,

hive been of primary concern. Hewever, relitionships Ieiween
ACKE inhibition and bpeodin sublethal iprcts such os behavior
liawe also been observed (Samlab] e al,, 2005, ALAD catalyzes
thes vate-fimiling slep of hemae synthcsis, o key component of cyio
chromes, homoglobin, and myogiohin, and ALAL activily iy viery
sensitive o inhibition by lead (ATVSDR, 1999, This seositivity has
been exploed widely ws o biomuorker foe lend exposore m homians
b wildlite, Towilidbife, concerns Tor lead exposare have inchuded
vigestion by birds of spent lead shot used in lunting {Kemdall
el P90), accumulation of lead by wildlife living mear nghways
tHirdsall ef al, 1986Y, sl agquatic arganismes inhabiling surface
waters comtaminited by lend froon mine ronoll snd other industrial
schivities (Schoitl e of., 20051 In sddition 10 enzyme inhibition,
chemicals can domage proteins i other ways, inclicling oxidative
damiage as described below, and by forming stable adilucts similar
o thaze formed with DMNA, plso discissed below,

Oxidative Stress The classic depiction of acwbic rspinmlion
shows molecufar oxygen (03] a5 he tenminal eleciron aeceplor,
with its reduction vesulling ultimately in waleras high cocray inter
meites (NATYH, FADH ) arc oxidized and cellular energy is ¢ap-
tured as ATF. This reduction of 0, o H 0 requires four elecimms
that are sequentially added; this process is lightly coupled so that
the one-, Dwo-, sod theee-electron inlenmedistes are released at low
amils (less i (6150 of O inspired; Fridovich, 2004). These
inlermediites are, in sequence, the superoxide anion radical (O,
bydrogen peroxide (RLCLY and the bydronyd radical (*OH). Thiy
taht coupling is footwmate Tecamse hese intermediates, produced
diring werobic wespisation and other O, consuming or - prodicing
processes (such as photosynthesis and CYPanediated Diginns-
formations), arc potentially deleterious products hal can indis:
criminately damage cellular componems; henee, they arc referred
foas “renchive oxygen species” (ROS). Some KOS, including 0F
and “0OH, nre free radicals, that is, they possess an wupaired elec-
tron; among ROS, "OH is particulirly reactive and loxie, Tn order
o ddetend themselves T e damaging cffcets of ROS, all aeio
bic ez lve evolvl comples anatiogidant defense systems
that ancTude cnzymatic and ponenzymatic compoients (allivel]
and  Gutteridge, 19959 Aatioxidant epeymes melude superoxide
dismmtases that conver OF o 11O catsaloses and peroxidases that
detoxily peroxides meluding HO,, and enzyimes nvolved in il
production and maintenance of reduced glutatliome (S such as
slutamate cysteine Hgase (GO ol platathione reductase (GR).
Lowv-modecula-wepht, noneneymntic antioxiduants include  vits-
mins A, O, ol T, and GSH.

Ohxielnlive siress has been defined as
prooxidant antoxidant halance in Gvor of e Foomer, Teading (o
pnlcllli:l.i danage” (Sies and Cadengs, 1985)-that is, the 13[1'|||t at
which il production of ROS exeeeds the capacity of antioxidanms
ley pravent damiage, Numerous coviromnental contaminanis can acl
as provxidants ond enhance e production of ROS, The resuli
ing oxidative damage can sccound wholly or partially for toxicity
Uit o] Ciotieridee, 1999), Mechanisims by whicl chemicaly
can enbinge KOS produgtion include redos eyeling, inlerociions
with electron tamaport chidns ootably i otoehondris, micre

o dhstirbamee i the

sommes, on Cliloraglists ), snd pholesensitization.

Redox eyeling s perhaps the most conumon mechamsin by
which w dliverse amay of chemeeals ineluding wany environmen-
tal pollutumts generates inteacellulas ROS. Redos eyveling chemi
calg inclode diphenals amd guinenes, nitrosromatics and azi
compounds, aromatic bydiooyBEimines, bipyridylinms, and ceitain
mebnl chebates, paricalarly of copper and ron (18 Ciulio e ol
PR Hallwell and Gotteridge, 1999 These inclode compounds

AL
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Flygure 30-0, verview of axidotive stress, including reactive axygen species skimutution fnitiolly by redoy qecling, key ontioxidont defenses and
podentiol deteterious biochenical effects, “Farent compound™ in redoa cycle conld inetude s mmmher of clemicals suclias quinones, nitrosramil-

ie, e dyes, paniguot wad digoat, sod ansiiion metad chelages,

of browd industrinl nse, many pesticides, vhiguilous elenents, and
metabolic products of numetous pollutants, Inthe redox oycle,
the parent componnd acoepis an e¢lectron from s reduced colactor,
such os MADED o NALDPH; this resction is Ly pically ciatalyzed by a
reductise such oy santhing oxidase or cytochrome PASO reductase
(Kappus, 19861, Ti the presence of O, the unpaired clectmon ol the
raclical metabolite is donated to Ch, yielding 0% and tegencrating
the parent compound; impordsntly, the parent comipid can repeat
this eyvele until il is cleared or motsbolized o wn aetive product.
T the course of cach redos cyele, two potentially deleterions events
oceur—it high-energy reducing equivalent is.capended (the oxida-
ton of NADPH (o NADPY, eg) il an oxygen radical is produced,
A penembized redom eyele that includes sssociations with cellular
tesicilics and antiogidant defonses comprises Tig 3-8,

Additiomally, pHAH AHR lipands such us coplioe POTS
amd TCDD enn eobance ROS production, possibly by indocing
CYPILA activity and concomituntly interfiering with electon flow
meilinted by these engymes (Schlesnger amd Stegean, 2000)
PATTs can also apregndate CYPIA and con enhance the prodie-
tiom of ROS-generling redox-active guinone metabolites, in
contrast to uncowphng mechamsms proposed for pHAHs; Meben
et ad, (2000 discuss poteotial mechimisms by which ATIR aganisis
can produce oxidative stiess. The herbicide panugeal is phytiosic
due e interference with chloroplast electron trnsport, Intenestingly,
it b a very poteol lumg foxicant ecanse of its speeific uptake by
this tissoe and subsequent redox cyeling (Halliwel amd Cutteridge,
1999}, Another Important mechanism parlicolacly signilichnt in
aquatie systems is pliotosensitization. Uliravioler (UV) rdiotion
{specifically UVE wd UVA ) can penelrate surface waters to depths
tispendent on tie wivelength of ihe saliation and the clarity of the
warter, The U sadistion genenistes JOS and other Doee anbicals via
excilativn ol photosensiizing chemicals, ineliding common pollul-
ants of agquatle systens (1 aeson and Welber, 1994). For example, dug
to plotosensitization, many PATI dre onders of magnitude moie
penlely tonnte dep pepatie organisims i e presence oF LV adiatios
i oo s ailwsence (Artsen ef af., 19960; Ankley er o, 1997, The
ecological melevinee of pholosensitization, however, is controversial
(MeDomald and Chapmin, 20023,

Ax noted, ROS are generlly indiscoinimt aoleciles and
can potentinlly domsape any cellular camponent. Well-choracienzed

biochemival inpacts of ROS include oxidutions of unsalimate:)
lipid componcats of membranes (Mlipid peroxidation™), oxidations
ul amino acids and proting (resalting in, eg, the addition of cur-
bonyl groups), amd DNA oxidations resulting in products snch as
B hydroxy- puanesing s thyime glycol (Halliwell ind Guotiendge,
499 Another inportunt inpact is peturbed sedox status { Schafer
wd Buetiner, 2001). Healthy cells typically maintain high ratios
of colactors in their reduced, high encrgy state relufive to (heir
axidized stale (eg, NADIMNALY, NADPHNADP, and GSTY
(iS50, as the reduced Lorms are these most emploved for energy
production, biosynthesis, and anfioxidant defense, for example.
Thes ROS can drive redox status o s maore oxidized state by several
hireet aid indiect mechonisms, potentially reducing cell vinhility.
Ihese ROS-medinted impacts amd others have been associnted with
a momber of human disefses inclsding atherosclerosis, arthritis,
cancer, and nenrodegenerative disvases such as Aldheimer disease,
Parkinson disease, anl amyotrophic: kteral sclevosis (Hulliwell
and Guiteridge, 98 Wilh the exception of cancer (sce below),
the role of ROS in speeific disenses in wilillife has received 1ittle
wliention. However, numerous studics have docmmented oxiila-
tivie stress-medinted bicchemical and cellular effects o wildline
assovimted with eoviremmentiil contamination [(Bainy ef al., [996;
Livingstone, 20017 vin der Oosl, 20008 Dovval er ad, 2005). As
with humans and vadous animal models Gor Tinmin disease, it s
reasomable Lo assunie tiil oxidative sliess comprises an imjHsrani
mcchanisim sceonntiong in pait for the toxicity of diverse pollutants
to froe-living erganisms, Also, oxidilive steess is involved in the
ellects of air potlutants on plants and lkely phiys arole o forest
dichacks wbserved downwind of industrislized noews {Richardson
et ol PRR9: Mippeli ol Blstoer, 19963,

T dnrportaince ol TIRNA b o omolecalar larpet in
foniculogy i mdicated by the devotion of Chap, 9 ol this kst e
senetic lexicology. As indicated, pectaps e most pressiing i

A AT

Bealth fssie associted willy seanobiolie—TINA lisleractions is canier.
Cancer-is adso an oporiont healih oulcome pssociated with chemi

cal expostres n wildlife, particolarly Tor botiom-dwelling fishes,
as disenssed inthe section "Cancec” OF preater concerm in coo-
tosdcedogy versis i health gre other, multigencrtional offecls
of pollutams on penetic stroctores aud resalting phenotypes of
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populations and communitics, through bhoth direct effects on DNA
{mutationsy und ielivect effects (selection); this wpic is discnssed
in the subscction “Popuilation™ in the seetion “Toxicant Tilects.”

Chemieal contamimmis can dimage DNA through several
mschanisins, inclading the fonmaton ol DNA—xenobiofic adducts,
by comsing steand breaks, and by oxictions ol TNA bases. o the
context of cootosicology, the most widely stodied Torm ol dinn-
age has been the formuption of stable DNA sdducts, particolarly ly
PAl s I arder to fonm thess sdducts, PAs must st be sctivied
to regotive metabiolites by emeyime systems sucl oy the eytochrome
14505, The bulk of PALLE metabolized o vagows oxidived products
isuch ss phenobs, dioks, and epoxides) is subsequently conjugald
by phase H enzymes Guckr us GS1L sulfte, and glucuronosy | trans-
fersis; see Cliap. () however, some Tuction canceact wilth DNA,
matinly (hrough covalent bonding with DNA bases. The most st
ied cxample of this s beneofa)pyrenc (Bal"), which can be retabo-
lized to the highly reactive beneolalpyrene dinl cpoxide (BFDE)
that can bond to DMA. Tn fcld stuiies, the resulting targe adduocts of
DA with B ind other activated PAHS sl melated componnds
can be measurel with the ighly seasitive ~"postlobeling assay
{hillkps, 1997), This lechnigue has been used extensively o moni-
tor TINA adducts in benthic Gish and Bivilves inhabiting systcms
contmmimted with hydrocarbons, purticelardy PALs (Maecubbin,
99, Reichert ef ol T998; Shugart, 20000 Amal et ol 20041 Oiher
forms of DNA dumasge that have beeq investigsied in coolosico-
logical studies include DNA strand breaks and oxidized DNA bases
{Shugant, 2000: Malins er al., 2008),

Onee DA damage has occared, whether Trom chenical
expostres or other conses (respination, UY radiation, viral inter-
actioms, mormal wear sl (), seversl .aulmﬂqm:nt OULCONICS Likn
peenr, i luding the following: the dumage can be properly repaired,
e dimage can lead o cell death, or o resulting change in DNA
structure (hase segquence] can beeome fixed and passed on o daogh-
tercells, that s, motation oceors. Comples DNA repair systems
Ty Ty elicidatedd in prokaryetie il cukaryolic arpimnsis (see
Clhups, § wld 23, amd while these systems have receivenl relatively
Bittle atieaions inspecies of ceologicn] refevance, 1035 o sole assomp-
tion thal these conserved systems are qualitatively similar across
diverse phylin: Overall, thiese systenis exhibit a remarkable capacity
fow surveying the cellular penome, deteeting damage soch as oxida
tons, midonets, ond stand beeaks, and repoirng the dimnage by, o
example, revmoying o dmnaged wse and replacing it with the cormec)
lase. However, mistepnir does sometine accur, with the result thist
i inconrect base is incorporated. Depembing on the gene ivolved
gl e site within the gene, this change may leied foocell deathy, o
vty Tesull inoa mulition that may have no cffeel (oceurs ol non-
critical base scquence ) or ome it leds o functional change i the
proein coded by the gene, Some chemicals case cancer by nautat
g genes that play pivotal roles inocellular growt bl dilfereatia-
tion, particulirly oncogenes and nomor suppressor gencs, Examples
of discoverics of aetivated genes (in liver tmmors) in feld sodies
fuchinele the &-ras oncozeni in oimesnl (A ceagady fommod) Trom
(B Fludsng Biver, New Yook (Wirgin o all, 1989, il inowinter
Rouander rf'a..-'.'r.'.f.'_lllrfn arrerneetes epnerteanns) collected Fromm Fosdon
Harbor { MeMabon ef e, 19900, and the retinolslastomn (R oo
siipprcason gene dnthe marmme Ratfsh, dib (F freeerefe Gaenedi), o
(b Ulipited Kinngetomn (di Corbicr e all., 2005},

Cellular, Tissue, and Organ Effects

Colls Cellulor tnganelles that have received alfenlion ws Trpels
i species of coologicul intenest include mitochondria, lysosomes,
s nuclel, Most frec-lvimge orgamsmms romtinedy gxper ence T Y

deficits, For example, R resources arc often highly depleted due-
ing the winter for many suimals; which adapt by conscrving cnergy
by hibernating or lowering metabolism) or by storing: crergy
heforehand (as the case for many migratory inls), Ths, effects of
pillutants on oitochondiinl enerpy metabolism cun he ol parici-
lar importamee (o wildlife, For example, Sokolova and coworkens
{Sokolovi, 2004 Cherkasow e ol 200006) have elegantly described
the ellects of cadmivm on seyeral aspects ol miloehmndeal fune-
Fienn i isaebated gill and he patopancreds celbs Tron the casten oystes
(Crssastrea virginiea), aml noted a marked synenzy belween the
mictl and incroasing enviremmeniol temperatures. Lysosomes i
ivalved in the degradation of dumged ocganelles and proteins,
el also sequester a wide varicty of envirommenal contninants;
mcluding metals, PALLs, and nanoparticles (Moore e al,, 2005).
The accwmubalion of senabiotics by lysosomes can elicil mem-
brane damage, or “membrane instabifity” which has been used as
i ey winning measure of pathological chemical elfects i both
mverlehrates aml vertelwates (Hwang ef al., 20027 Kobler &1 al,,
2002; Moore ef al., 2006),

In addition to specilic dumape 1o BNA bases described
above, chemical effects on muelei have hein exmined in etologi-
el contexts with additional technigues. Micronuelel sre cliromao-
somual frgments (hal aee nol seorporated into the nucleus @ cell
division, and chemical esposures com markedly increase their
Trequency. Elevated micronuclel numbers have been observed,
Tor exmppde, o fish erytheocytes from pollsted constal siles i
Califormin (Flose ¢ al, TURT) and in hemoeytes in clons Trom o
PCB polluted barbor in Massachiselis (Dapp ef ol 19901 Adsa,
a stindardized highes plant (Lradeseanti) assoy for ancosnucle
bass Besen tseel for monitoring air pollution (Solensky ¢f wll, 2006),
A cell-based nssay that has been psed widely in environmental
applications is the comet assay. Tn this pssay, cells are inhedded
i agaross, lysed and subjected w gel clectrophoresis, ad he fea-
s of (hee resalling “comet’s tail” on the geb used o assess TINA
deamigge. With appropriate manipulations, the comet assay can be
employed to detect wnd distiggeish moong @ variety of genotox
icities including strand breaks, oxidotive dumage, anid adducts
(Mot ler, 200000, 10 hass Been osod oo variety of Geld applieaions,
parlicularly: with hivalves (Steinert, 1999; Nigre ¢ al., 2006}, fish
{Hewser af af., J004), andd e (Flnsby ol Modies, 1999

Histopathology The detailed microscopie amlysis ol the stiae-
ture of cells and tissnes can provide impor s links among chemi-
citl exposuies, cellubar targets and mcechanisms, and elTects af the
organismal Tevel (Tinten, P94, Moveover, the determination il
(isame damage s occurred as denimstratedd by histopathological
amabysis is extomely uselul for inforring that o significa deleler-
ot elfect his occmred. However, the subsiantial cxperiise regquined
For proper histopathological analyses of this mature and the oflen-
times tme- and lsbor-intensive malone of these analyses has perhaps
linited the application of this powerlul opprosch in cootixicnlagi-
cil contexts. Mevertheless: histopathologieal anlysis hos played an
mparknd rode i conbinmmng chemieally medinted tissoe damage in
numerous laborptory and Geld stadies, Tor r'lcillnph:. Iicheco and

Saitos (2002) integrgted Distopatllogical sibysis with biochien-
cil stinlies of the effects of various environmenlul conlaminls on
e Bovopesan el (A mgoifle ceegartficed, and LDioviin (2000) similarly
ncerporailed his approsch in studics ol the effects of methyhmer
ey In fothead oo (Phosepdiedes prioeeefes). Haudy ef ol
{2002 relicd on histopathology in o stody of fesh Dealile in avers
insonthiern Enpland. Wester of af, (2002} revieweed the agrplication
el prstentil contributions of histopsthology o oquntic texicol
oy, particubarly e context of small sl madels. ln subsequent
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sechions concerning organismal level Impacts, oflier examples of
thie use of histopathology will be provided,

Target Organs Deseriptions of chemical fnpacts oy all organ
systems of the myriad species relevant o coolosicology am
Byl (he scope of ihis chapler, Other chapters in this volume
ailillress Key toargel argans in the mammbian contex. wid moel
al this i relevant to other vertebrates, Target orpan toxicology is
abso the subject of compreensive reviews by Schlenk amd Benson
(2001 comeerning maring awd lreshwater lishes, and by Gardner
and Ohevlorster (2005) concerning reptiles. Relevant informa-
P i narine manomals was eviewed in Vos ef o, (200023 We
pre wawire of similar roviews for Bods o inverichnies, The
unique propetties af the aving respiratory system and ies utility for
investipiling respitatory system joxicity and air pollution were
rewiewed vy Browm ey aol, (19970

Ancther important target organ in ecotoxicology that is not
covered elsewhere in this et 3s the respiratory organ of nonniem-
ki apeaic vertebrides and many invertebrates, the pill gills of
fishes hivve received the most attentinn as targets of Loxicints. The
gill epithelium is the major site of pas exchange, jonic regulation,
acid- hase balance, and nilrogenons waste cxerctions for fishes and
olbier aequastic snimmls (Bvims, 1987). Gills are innessed b mgjor
exposure medivm for these antmals (surface waler), so mctaboli-
cally active epithelial cells are in dircct contact with tis mediom,
They also receive blood supply disectly from (he heart, through the
ventral aorta. Thus, it is ool sweprising thal pills comprise a very
important targel for iy environmental pollutants, doe o their
critical physiologieal functions, central position in Wood carenla-
(on pathways, and inttmate relationship with (e cnviromment. The
basic structure of fish gills is composed of branchial arches from
which extend numerons hlaments; from the filaments exiend the
Bnmrellae (Wendebuar Bonga and Lock, in press). The lanellae arc
covered by a layer of epithelial cells thal Tunciion in gas cxchange,
whereas the ilament epithelivm is dominated by ather cell types,
including prvement cells, mucous colls, and chibvide cells; chlonde
cells ure the primary location for ATPase activity and fon channels
invobved in fon transjaot.

Comvmon strocional lesions in pills caused by & diverse iy of
chemicals mehode cell death (vin neciosis and dpopinsis b rupivie of
i epithelom, hyperplusia and hypotrophy of varoms cell popula
tions that can lead o lameltar fasion, epithelinl swelling, and lifting
of the respiratory epithelium Trom the underlying tissue (Wende
B sl Lok, i press ) Chlogide cells bave received particanlor
altention due o their key role in jonic homeostasis, For examplie,
mitals such as cadmium, copper, lead, silver, aml #ine have been
shiown o mtertere with their fanction in on trnsport. [n some cases,
tis oy b due fooanhibition of ATFase activitics andfor incresid
mernlane penmcubility (Spry and Wood, 1985 Wendelaar Bonga
ol Lok, 1992: Li et al, 1998 Rogers ef af,, 2003; Bary, 2005).
‘The stress respomse, which results in elevated blood conceintr-
tions of epinephone ol corfisel, and associated responses such
s ancresed condine ouipat and elevited blond pressore, con also
pezcbipdy iomie balunce by promoting passive loss ol fons such.as Ma'
and 1 (MeDonald and Nillgan, T A vanely of contaminants
I Pz showen o evole he sioss response in fish, somelmes

T

conoiitinily with perluibations i jonic balusce (Demiels, 1997,
Wlsls ol Woed, 1998, Chowdhury ef ol 20060, Alse, gill dam
age appoars to be the primary cose of e aeule Wity of PAH
rrediited phototoxicity i Dsho(see the scetion "Oxidative Siress™),
Woetnstem o af, { 1997) reporied histopathological npuets of TV 4
[oranthens in gills of fathead mimows including severe damase
to mueosal cells, wlammation, sl apparent scowmukation of 1ipid

peroxidation products: these elfects Tikely resolicd in respirtory
stregs, and lethality. This stdy eleganily demonstrates a progres-
siom from hivchemical miechanism {oxidative stress) o target onn
dimeape (pell respiration) toan important evganisaal et (death),
Muorlality and inportant sublethal organisiel impacts that have
reccived substantial atieation ooy ecotosicolugists comprise the
Fallowing secticn,

Organismal Effects

Mortality In similardty with impacts on leamm health, chomical
pollution of the enviromnen dues nol in most cases allain levels
sufficient te oulripht kil wilillife: Concern in the ccotoxicologica
contexl msoverall more for long term, chironic inpacts on organis-
mal variables such as reproduction and development, ehavior, and
disease susceptibility, and how soch impacts parlay into impacts at
population and higher levels of organization. However, niimerous
vases of wildlife mortalitics (particlarly birds) due o exposunes (o
chemical pollation have been olservesl, including cuses associated
with chronic oil discharges (Wicse and Robertson, 2004 ) and imajos
ol releases [om evenis such as the Exxon Valdez tanker wieck
i Adaski (Poterson o ol 20003) and the 1990 Gull> Wi (Bvans
et al., 1993), lead From spenl shot (Clark and Scheohammer, 2003)
and mines (Heony, 200058, and pesticide cxposures (Mincaa ef af,
1999), While not a divect toxje chemival elleer, hypoxia can be an
important canse of fish and invericbrate mortality in aguatic sys-
fens; sthropogenic inpuls of netrients assoclated wilth sewope or
ferilizers thal enhance the giowth of phylophinkion can couse or
exacerhate hypoxin (Paerl e afl, 1999 Wy, 2002). While direct
mmortality may ool bea commonplace cffect of toxlc chemicals in
mastura] systems, morality comprises a major end poinl in lexicity
tosting, discussad later,

Repraduction and Development Tmpacts on reproduction and
developien) comprise perhaps the greatest concern among polen-
fial sublethal effects of senobiotics on animals inhahiting natural
systems, This is doe o sensitivities of the physioloeical processes
invalved that have been deseribed Tor o number of pollutaits, sl
the inportinee of reproduction and development o popalation
dbymamivs, o key ceological concern. Moreover, U discovery of the
ellccts of some organochlorine insectivides on avian reproduction
{particularly eggshell dinning) sod resulting popuolation crashes of
sevecal predatory bind species, and the public's awareness hrough
e publicition of Carson’s Siferd Sprog i 1962, cun be assuct-
atedl with the birth of ecotoxicolngy, Concern for reproductive
and developmental effects bas Blossomed in recent years, with the
widespread detection of endoerine disruptors in the envimmment,

A vanely of cnvirenmental contminals have been wssoe
wled with reproductive andfor developmenial eMeets in wildiife
populations, with this association sopported by controtled Llwa-
ton g stinlies. Clilorinated hydrocarbons have contioned 10 gemernie
concerns, althongh muny (DD and other insecticides, wmnl PCBs)
bavver tund their prodoction and nse sharply enriniled. For cxample;
DI its mnjor metabolite in bards: (DOE] ol PCHs have een
assprcbiated swith veproductive anmd developmental impacis i bind
populatiows b the Grea Lakes, southes Califoamia, the Paget
Sond, angd the Arctie (Fry, 19495; Custer o af,, 1999; Bustnes
el e, 20055 Adlso, alligaions (AR getor sifssissippiensisy inlabi
imga DL polluied tuke in Florida have cxhibited repoodactive
niul developmental perturbations (Guillette of af., 20000, Fvidenee
fhsa idicntes thut PCHs Dmpact waine swimnml reproduc
tom, mchuding that of bolilenose dolplins (Tursiops feieafes)
{schwacke e ol 20002 Wells. et af,, 20050,
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Deleterious impacts on lish reproduciion have been assoc
ated with environmental exposores o a number of conlamimmis
Case studics inchute PALE (and other chemicalsy scenmmiliiel in
sedlinents in wrban arens wnd Tarhors in the Moget Sound (Jehnson
etork, 183 and northeastorn Tinited Stales (loluson ef af., 1994)
or wesociated will oil spills such is the Exson Valdes (Sal o al.,
20007, Diher examples include efftuents Trom Bleached paper nnlls
in various locations, inchiding Camida (Munkittrick o al., 1991,
mieh selenivm, for exammple, covtvating from coal- fired power plant
iy ash stored near freshwaer bakes (Lemly, 2002) or in streams due
ter costh e rnol (Lol et al,, 2005), Notably, seleniom producesd
severe developorental ellects in water birds feeding inoa created
wetland in central Calilfornia {Kesterson Mational Wildlife Relfuge)
thiet concentrated naturally occwmng selenivm (Ohlendort, 20012).
Additionally, severe developmental anomalies have also been
observed in muloral populations of marine gastropods exposed 1o
tribueyltin { TBT), which has been used extensively as an antifouling
pavint on ship bulls (Ruiz of al., 2005).

The dlevelopmental offects of divxims (TCREY and coplanas
PCBs on vertebnte development have received substimtial slen-
tion. ‘To some extenl, this work was motivated by analyses (ha
inlicated that these compounds were responsible for population
crashes of Great Lakes” Asherics (particalarly Bake troul, Safveffnas
namayensh, in Take Ontaio) inthe 19505 and 19605, aswell as for
developmental imppcts on olher wildlife, particularly piscivorons
Birds and mammals in the region (Gillwerison of af, 1991 Cook
et el 2I03). Labomatory investgations, Targely with lish ad bind
models: have shown thal embiyo developaenl is very sensilive o
these compounds, and such eltecis likely underlaid the population
crashes (Fairbrother ef al., 1999 Cook ef al., 2003), These imves-
tigations have included elegant meclumistic studies that revealed
condine development was particularly sensitive to these chemicals,
aned conchinded it developmental perurbations ane Targely recep-
tor mediated, thal s, ey we dependent on binding of the chemical
Ganch as TCDDY with the ATIR descrilied alwove (1 lankinson, |995;
Dk e aek, 2000 ; Tangvay of af., 2003; Antkiewicr el al., 205).
Much ol the sore recent work in this arca has been done with
rebrafish (42 rerio), o poswerfol morded for molecola and 1]!.‘1r'L'iL|jl
mental toxicology due (o cise of viswally examining developmen
Hivmgh o clear chovian, raphd development (approximalely fou
days Tromn lertilicntion 1o hatch), and abundant genctic inform-
tiom, inclodine pene sequences (Caney o af, 200603, For example,
with a known gene sequence, ope con design owrphislines o block
tramskilion ol specitic mRNASD morpholines ane afigonuclootides
wilh a modified “hackbone” that renders them stable (resistant 1o
DNAMBMNAnse nclivities) al (s able to transiently block trans
Latzoe of specific protein targels, Comey of af, (2004]) employed
morphwlings to knock down AHR teamstation in zebmbish embiryos,
which grealy redoced the developmental toxicity of TCDIY, con-
firming the role of the AHR in diosin toxicity. Morpholinos wore
also employed o investgate e wole of CYP LA Tor exanple, s
ipregliation via 1CDD activation of the AHR conld enbizmge oxi-

dative stress, Termoka of af, C2003) abscrved marked redoctiong of

PO toxichy with either AR of YA worpholinog, while
Crvrney ed el (20000 observed paoodecion with e ATHR bt oot the
CYPIA marpheting. While the role of CYPEA i dissin eTecrs on
devisloprent remaing unclear, pathways downstream of the AR
other than CYFPLA are hikely involved.

Similar concerns hivve enierged Tor the developmental effects
ol PALs, paiticadarly Ao fish, Hydioearbons, m Luge pant PALS,
sssociated with oil spills, contaminated sediments, pagor il efio-
ents, amd eroosote wsed For waogd weatment have |}|.nfuuml devel
oponental ¢lvets in ish emlryos (RRlard of el 1999 Carls'el al,

1999; Moyeref al., 20020, linany cases, the cffects observee visn-
ally appear similar to those observed in ish embryos exposed to
cliensing and coplapar PCEs, and inchids walfonmed heants (“tebe
L™y, coamiofaclal deformitics, hemorrhaoging, and edema of the
pericardimm and yolk sac, the latter resulting ina distended, Tnintly
hlue yolk sac aml ence oo given o this syndrome “bloe sae
ilisease" (Spitsborgen efal, 1991). The niechnnisma by which PAHs
prodiee this etfect are unresolved, wod Bkely imchade more tan o
stngle wechanisoi—aoat suipeising in light of the myriod of chemni-
cals comprising hydracarbon/PALD mixtures in the envirsmmenl.
L some cases, cllfeets appear o be ATHR-independent. Ineardona
el ol (2005) concluded in studics wilh webrofish ol employing
owreplilines tiat in weathered crude oil, trieyelic PANS (such as
phenanthrene md dibencothiophene [DET], the Bter s sulfure-sub-
stitmted PAHY accounted Tor the bulk of caddivvascolar teratogen
esis, and rather than mediaing losicily, the AHR-CYPLA pathway
aftorded some protection. Wassenberg and T Giokio (200443 and
Wissenber ef af. (20015} ebserved warked syneggics in the devel-
opmental toxicily o killilish (Faodulis leterocling) embryos
between higher molecular weight PATLS thal are AT agonists
CBaP aid BNEY aod PAHS that inhibit CYP LA (o-naplihoilavone
[ANT], Muormhens, 13, and carbazole —a nitrogen-subsiiinied
PAH). Also, ANT eobimeel the toxicity of @ water-based cxtract of
sediments contaminated with weathered creosole (Wassenberg and
i Ciinkio, 20046). In subscquent studics with webralish emlbyos
investigaling the synergistic loxicity of BNF and ANT, the AHR
morpholine provided protection, while the CYPLA morpholine
enlianced toxicity (Billiand er al., 2006), Collectively, these PAH
stulies saggest tat in the context of cmbryo wxicity, CYPLA pliys
a prodective wole, presumably by mediating metabolism god chear-
ance ol these metabolically labile compounds. This is m contrast
to the metabolisim-resistimi dioxin-like componnds, where CYPTA
either appears o play a ole in medinting oxieity or has no effeer.
Fow sonee PAHs, such as lower molceular weight (ricyelic) PATIs
that have Titkke o ne activity as AHR lizgands, develepmental toxic-
ity appears AHR independent. while the develupriental toxicity of
some higher molecular weight PAHs that are AHR spenists appeans
i gt AHR-medinbed, T mddition, osidative stiess iy play o
role 1o the developmental oxicily of sone PALE 10 fsh embryos
(Wander e ol 20053, PAHS comprise o abiguitons class of oon-
Ll that sppeis o be penecally increasing in the environment,
pelleciing nrbandzation, population prowth, and ose of fossil foels
( Min Muotre and Mealiler, 2005,

Contanvinant cffcets on development are often difTicull to dis-
gern in liehl studies, due to the smadl size of cmbryos ol the T
that developmental imprcks generally either are lethal or greatly
reduced survavil, However, eorly Bifie shages ol most ongamisims are
generally more sensitive to xenobiotics e other life stigess s,
developmental impacts merit carcfol stlention by cculoxicolog

Disease Susceplibilily Diseise plays oo bmpoant wle in
regulating and sometimes serivusly impacing popalitions ol free-
living wrgranisms. OF great concern de interictions between (isease
-_'||':.l.:|||i-.:||l. vl ey el contoiinmes, rl.llril'illilli'.' |‘||'|l|‘l'||i:||
mpacks o chemenls on e sysiems ol render orpanisms
mere suscephible o discase: The guestion vsoften mised ahoot how
chemical pollition elevates the mle of disease in popalation viahil-
ity il dynannics,

Both fichd obseovational md laboosory experbmental stod
jes motivate this copeem, For esample, Torensie evidencoe sup-
gestedd that pHAHs such as diosins ol POBs miy Tave pliyed
vl ipooass ortalities of seals ond other warine mommolks
in the Ballie Sea il were divectly attiiboted o viral infections
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(Rass e oo, 1996), Caplivee lurhor seals (Ploca vitidina) fod Ash
fromm the Baltie Sea displayed o number of imnmune system deti-
cits relative to seaks fod Gsh from uncontaminmed Alanlic Ocean
sites, incloding impaived nitural Killer (NK) ool sclivity, in vitro
T-hmphocyle Tunction, snligea-speciiic in vitro lvinphoeyte pro
liferative responses, and in vive delayed type iypersensitivity and
pntibody responses tooovilbumin, These effects were comelated
with greater concentrations of TCIMDY eguivalents in Gish Trom he
Barltic Sea. Do case—control study wsing lomg-term data from stud
i o o aowmal steoubings in the United Fogdom, Hall e al
(20067 concluded that cach | mgfke increase in ol POR coneen-
trstions in biubber resulted inoan average increase inomorkahily due
to lnfections disease of 2% in hahior porpoises (Phocoera plio-
coenit). oo stody of Free-moging logeer-head sea turtles (Caretta
cepredte) collected in North Caroling, Keller e all (2000) observel
significant corrchations between sclected inumune responses (lyso-
zyme activity and Iymphocyte prolifestiony sl concentrations of
PCRs sl ehlormsted insecticides (DDE and chlordanes); these
cormmelations were supported by in vitro studies with these chemi-
cals in isolated turtle lenkocytes. Stmilaly, Auffrel of af. (2006)
ohservesd responses associled with immmmesuppression in mossels
(Mytilus gelleprovineielis) thal generlly (tmcked chentical pollu
tion grdlicnts in the western Mediterrancan Sca. Using available
laboratory and feld data, Loge e af. (2005) developed o model
o assess the effects of enviconmental stressors, inchuling chemi-
cals, on disease susceplibility in migraml jovenile salmon in the
Columbin River Busin, Washington. They concluded that chemical
el nenehemienl stressors contributed equally to disease-induced
mortalitics that were predicted o rmoge Teoon 3% 1o 185 of the
ot lindiom, depending on residence line,

Mumerows nborwtory. studivs: have demonstrated chemical
impusts on inmune systemy in animals of coological relevance,
These include effects of pesticides on-amphibians {Chrsten ef al.,
204y, 1"C8Bs on channel eatlisly (letalirgs punrcrrnes) (Race amd
Schilenk, 19953, heavy metals on minbow wout (Sanchez Dardon
el al, 1990, PAHS on bivalves (Wootton of al., 20000, and fame
retaerdints (polybrominated dipbenyd ethers [P on American
kestrels (Faloo geeverins) (Pernie e al, 2005), Tairbrother er af
C20047 reviewed the lemture comnveming effeets of chemicals on
v systenis ol binds, cmphasizing potential impacts on wili-
life spevies, und Zelikoff er ol (2002) performeed @ similar revicw
for fish. The potestial effects of elemicals on e fmction dand
tisease susceplililing inowilihile is clearly o very important subject
i ededosicology wel one Tikely 1w see sipnificant advamces in the
near [ulvee as powerful genomic tools Fecome more available Tor
Feprescntative species.

Behavior The impacts of chemicals on animal behavier have
receivedd significant attention: among ecotoxicologists. Relalively
subtle effects on behaviors associnted with, Tor example, moting
el repreduction, Tomging, predalor—prey interactions, prefercoce!
dvondimee ol comtamimted areas, and migration have poteatially
innputanl mifications o popolation dymmmes, However, dibfi-
culties in abjective quantilications of Beluwiors sl laboriory 1o
field extropolations appear o hove niled the application of this
e o BRAs, amd by catension, perhaps to funds available for
basie rescarch. In soime cases, hiovever, biochemicnl mechanizins
andertying behavioral effects have Teen elocidaied thal may assisi
with these issues amd provide wselul biomerkers for behavioeal
fovcicamts v hield stoadies,

A notedd by Rand (1985), chemicals causing belovind ellects
i wilillife are often koaswn From mammmation stodies 10 be menmo
tonicants. For exmnple, oo carly sy, Grue ef af. (1982) noted

reduced nest attentiveness in female stalings dosed with the ACHE-
inhiliifing organophosgplote inscetivide dicrolophos; this stody ook
wbvontage of the rehitive case of altracting wild starlings o antificial
mesl boses that is advantageons for detailed studies, o phenomenon
that bas boen emploved o subseguaent avian scoloxicobogical std-
1cs {Parker and Cioldstein, 2000, Goee ef g, (1997 amd Wilker
C2OEEY D reviewesl the bebaviorl elfeets o birds of these aml other
nenrodosic inseelicides,

Behoviorul effects of insccticides hoave also been observed in
fish. For example, Scholz e ol (20000 reporled adverse impacls
ol fhe orgamopdsphte diveanon on olfctory -medinted behaviors
such s (he alarm response sl homing o the Chinook salmon
(Oncorfivachas tehawyiseler), and Sandahl ér el (2005) obseryved
similar thresholds for the effects ol another organophosphnle
{chborpyrifos) on swimming mul feeding behaviors and on AChE
inhilstion in cobo salmon (O Gistefr), The effects of pollatants,
mehuding pesticides, on fish behavior were reviewed Dy Scott and
Sloman (2004).

Mercury, pariicolarly s omethylmercury, comprses another
potest nevrotoxin that has been shown to perturh behavior in wild-
life, For example, golden shiners (Mofemigoms crysodeacax) Fed
diets containing methiylmercary ol resulicd in Gssue mereory
comcenlmions comsistenl wilh these observed 1o this specics in
nuorthern IS bakes exhibited perurbed predator avoidance behay-
s (Webber apd Haines, 2003). In a stady employiog fish cip-
turcd in the field and Bronght inte the Taboratory Tor Belavioral
analysis, Smith and Weis (19971 observed thal killifish capiured
Frovn o wercory-pollifed (il creek mm New Jersey exhibited
relucedl Feeding activity and greater mortality due to pre
than killifish from an uncontaminated site. Using mercury concen-
trations in Feathiers as o marker R exposure, Heath and Frederick
{20053 observed g negstive commeltion between mercury exposte
amd pesting activity smong White [bises [ Eudoctomis allas) o e
Florida Everglades that wmay be celated 1o beloviomn! effects, In
studies with wiklwink (Musreda vision) collected in Canada, Basy
ed ard {2005) observed signilicant cormelations belween imercury
concenlrstions i braing and densities of nemecheamical receplors
tcholinergic and dopaminergic) ssociated with imimal behbavicr
The effects of mercury on wildlife, including behavioral impacts,
werg reviewed by Wolfe of af, (1998).

Environmental contaminants ool gewerally thought of us
penrotoxicants have also been shown o perturh behovior, For
eximple, codmivo gl copper ave been shown o impact ol fac-
tory neurons and sssociated behaviors (preferencefavoidance o
chemicals, includimg pheromones) in several fish species (Saucier
et al., 1991 Baker and Monlgomeny, 20000 Baldwin o al,, 2003).
Cappr exposure o cebralish olso led o loss of npeurons in the
peripheral mechanosensory system (Mlateral ling™), which could
tead o altered behaviors-associated with schooling, predutor
aveidance, and rheotaxis (phiysieal shignment ol lish o acurrent)
(Linfo et e, 20000, Corvallio and Tilin (2001) reported loss of
refingl ganglion cells in ciinbow trout exposed to TCDD. these
cells lnk the eye with the brain, sl o this stody delicits in visuul
aenity and prey eapluce mites were noled i TCRT-exposed fsh
Clearly, nmngvms mechinmans of chiemicil loxicity can resalt i
behipvioml impacts, including dircet toxicity o oeuwns, alled-
lions in hormones that modulate behaviors, amd Topaiced encrey
metibolism. In some cases, impaired bebavior niay comprise o
sublethial wnpact with substantive ceological consequence {Scolt
sl Shovmzin, 20005

Ak

Cancer Beginning in the P60, nmerous cases of cuneer epi
cooties in wildlife that are associled with chemicnl pollstion.
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particularly in specilic fish populations, have been reporied i
Naorth America and porthern Burope {Harshbarger sl Clark;
Pen0: Vethaak, 19920 As in bumans, cancer in these animals
ovcurs largely in relatively older wpe clisses and therefore is
oftentimes comsidered a disease unlikely to direcly vnpact popu-
lation dymnmics or othei ecological parameters. However, this
ey ned alwanys be the cose, panticulary i species thal require
ey yenrs (o attabn sexoal matoriny andfor bave low reproductive
miles, [noany evaat, the occurrénee of high ncidences of cancer
in wildlife populations raiscs serious coneems [or enviromnei-
tal quality al those localions experiencing these epizoolics. For
iese reasons, a8 well as for concerns Tor human heaith inothese
areas, oo the advantages of alternative models such as fsh for
pnderstanding chemical carcinogencsis: these epizooiics have
motivated substimial veseacch inseveral areas relevan! 1o homan
health and cootoxicology,

Tt Tield studies of caneer sotbreaks inaguatic and marine sys
wins, ypically only sclected specics exhibil elevaled cancer rates
associsted with clwamwical contamination. A major comtribwtor fo this
differential cancer susceplibility i wild fish populations is clealy
lilestyle: benthic { bottom-dwelling) species sach as brown bulihcad
{Ameriiras neludoses) and white sucker (Cafostomi comniersoni)
in Froshwsater systems, and English sole (Paraplos vetulis) ad
winter RBounder (P, annericanis] i marine systems generally exhilail
the highest cancer rates in polluied systems (Baumann, 1998} The
bulk ol chemicals in these systems associiteed with cancer gpizoot
tes, sueh s PATLS, PCBs, and other halopenited compommls, reside
in sediments: benthie fish live in contact with these sediments ol
prey in larpe messure on other benthic organisms Thos, beathic fish
experience preater cxposurcs W circinogens than olher species in
these systems: Inherent biptopical differences miy also play a0 role
in speeies susceptibililies 1o chemical carcinogenesis; for cxample,
laboratory studics have revealed marked differences among fish
species in (heir abilities to activate PATT procarcinegens o DNA
adduct-lenming metabolite as well as w detoxily thew irough
phase T metubolism (Collier ef al, 1992; Huasspicler of af., 1994
Ploch et al., 1998

L their analysis of caneer epiontics o fish, Hashbager and
ke (1990 concluded that cancers ol the lver (hepatocellliy
neaplasins ) hald the strongest associations with chenpeal pol-
lution, although concers love been observed in other tissues in
wild fsh a8 well (Ostrmder mul Botchell, 2005). PAHs appear
L b e most implicated cliss of carcinogens associaled with
liver neoplusms in fish cancer epizootics, Studics implicating a
key role for PATE (and key PAH sources) include English sole
in the Puget Svondd (varions welvn and indostrial sources: Malins
ef arl., LYUATY, brown bullhead an the Rlack River, Ohio (a0 counl-
coking facility: Bovmann and Harshbarger, 1998), amd e the
Potomae River walershied near Washington, DC (various pain
ancd noppoint discharpes; Pinkoey of al. . 20000, and Eillidish in the
Elizabeth River, Virgimia (o woodd freatiment plant using creosole;
Vogelhein e ol 1990). Ax stated carfier, PAT appear o compiise
a cluss ol contaminant generally inereasing in e cnvicomnent,
The metabkizm of PASs soch as Bal® io resctive metsholies i
form DA sdducts i imboies carcinogenesis, o conversely
o enereiable conpugates, was deseribed earlier 100 notewothy
thot the medecalar and binehemicsl pothways anderbying chienmi-
cal carcinogenests, sueh is PATT metabolisin, DNA damage, sand
EMects on oncogencs, are gualitatively similie beiween most sl
sl mpnalian species examined,

This recegenition of shured pathsways bas D pac contriboted 1o
thse use of various Gish models Tor studying chemical cacinogen
esis Troen a o Beslily s well s s b broader environmental

standpoint. An imporiant bistoical event was he iestilication
lealy, France, and the United States duriog the 19505 and 1960s of
allaterxin as o potent liver corcinogen in Boe-naised rainbow row)
{Sinnhwber e af., 19773, Subscquently afluiosin, o fungal foxin pro

duced by Asperyithios foves that is of coneem where grsins wd
nuts are stored inowel conditions, was found o be carcinogenic
b o maks including humns, Thos, the talnbow trout obscrvi

o Ted (o the discovery of o new and improrin class ol chemical
ciarcinggens, dnd the recognition that lsh con be very sensitive 1o
chemival carcinugenesis. Since that time, other [ish species have
been employed for laborory stulics related to chemical carcing

penesis, particelarly medaka (O fatipes) and platyfish/swordiails
hybrids (Xiphoploos spp); zebrafish olso show promise as a
loboratory mede] (Osteander asd Rotchell, 20053, Compared witly
vodent models, sh models lave advantages of reduced costs for
propagation and housing, bricler e inlervals between cxposercs
anid (hae expression of Ussue changes indicitive of carcinogenesis,
sl grester fepsihifity of performing large-seule studies with mhany
animals to guantify dose—respuonse relationships.

It is novteweorthy that the griat bulk of veponis of elevated cancer
relies in free-living animals cccor i fsh, with few reporis of poten
tally chemically related cancers o our knowledge o other verte-
brates. California sen Tions {Zalophus coliforaianas) stranded along
the central California const werne Tound (o live etevatcd caneer rules
{1880y, and concentrations of DD and PO were prester ioani
ntls with cancer versus those determined o die of other conses
(Y itabo e af., 2005), M an e el (20020 reported elevited cim-
cer rales {also LR%) m cnrisses of heluga whales (Delphiapinns
ferioges) stranded along the shores of the S5 Lowience River est
ary in Quetiee, o system with elevated levels of PAHS. The suthors
noted that beluga was the only species of marine mrammil smong
20h inlabiting this system that exhibited elevoted cancer rates, and
il cancers ave rare worldwide inomarine ssmoads, 10 s likely
et clevabed expresores play an impotant ole in the relatively high
frequency of reports ol vancers in benthic fishes: relative inher
el sensitivitics smong mrmnils, binds, eptiles, amphibians, and
lishes are anclear,

Population

Acpopudation is o collection of individuals of the sume species thin
occupy the smme space and within which genetic information cun
be exchanged, The stody of populafions is o central theme in ceo
logival sciences and cootoxicology is no exceplion, Assessaen]
al loxicinl ellects on populations has been imporbanl o ecn
toxicology sinee s inception (Newoion, 2000). A well known,
early Instance is e ship drop sod e sling recovery ol voastal
pipulistions of osprey (Spitzer e af,, 1978) and biown pelican
(Andurson ef o, TWT5) bt occurred a3 0 consegquence of wide-
spread DDT gnd DO spraying and eventual bauning. Another
wis the cohaneed, genctically based tolerance of pest inscet
populations chronically sprayed with pesticites (Mallet, P985
Tndlustrial mebanisim, the premier example m bology lesibooks ol
matnral selection in wild popdations, is another example of popu-
fatiom contomicology {Mewomin, 200§, Popubation v icology
covrs i wide range of topics with cone resgreh themes being
(1) eprdenmiodogy of chemical related disease, (23 ellects on gen-
eral populaticn guealifies fuclinhing denographics and persistenee,
and (3} population genelics,

The level of belicl warrantcd for passible contdminant-related
elfects o nonlaen popolations is assessed Ty wpplying romine:
epidemdological niethuods, Many methods deseribed in epidomi
olopy textbooks (Anders, 1995 Woodward, 2005) are applicd (o



Table 30-1

A Summary of One Popular Set of Rules of Thumb
(Data from Fox, 1991) for Assessing Plausibility of
a Causal Associalion in an Ecological Epidemiology
RULL DESCRIFTION

1. Strength of
desoeiston

How strong the associlun is between
the possible ciise and the cffcct, for
exmmple, i very large relative sk

How congistently [5 there im associntion
hetween the possible caose and

the effect, for cxample, consisient
wmong seversd studics with Jilferen
CIrCUmMStances

2. Consistency of
assOCkon

3. Predictive
prefarmance

[owy goesd is the prediction of effec
me from the presencedlevel of e
pussible cause

Hiow consistent 35 the association
between possible cause and efficl

o s monotonic rend (e, ellher o
consistent increase or decrease i effect
levelfprevilence with an increase in

EX s

4. Monotomic trend

5, Inconsistont The effeet, or elevited level of

lemporal sequence  effect, occors belore exposare to the
Iy pothesieed cavse

Factuul

implausibifity

=

The hypotheseeed assocation is
implinsible given existing knowledge

7. l||1.'n||5|'s[|;.'|||.:_-,'
will replicition

Very poor reproducibility of ussocialion
during repeated field nssessments
encompassing dillerent circnmstances
or repestid formal Rborstiny lesting

N Avcording fo Fox, e fivst four rales are moss wxefied in
suprprerrtiengn ol fvpothesto i fovnd g be teie (e, very sirong,
Crutisten, prredlictfve, o areneatenaic aossoeiation |, The ool s are st
tesefinl foo feaneminy belief in the caweal hvpathests i fone

il popnlatiens, alihough with o stightly dillerent batance
breause much more experimental exposure dati are polentially
wvnitable For nombman pogpedations than for b popilations,
Rules of thumb for puging the level of beliel wirmmted by ovi

denve thit emerged From homan epidemiology are also applicd
in population ccotoxicology. 161 nine sspeots of homan disepse
assuciation (HILL 19630 mivhi Tee used divectly or after minor smadi-
fieatione. As an exomple, Fos (19900 (Gble 30-1) odiled such
niles Gl tuemby (0 accommodate shight differences in the subject
alier mmd gpproaches in population ccotosivolopy, Conventioml
epidemiological descrdpors and models are also applied. For exam-
ple, Horness ef ol (P98 quamtificd prevalence aml relalive risks
fow meoplasie hver fesions in English sole inhalatiog aecas with dit

Fereanl sedlument comeentrations of AL s, Lapsine egression models
wore also used o adentily selatiomships between these lestans aml
chemieul and biological risk lactors [Myers e al, 1994

Dretining sl prechiciing allestions in populabion size, dyniam

s, ol demographic composition doe o besican cxposure has
always been contral oo contoxicoluzy dand has become {icreis-
ingly 50 in the last 15 years s regolatory agencies soch as the
US Eaiviconmenial Protection Agency clearly reinforced thelr

long-stimding commitment o wdesianding chemical cxposuse
effocts on patweal popuidation viahility,

Proteeting popalatioes i en e sgplieiny sioted gool of several Conpressimanl
eettel Ageney mondeetes aond vegulaons. Tl ieis boporiant et scological
risk asseasmenr geeelelines freows apem prodection aud mesdgaient ol e
Japidvetion, connseity ol coosysten fevels.

Buvivommental Frolectinn Ageney { 1991)

Fealogival theory and wescarelh (ez, Forbes and Calose, 1999
alsoy anicate thal metries of effeet o lndividuals ae ol especially
soned metrics ol toxicant exposmie effects o populitions,

Modcls of exposed populition dynimmies sugeest it redie-
tions on population dengitics are nol the only impofant changes
Peomght abeant by chemicsl cxposure: Some sjrecies populations
Mugtoate within a range of densities, These Tuctuations are char
actenistic of the species strategy for muintoning itself in various
types of habitats sl toxicunl exposuee could potentially clompe
i rimgee (Sinikiss otal, 1993) Combined witl decreases in popu-
Tatien densities driven by extemal Torces sich as weather cvents,
these toxicant indwced madilications ol the sverge population den
sities and dynamics con incresse the risk of a population’s densily
Ealling so low (i Toonl exlinetion ocours (Newnan, 1995),

Densgraphic qualitics can change with loxicant cxposure in
ways (hat influciee the sk of local popalidion eatinction. Toxicants
cin change a species population’s vilul retes, that is, age- aml sex-
dependent death, bimh, mmeration, and migration mies, in com-
ples was, These changes in combination deternnne the population
density amd distribution of individuals mnong ages amd sexes dor
ing exposure: ‘The populition’s ability (0 resist extenal forces thal
redduce ilx sive is dhtermined by these demogayphic fentvres (Gard,
T, Sherall o al, 1999, Kammengn aod Laskowski, 2000;
Aubone, 2004 ). Consequently, comsiderable rescarch effort is being
spent on demographic medhods Tor predicting exposed popiilation
changes and risks ol exinction,

Remagraphy explores vital rates ol populalions composed of
incividoals (that ditter i age s sex. Individuals in ficld popula-
tions can alzo differ o leie spatinl disinbution and this influences
the impact of loxeants (Mowman, 20005, bdividoals of the same
species ollen nre grovped Into subpopolations wilthin o habitat amd
il of these subpopulations ogether comprise a metapopulation
(Fig. 309 Subpepulations in the metapopalation bave diller
el levels of exclange and differomt vital sates thal depeml on the
nabine of Wieir habital. Spatial distances aol olsigeles or cormidons
lor migration influence migetion g patches: habitat guality
dietermines witnl rotes. An inferior liabitat, such as o grossly con-
taminated o, can ! i asink into which individuals migrne from
nesrhy superior (source) habitat: Migeadion con reseie a subpopu
lation or reduce its risk of Tocal extinetion. An individoal wigea-
ing Trom the contaminated habilal to an uncontaminared one can
ek piress ansdyverse eflect despite its present distance from the con
taenination, thi is, the action-at-distmee hypolbesis ol ceotoxicnl
gy {Spromberg er al, 19981 The vinhility of the metapopulation
v ilso be as steongly inlioeoced by aintining opoant oig-
tion cortidors e subpopulmtions and pratecting high-guality
hubvitats (e, keystone habitats) as by the generl level of contimi
iatlieni wilkin the metapopulation™s hobita {Moer and Holr, 1995
O Connor, 1996 S prombere of af,, 1998 Nevman, 2001

Fhe peaetics of exposed popubitions are studied 1o wdesioml
changes in toleranee o exicants and o document st milocnes
an lield pepolations, The capacity of some popolitions 1o become
poore olerant of toxicants via selection s well docomented, A few
cxamples inelude inereased tolermnes of pine mice o emdon (Webih
and ElewsFadl, 19673 sl muls o warfacin (Pacieldge, 1979) afler yoms
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between subpopitlations A, B, and T wonld devastite e metpopalation.
I contrast, the loss of subpopulation I would not influcnee the melapepola
tievn tovthe sume degee.
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of application ol these agents Tor malent control. More recently,
Ownlby e al. (20020 documented enbanved lolermnce in populations
of an estsarine fish clronically exposed o PAHs Alough geneti

eally bused increascs in lolerance are: well documented in wild
populations, wmany exposed populalivns probalbly find themselves
in situations in which ey cannot adapt adequately because their
genetic resources, nature of the toxicant, or spalial/temporal contexl
within which the enhunce tolerance must ovolve are imdeguate.
Also, inan ecoloxicalogical sonse, wll cases of increased wlermee
do ot fit thie conventional context mmmlesied in the examples just
wiven. Some do ol invelve suborganismal changes 1o biochemi

cal or wedomical Femtores esulling in enhanced lelemnce, For
example, industiial melanism increases a peppered moth’s limess
in the presence ol st by reducing i1s ke oo of Ireing taken by o
precator. The domivn lght form of this math Dis o lowered fitness
i the presence of dark sool, and genctically bused changes incolog
inerense iis fitness, The seleelive mechanizn here is ceological, hal
i, fitness reltive to avolding visual predatens.

Cienetic qualities e also psed w infer past oxicant intlu-
ence inan exposed papilation, For eximple, Mulvey of al, (2002,
203y showed distinet genctic gualities in estuarine fish popida-
tions caposed (o high concentrotions of PAHs. Another piece of
evidenve demonstrting past toxicant inllucnce on populations can
b o chiainge in penelic diversity, A deap in genetic diversily inpopu
lations is thowshi to be snosdverse effect becanse genebo diversity
is peguired in popalations to eveluiomnly adapt to eovirommentil
changes, Toxicants can influence genctic diversity by purely sto-
chastic means. Genes cin be lost in the popolaiion il the popalation
f sty dlrsestically reduced 1o st it e chanee of o e geoe being
foat between generstions becomes very high, Also, the average mile
at-which the frequency of @ e pene decrchses thoagh time due
to penetle drift increases os the effective populativn st decieases.
Th effective population is the mmber of individuals contmbuting
peney o the next pencration so toxicant-related changes in demo-
praphic gualilics can also accelerate penetic diifl,

Lommumaiy
An ecological cammmnily s s interacting assemblige ol spe
cies populntions occopying @ defined habitat ol o parficnlar e

Populations in o community interacl in many ways and, becase
these many imeractions ae complex, a communily has properics
that are not predicialile Trom these of its compament gopulations.
Somie species have such o eruvial role (keystone speeies) or nmerd
cal domimmmee (ominante) that ey e essential w0 mainiaining
community strochure.” Other species contribaile to the aatene of (he
coninity in e silile wiys.

Aanbiguity exists dbout the importance of gl the species n
d cannity celative o mainpining overall struclone aned Tl
ing casentinl functions such as noedenl cycliog, primary productiv-
ily, community nespiration, sid detritus processing. The redundant
species lvpothesis suggests (at species function redundantly: if o
species werz lost, another witl o similar function would jnerease in
mumbers o compensate. Only cortam crilical specics suclias domn-
nant or keystone species are essentinl 0 ihe community. The rivel
popper hypothesis suggests otherwise, Each species in a commu-
ity is similir to onc of the wany rvets holding an airphine fuse-
laze (ogether, Fach lost dvel contributes to a gradunl weakening
of the fuseluge that will lead eventudly 1o o Fillure in function,
My anabogy, cach speeies disappesrance diminishes a community’s
Tunetioming.

Eeoluxicologists remin divided about which hypoilieses is
st relevant, Pratt sand Cairns (1996) argue from evidence and o
conservative stanve that e rivet popper is the most appropristc,
Feotoxicologists and reguliators who pragmatically set standards
based on concentrations that will ol laon iore o o speeilied
percentage of species in o community (g, Stephan et af,, |985)
assume that the redundant species hypothesis is move pertinent.
Adthongdy the redundant species by pothesis is assumed fo be corect
in many FRAs (Solomon and Sibley, 2002), recent theory (Lo,
2004, modeling (Mageim of af, 1991), and expedmental evidence
CTilman, 1996 Tilman ef of, 990 Salminen of of., 2001) seem
1o suppont the rivel popper hypothesis. Blodivesily leids to Toster
commumity stability and function.

Commumilics inke on characteristiv simctures as predicted by
the Law of Frequencies: the aumber of individual organisms in
commnunity is refared by some function o the sumber ol species
in the community (Fie 30010, Eootoxivamts’ can alier the resnli-
ing communily stocture b predictable ways by either directly
unpacting the litness of individuats i popalations ha make up
the commnity or alering popalation interactions. Comnminily
cetoxicologists spend considernblis ello trying o undersiand and
predict cootoxicant inlliences on communily stincture s essentind
linctions.

Prirect effcets mvelve removal of a population or metapopo-
fatiom fromn the community by reducing the Darwinian lilness of
individuals coough that the population talls below some criti-
cal mintmuom siee, lndivect effects can involve interlerence with

TPub its moost medimentary context, conummity st refers tie the e
af speeies present and e wontbers oF individuals present o each of these
specics. lcon altoneler 1o fhe distrilation of species guig Jifferent fune-
tiosnnl o sl decomnposers, deriiveres, prirnagy prodoncees, primary
comsumers swch s bedhivores, socomdury Comsuidiees sl s camiveres ol
cunsunye ledbivones, ele.

The conventional conteal for e e oxicant beeomes diflioull o ieain
wilkonl some |]|.|:||ir|| atren sehen deahing with |1|l'|:||.||:|.||4|:||.||, COmmiTics,
aned nither higher level vatities hocmmse an agent does aol neeessanly hive
dirzetly nteract with the Tidividud inoonder w bin i As a0 example, o
agent might chininate o prey species, eadiong inlicecly 1o the disappearance
of @ predatorspoeies thit depended ou it for sustenance. The “toxicam” did
oot pods e predaren, ye i vinsed ils deiise sanetheless, A distinel o,
ecatomicnl, is often applied o avoid confusion insoch cases,



Number of species

1-2 2.4 4-8 B-16 16-32 32-G4 G4-128 128-256 256-512
Mumber of individuals

Flgnre 30-100 Log-uermad sodel of species abundoncefor an anexposed
{solid line ond red points) and toxicant-cxposed community (dashed line
and blug pofats), Comomnities Tave distingl stoclore a5 shiowm hane
with the typival lng-nommal specics abimdance model, As first described
hy dain from Patrick (1973), cootoxicants teod 1o lower the mnde of the
spocics abamdancs cueve mnd streleh the rght il oubward. Komoxicants
resull i lewer intenmediate abundanee species and more cxtremely dhon

tlant species,

inferspecics competition, predator-prey interactions, host—discas
parasite interactions, or symbiclic relationships such us pullination.
The simplest compention model (Lotka-Volteira model) can e
whetl {0 illustede the potential for both direct and indirect effects
on populations:

[ i e, , N,
=]",N. | — - 2=
dr | K,
M, e,
L T e e
3 b K, K

where N ik &, sre the population sizes of competitors T and 2, K
and K, the carrying capacities of the environment Tor competitors
Land 2, 0 sl v, the infinsic rate of popolation increase (ie, birth
vile — ddeath rated for competiiors: | and 2, e, the competition coel-
ficienl quantilyimg the impict of the presence of compelitor 2 on
competiton L, and ., the npact of compsetiter | on competitor 2.
Mot only cim exposure divectly et it s, death mtes, and
curying copeity ol each speeses, but it can also mfluence species
persislence by shifting competition coefticients in Givor of another
specics. Mathematically, tcan be shown ihal the two competi

tors depicted in the Lotka-Volterma mode] cin coexist only if two
conditions are mel, K = Ko, and K, < Ko So,apopalation
cin b lost from g community as readily by changing ils compeli-
tive interactions as by directly clanging s dewth and reproductive
rates. Sionilore statements com be made about changes. in predator-

prey, host—lisense, and varous symbiolic interactions. As i
exmnple, voneen expressed ccently abwul anintended peslicile
reductions fn the mimber ad divesitg of pollingors in Buropenn
lrmlands (Newan ef el 20000} coutd e paiially wesponsable Top
the recently reported decline i insect-pallinated plant specics n
Pritain sl Thie Meflierlands (Biesmeijer o al, 200000 T doller
st edhwed habitt cover and insect densities i Furoapsein
furmlandls has had & significant impact oo prey porinidee popula

tions (Mands, 1985 Clivverdon, 1990, As another and final exmmple
=y inlernctions, smphibian tadpole exposore
ter enddosplfan merenses the sk of predation by deogontly Tar-
vite (Broomball, 2002). Nane of these exammples invalves o dinect

ivalving pred

perisoming by i losivant, bul instead, involves an ccotoxicant il
adviersely modifics specics inleractions.

Structural changes to communities can e defectod o specivs
abundance plots (see Fig, 30-100 or shifts in conventional commu
mily metvics ealealited from conmunily samples taken in the proy-
vl of combmpated sites, Conimaon metrics for species delingss,
diversity, and cvemiess are used o express chinnges i biediviesily,
Richness is stmply the munber of species e sampled comimu
iy, oF if 2 relative nnmber o species i different conmunitics is all
thitt s neebesl, e oimber of specics expeeted inoaspeeified sample
siee sich oy nuelaction richness estimate of 12 species oo sanple
of 100 individuals from a community. Fvenness is i measane: of
heww equitably e dndividuals foon commmumily pre spread among the
species. Fimdly, diversity (helemgeneily ) indices combine the ele-
menls of richness and evenness into one number. CGienerally, bl nol
abways, ceotoxicants lower specles richness, evenness, and over-
all diversity. The regulatory preanise is thal these changes refleet a
diminished connmunity,

Recently, structond and functional qualities in communitics
hive been combined to generate mullimetric indices such as the
Biotic Index of lutegsity (100 (Ko, 1991), Bealogical insight is
el bo select mul then momenically combine community gualities
such vy speeics richness, health of individual animals in o saple,
nd the number of individuals ina samiple belonging W pardicular
functional prong, suclus monber of piscivoroes Gish, The TBI score
Pt dn sty sine is caleobabed and compared with that expected foran
unimpaeted site in order o estimate 1is bological inlegrity.

Another contral theme in commmunily ceotoxizology s losicani
transfer during trophic imevacions. Toxicanl concentsations can
decrease (hiodimimtion), remain constant, or increase (biomagni-
fication) with cach trophic tansfer within a food welb, POPs willy
moderately high lipid solubility (5 < log & < 7 or 8 Thomann,
1989 Connell, 19900 ol minima] imelabolic breakdown inan
arganism can hiomagnily 1o hannfol concentrations. Metals that
Biormapnily nre mercory and the alkali metals, ceginm aod rabidinm,
Limu, om essentiad metal that is actively regalited o fndividoads, con
cxhibll biomagnificateon or Diominilicilion depending on whethe
anhient Tevels are below or above those reguired by the ongaiisin
for Functien properly. Biominification is facilitated o aoosuine Towsd
web alier sequestration in inteacellular phosphuste prmnles of mol-
luscan prey species (Mot and Nicolaidow, [993) and biomagaifica-
tion by active reguliation in snc-deficient terréstedal communities
(Reyen, 1786), The biomagnification of medcuny is enbunced by
iy mterobial wansformation o aethybnereary, THomaenification
ol the potassivn analops, cesiton and mbidinm, is fcilitoted by
the differences in their infloxes and effluxes that favor retention in
viganizans (Rowin smed RBiasmossen, 1994 Caonpbell o ol 2005),

Quatilyimg thie wophic position oF & species in g community
is essential to modeling biomagailication. Most irophic systens are
aot stimple “fomsl clanns” Most mdwidusls m a conumumity con el
e different species depending on their life stage, seasons, aml nela-
tive abundinces of prey specles. These tophic interetions arc best
deseribed as ooewmimg i ophic web, not  trophic chain.

Comvenigily, trophic positien of an individoal witlin @ com-
plex Fownd wely cin bie quamtilicd with nitrogen isotopos. Uenesally,
BN passes throush biochemical pathways fastes tan "N, sesulling
i exerelion of waste with a slghty highee "SNP otio than
ingestod Tood. Tl relativie amonnts ol N gl "N will be slightly
Biased ol e heavy isotope in lissoes of d species relative (o
Huesse ol its Toenl sovree {5k, This discrimination between the heivy
amed light M isotopes continues throngh foml webs, allowing the
truphic position of each participating species to be estimated. The
mctric used For this purpese, the 85N, expresses the quotient, of
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Fiure 30-11. Modeling ecoloxicant concentrafion versis Lrophic pasition
ag quanlifred with §UN, Power modcls were applicd w octachlorodibenzo-
prdioxinidibenzofinan concentrations in 4 Norh Baltic food i (data
lrown Broasan ef al., 1992} and the XEUYT (st of primaily the " isemers
ol YO, (020, ot KXY i food webs ol Lake Malawi (datn from Kidd of
al, 2007 Rinmeagnification and msmlicaion were evident for EDDT and
octachlogodibégeo. pdiokinflibenzoforin, respectively,

these two isotopes (o the biological lissee of interest relative to the
quoticnt cxpected in e atmosplere:

Ny AN
NG IIN;

".II']

At — 100

.\:Ir1

The: change in toxican concentetions within food webs is
modeled wsing ihe &N, which quantifies rophic position of the

sprecies o which the tissuc sample was taken (Fg. 30-1 1), Linear

el exponential models are common by appliced;

Concentration — g 4 hid' "N,

Concentralion = [0S g ks

Ecosystem to Biosphere

Ecosystems are he lunctional unil of ceology composed of the ceo

fogival commumity and its abiotle habitat. Systens ceologists toy
fo dleeribe nd prodhel encegy and mass cyeling in ond flow from
eeosystens, The ecotoxionlogi=s inlerest in coosystems inchides
understanding how foxicinis diminish an ceosystem’s capacily 1o
perform essealial fnctions and to understand tosicanl movemont
enciuigl togssess exposure within dilferent coosysiem componenits

Muny of the effects describud nhove for expozed commmnities
arc relevant heve, As an examiple, Alleed and Giesy (1988) dem-
onstrated that elevaling cadmivm concentrations in an artificial
stre resluced decomposition rates of dead leaves. Odum (1985)
siggested that other changes to be expected wilh increased ecosys-
tem stress inelude an incregsed Toss of nutrients, inceeased com-
mmpily sespiviiion, and an fmbalance of privory producion and
resprkion,

Studics of toxicant movement within veological systens e
conducted at extremely dillerent sciles (Fig, 30120 Conveniiomal
ceohystem sidies involve desoripionys of conmminonl convenim
tions and mevenenls inocisily defined coosystens such as lokes,
Torests, or fictds. Some toxicants, sspeciolly those sabjeet to wide
dispersal by air or water, canned Te completely understood in this
framework g0 o bedscape seale nught be chosen insteml. As an
example, acul precipitation might be exomaned i the context ot
v eniine welershed, mownitain sionge, or even o continental region,
As another example (see P, 30-12, top right panel), the fsh Gssoe
comcentrations ol 4 PCR congener and other POPs wee measured

HCH PCE 138

..'-"’J"/

Alfituda

Log depth

Log concantialion

Congentiation

HECE

Caneantration

Loy concentraticn

1996 Latilude

Figure 30-12. Learmpies of scoles relevant bo assessments ofl ecotoxicant
distribuling, The smalles| seale exinnple Oop lef) is e veimical distibu-
tian of o hexachloocyclohexane (HOHY inoa steatified segion of e Sea af
Fapoan (data [rom Chermyak o of, 19955 A shightly lreer seale i efecicd
ik thee change in the palyehlodnaed bipheiyl congener POB 138 In lssues
af fish inhabiting Buropean lukes at different altitudes {lop dght panel, dota
from Fernamdes amd Giriman, 20033, Represeming o sohoonlinental seale
shualy is the temporal change fu stwspheric a-hexachlomeyelobesane con-
centrations in temperat sl boresl regions of conteal nonlsen Bugupe (bt
ron left paneld, dula frorm Wania er al,, 19990, The lugest seale encompazscs
the entire enrth, showing the Tnllience of litede oo hexachinrahenzene
(HCH) concentration in ee bark (howom rght panel, data oo Stoonich
and Hitcs, [995),

in high mountain region kikes of BEurope. Concentiations for sey-
cral were relted 1o the altitude ar which o lake saf, The teltion-
ships between ultitude and concentistivms o the vardous POPS wis
imterpreted based on atmespheric movement of the POPs amd each
POT"s propensity o either volulilize or condense at o parlicular alii-
tude-dependent lemperatone regime. SHll oller ecoloxicants reguoine
a plodal context i ordor W fully uinderstamd their movements aond
meemmulition. As an exmnple, hexpchlorobonzene concentrlion in
tree bark collected worldwide showed a clear katidingl gradicnt.
Its global disteibtion amd those of other sampled POPs were a fune
tien oif their relative volatilities, The volaiile hexachlorobenzens
vl more teadily towand the poles than less volatile POPs such
s endosulfan and DIFE The differential global movement of FOPs
due to differences in voltility and pantitioning belimyior was called
plabal distillation (Wania and Mackay, 19963, The balince between
a POPs tendency to condense or evaporaie at different Latinnbe-
reluted temperatures defennines its stmospheric mobility amd s
ultimate global deposition pattern (Wania aed Mackay, 1996),

APPROACHES

My appredehies bave been developed to dietect and quantify con-
tapnmand eflects, These span the levels of oigmideation desarilied
above, Approaches widely ppplicd in ceotoxicalogy inchude st
dardized toxicity tests detgned 1o meel repulatory needs g bio
ke for onpaaismal exposure and elfects, For highaor levels, o
v ol ecological methads exisis for populition, conmaity, mmd
cesystem effcets. Ciber techuiyues soch as geographic informg-
tion system (G151 analysis of impacts allow e ceotoxicologlst o
assess el encompassing lrge spatinl seales, These approaches
il exgnples of their applications ave described inthis section.



Toxicity Tests

Toicity lesling encompassing representative animmals and plants
al different levels of organization offers o proctical approach o
characterize chemical elfects on biological systems. While it
is widcly known thal toxivily ests cannot mimic the Gomplex
interactions pd wiriable conditions of sl ecisystems, they
aclelress the poteptial direct effects of (oxw - substances on imli-
vidhial eeosysien components jo s confrobled and reproducilile
mmner, A number of testing puadelimes bave been put forth by
regulatory boalies mnl orpanizations worldwide 1o meel reguine
menks o chenieal registmtion o authorzation (ORCD, 1981
MALFE, 1985, US EPA OPPFIS, 19960 ASTM Intcrndtional,

2006), with numerons subseguent revisions. Different sely ol

guidelines apply o specilic countrics, regions, or products,
and can differ signilicanily in their reguiréments, The harmo
pived poidelines put forth by the 115 TPA Olfice of Provention,
Pesticides and Toxic Substances (1S TPA OPPTS, 1996a) were
created inoan attenspt (o lessen variations in festing regiine-
ey, and hring logether reguirements foom the Organisation for
Heonomic Co-Opertion and Development (OFCTY), the US EPA
Ofice of Pollution Prevention and Tosics (OPTTY, and the Office
of Pesticide Prograims ((PP),

Ecotoxicology tests leatore o wide variety of aeuatic {includ
ing abpse, inverlebrates, ldpoles, bivalves, shrimp, fish), avian
(il duek). and temrestrial species (soil microorganisms, crops,
huncy bees, carthworms, wilidl manumals). Species are selecied
based on their taditional vsie by laboratory aniols, bl also on
ecolagicnl relevance, which further complicotes plobal hanmoniza
tion ol ecologicnl testing: In addition, special considerations apply
lis fesling of aguatic species due o the onmistakable differences n
the way aquatic species me exposed to toxicants (LS FPA OPITS,
[996b). Fou fnstance, waler quality monitociog god investization
of the solubility und stability of the test substanee under the condi-
Hons of lesting, along with detenminaliim of nominal versus imes-
st eoncentrations, are common praciices in aguatic oxicology,
Testing can b condogded in agueous systens withem renewal of
e Rest substanee (statie), rencwal at predetenmmed tme intervils
{static-tenewal ), or ventinuons How of st substance through e
lest comnpartment (How thoong,

Acuie toxicity lesting consists of sinple spreeies exposed to
various eoncentubions ol the test substance, The most common
end poing in scute tests is death, alibwongh shnormal belavioeal or
ullwer gross abservations are comnnunly noted, and wonleihal cnd
points occasionally apply (eg, immobilization for daphnids, shell
deposition in gysters), Varkations in acule oxicily sindics comprise
testing of different species (such s fresh vs sallwater fish, bobwline
spuatil vy mallard duck), life stapes (embryo, farva, juvenile), envi
ropmentsl influcnces (g, presence of srpanic material), or sediment
exposares. Data fonn dillferent fest concentvations s lime points
e el fo dderive concenteation response corves and predicted val-
tess such s the LC,, (median lethol conventration), HC, (medin
elfective concentration], o 1O, fmedian inhibition conceninion),
The L, represents e concentiation of test sulisbmee: Killing 500
of e testedd pmimaly ond EC the concentrion of test subatance
ilfecting 50% of the test populition during o speciticd periol of
time, such as growth: the 10 s the concentratlon causing y 50%
reduction in o nesguantal measuremaent (ol as smovement) Tog
the test population. Moere guantitioive vilues derived Trom acuie
fests ame e lowest observed effect conventrtion (LOBEC), thai is,
the: lowest concentration whens i effect is observed, and (he no
observed effect cancentrmiion (NOEC), the highest consentration
et g B n gelverse eilves,

Shoet-term laboratory stndics conducted with single species
are uscful for mpid sereening, provide infommation on hresholds
for effects and selecive sl comparitive toxicity, aml can be ysed
ar range fimders to guide subsequent, oflen pore involved stod:
ies, Lomp-term and reprodoctive stidies evaluate the etfects of
substimees on organisios over exlended periods of e andfor
sequential penetations (chonie wxicity, life cyele, reprodiglion),
End ponns inclhude both guantad (sachoas aocialing) wod nowgosntal
Creproaluction, growth) measorements, mnl can be nsed to derive
aclelitional vitdoes, other than previowsly mentioned in acute foxic-
ity tests. These include the calculntion of threshold vilies, such as
the maxinmum acceplable foxicanl concentration {MATC), which is
e imas i chemical concentration nol loxic o test organisins,
anih the BCE, which estinmtes (he (ss0e concentrtion in relation o
the average exposure conceninlion in the test medivm (eg, waler),

Unigue to ecoloxivelogy are the more elaluale nicrocosm,
mesocosi, and eld studies. Microcosms are representative aquatic
o lerresinal ecosystems created winler laboratery conditions 1t
inchude & number of relevint specics (such as protozoq; plankion,
algae, plants, inverdebrates), Simulated field studies or mesocosms
can b coeated in e laboratory or in the Gekl (e, orlilicial streams,
ponicls} or consist of encloswies ol exisling habitats, containing
representative soil, waler, and hiota, Lastly, full-scale liehl stud-
ies faquatic organisms, lerrestrial wildlife, pollinators) cealuate
the effects ol a substance on wildlife wmler real-life scenarios of
actual nse conditions of a product (ey, pesticide field nsage e,
fnil thus, e more complicated, subject o considerable varabilily,
mand require extensive hackground knowledge of the local popola
tion and communily dynamics.

A o Tinal point, plant stadies are u sivnificant component of
cotlogical toxicity testing; parliculady for pesticide registralion,
and involve tigred testing of both target area angd nontargel termes
trial aned acguatic plants, Target arca plants are those that ar present
in the arca where the substance will e roptinely used (application
amin), but which are not plicipated 1o be affectéd. Montare| plants
are those outside of the Tntended wse arca. Hud piints of phytotes
leity include seedling emergenee and growih, vegeuive vigor, and
thizohinm-legume toxiciey, oy others, und contial o the woxie
iy festing with plants ave the substrate and eovivommental condi
tiomns; which greatly inlluence plant healil

Biomarkers

Phe Mitiomal Avademy of Sciences (1987 delined o bicisrker us
" mendbictically induced voriation in cellular or hiochemical com
PUnLTES OF processes, shclures, or fmction tal is measorable in a
biological system or sumple.” In the comtes) ol cootoxicoloey, this
detinition has been modified slightly 1o refer 1o bischemical pliysi-
ological or bistological mndicators of vither exposare (o or eeels
ol xenobiolic chemicals ab the soborginismal ‘o oipimisanal level
(Huggett er al., 12). The weem is most often coiployed o relior
molccular, physaptogicsl, and organissal responses o contaminan
expurine ilint can be quantified in organisms inhshitine o coplred
Fromm tural systerms, A response that is lmited to Bbortory stud
s Lalls outsdde the genenilly Dl coneept ol s bivnarker

By detiniion, bjomarkers diowol directly provide infooi-
tion comcernbing bmpacts on e higher levels of organization thin
ccttosicolopy ultimately endeivors 0 dscen. Mevertbeless, bio
wtkers often provide iportant ancillany wols Tor diseerming con
it expostres and potential impacisof ceological impoance,
Phe devebopment nnd ose of Biowmakers in cegtcienlagy is fioi-
villed by severd factors, These inclwde the inberent instibilifics of
many contaminmts (sach us FAHs and wmony pesticides) that make
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miensitres of exposire by dircet tssue residue anabysis difbonll,
the relalive hiological sensilivity of many bivwmarkers, the chemi-
cal spucificity of some biomarkers that serve 1o conbribute to the
identification v chemicals having biotogpleal effeets, wnd relatedly,
the linkage of somwe biomadkers 1 underdying iechanisms of e
aution, Additionally, while populations amd ligher level effeers
are of preatest concer, varnbles assaciated with these levels ar
oftentimes relalively inscostbive o chemicals and other stressos,
fakee tomg periods of time o beeome wmanifest, andfor huve dil-
ficult or imprecise wethods for their analysis. Thus, biomarkers
can provide sensitive curly waning signals of incipient ecological
damage (van der Ooster al., 2003), in essence an coalogical coun
terpart to the “camary in the coanl mine” approach for preventing
T b conl miners, However, biomarkers do not provide adeguate
stamdalone data in the context of ceological issessments of con-
taminant effects. At this tie ad For the foresecabhe Ninre, such
assessments yenerally involve a “weight of evidence upproach,”
coalescing informslion obtained [rom chemical analyses, oxicly
tests, bismarkers, und ccological indicators (sometinies refermed o
as “bivandicatons).

Tn eurlier discussions, o nnber of contaminant efecis at the
orpanismid level ol below that hive heen utilized s bionmrk-
ers were pointed out, These include effects with some degree of
chemical specificity and relationship to o mechanism of taxicity
{ACHE inhilsition by organophospliate and carbamale inseclicides,
AlLAL mhibition by lead, DNA-PATT niliucts), responses ussoci-
el with exposures (o chemicals scting Ghrongh o common recep-
tor (Vig induction by ER agonists such s nateml wnd synthetic
estrogens, soime surfactants, plasticizers, and pestieides; CYPLA
induction by AN aponists such as cedain pHAHSs and PAHs) el

Dseeder indiees of cellular stress or Hssue dinmage, such as mark-

ers ol oxidative stress, lysostanal membrane stability, anel listopa
thology. Numerous other identified mechanisms of oxicity, indices
of chemical exposure, and cellubar anel organismal impaces have
been exploited, with varying degree of suocess, a5 biomirkers
(uew reviews by Huggell enal., 1992 Poakall, 1992 Adams, 2002;
v dher st o gl 20031, 1o wddition, new biomuarkers continue
to cmerge; Tor exomple, considemble ailention is now being given
tor Diowmiarkers urising from adyvances in genomic technologics. dis-
cussed above:

T considering the development or use of o selected omacker,
severl ssues and limitotions warmn considermtion. For example,
while semsitivity is overall a adviniage of wony biomarkers, il
sormelimes Taise fmporiant guostions surrniding interpretation,
For exunple, some molecular and biochemical measares are very
semsifivee (o chemical cxposures, but their ramificiations Tor organ.
sl hieadth ore noclear. For this seasion, some distingnish between
Bivmarkers o exposure and biomackirs of elTeel (see reviews ciled
shove), However, this distisction is:often Blwosd aml s snbject to
an individual®s view of whl constitutes a signifoa hiological
chemical elMict: some may suy e formation of DNA mlduct is
o significomt effict, while others will orgoe ihat such adducts only
imbicate exposure anil will regquire tumor foomation fo occu Befo

dheniaking an ¢Tedd. Cutannly s wolld e that the o s
a clearer warker of effeet tum the sdduets, and somethimg more
readily graspud by padicy ikers and e geaeral pablic, On e
ollier L, tummors see B less sensiiive as o bioenmke, o ey vaison
o ‘wre; sl trade ofts et consideration,

Chemicil specificity among biomarkes is also highly variable
sl s rribued with tode:offs: In some cases, soch as where one bas
w g idea of the mture of contaminants likely fo ocewr ot a site,
chomienl-specitic biomarkers will likely be most informalive. In
contrast, i such infoomation is kcking, of mistumes cnemmnpissing

soveril clisses of chemicals likely vcour, nonspecilic imrkers may
he saperior, Tn most cases, suites of biomarkers prove w be most
effective, althowsh (he Targer the swite; the more tine intensive aml
costly the analysis will b, another trade-off, Auother impaortani
consideralion is the influence of the hinmarker to varinbles other
thian those of concen (chemical conlanination . Effccts of envivon

mental variables such as empecture, e of day or year, salinly
g dissolved oxypen, sl plysiological variubles sueh as sex, age,
reproductive status, and nutritional status need (o Te controlled Tor
o it least wnderstood and aceonmted for, Many biomarkers are inva

sive and reguine sicritice of the orsanisn i deder 1o obtan
fissnes, This can be problematic, particulirly in cases involving
rare species or charismatic species such as nurine nrammals. In
such cises, and in others where Teasible, the use of noninvasive
Diomarkers is either preferred or required { Fossi and Muorsali, 1997).
1o summary, bicmarkers can provide powerful lools as carly wim-
ine sigmals of ecological domape, to assist in assessments of envi-
ronmentil contamination, amd in detecmining the ellectiveness of
various enviremmental mansgement decisions such as cleanups.
However, carcful epse-specific thought mnst go into the selection
of biomarkers, and they nuely are cEicacions alone.

siled]

Population

Fopulation-level clfcets are quantificd with both lield and |abor-
tory appronches (see Mowmam, 995, 20010 Population deasity is
the mast conumon of field populstion qualities measored in siveys
of contminated lobitts. Quadrad, inark-recapture; and removal-
basiedd mrethods are applivd, The density of individuals o a scres
of rondom quadrats within the area of interest is wsed o estimate
densitics in quadel methods. The ol popolation size can be esti-
pnated with knowledpe of the total number of quadrats in the wres
of interest, In enses in which individuals ane mobile-and capable
of avoiding heing counted ina quadiat, @ mark-reeapione method
might hie applied instead. This nvolves marking u subsel of idi-
viduals from (e population, allowing them to mandomly mix back
inter the. population, and resampling the populaton. The aumber
of markeed wud nnmarked  mdividils koo, amd e ksl oo

ber orginilly wirked, can be used to esthmate population siee.
Femoval based methods imvolve repeated sampling of the populi-
fiom without replicement, noting how the number collecled perunit
of efTor! declines through the seguence of samplings, sl exlupo

latimg this tresd dowi to e point (otal number caught previons
to o sampling) ul which ao more idividuals will be taken. Ths
point is an estimate of (he popotation size, Obviously, this approsch
is wselul only it sampling decreases the catch noticeably hetween
sampling cpisodes.

Az noted earfier in discussions ol melipopolations, the spatil
distribmtion of individuals i a habitat 35 importand o aderstand,
Forlumately, well catablishud methods are aviailable for (his task,
Methads vary depending onwhether the sampling omits are disciete
or arhitrary. An arhitoaey unit might Be the number of freor el
per sginee meter of bepch or namber of o zooplankton specicy por
cubie pieter of water: A diserete sampling anit orght Tns the aumber
of e ducks per pond or sguimels per oak ree Some methods
szgnciated with discrete sampling omits sigeopt 1o 6 ihe spataal pai-
tern toaspeeific distrilwtion. Methods Tor whitcry sampling nmits
il guadeat based or disknce-to-nearest-neighbor apponehcs
as deseribed by Krebs (1998),

Demuographic surveys or experiments can be conduciesd T
expoked populations, Some studies explone ape-specific vill riles
Ll stliesss e desiemied 1 explire vital s for diffesent e apes
such g4 nestling, fedgling, juvenile, and adull, Mostresall i dati
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sets that can be analysed proditably vsing either o simple lite whle
ar ore fovolved s analysis. The matis method allows one
to deseribe the populition state and also o uederstmd the sensitiv:
iy of the population to effects oceurming to vital rates for vinows
ages or stapes (Caswell, 200100, The value of such stodics Nies in

the ability o integrate eTees o soveral effects o o projection of

paapribation consequences, Demographic stidicy e Becoming more
common in ceotosicology, especially with species amenable to lil-
onilory manipulation (Jansen ¢ al,, 2001; Tanaka and Nakanishi,
20070 L Chandler e el 2000,

Clomvenienal studies of inercased twlenmee aller generations
ol exposine and molecalar genetic surveys of exposced popuka-
lions are the primary approaches by which genetic consequences
arc assessed. Inereased wlermee s usually detected by subjecting
individuals Trom the chronically cxposed population wml @ miive
population (o texicant challenge and foonally testing for tolerance
dilferences. A recent example is the study by Ownby ef al. {2002)
ol enhanced tolerance for o PAN-exsposed population of Killilish
from Elizabeth River (Virginin). Altcrnatively, a chumwse ussoci-
ated with o toleranee mechanism might e exmnined in chroni
cally exposed and naive populations. As un example, Meyer of af,
{2003} found nprepulated antioxidant delenses in the samne popola-
tions of exposed Blizaheth River killifish stodied by Ownby ot ol.
(2002). Clase examinations of population genetics nssociated with
contimiinated hibitats are also wsed to infer conscquences of mul-
lgencrational exposme. Confining with the Elizabeth Biver kil-
lifish cxample, Mulvey e of. (2002, 2003) examined (he genclic
qualities of fish sampled within the Elizabeth River esluary using
alloeymes nd mINAC Cleae evidenee was found nsing bath tocls

fon the influcnce of comtmmimtion on the population senetics of

killifish subpopulations within the estoary.

Community and Ecosystem

Most community and ecosystem offeets studies by ecotoxicolo-
gints wse modified wmethods developed Tn community and systems
ecology (see Magwrm, 1988, for wethod deseriptions), Reecent
btk el s Mewman { P95 el Clements and Newiman (20025
prowicle some deinils of cootodicobogical applications of these
methods: Several generul approsches are taken, The approach
affording the most control and ability o sephente treatments
involves: faburalory microcosms. A inicrocosin is o simphified
systemn that is thought o possesi (he community or ecosystem
gualities of intesest. The experimental conteol and reproducibility
associated with piceocosims come st the cost of losing ceological
realisn 15 the libormtory microcosm actuatly respending in a way
that provides insight abont low (e aetonl commupmiy or eomsys-
tem would respond? Microcosn stedics dre sa conmmon thropgh
out the coolosicological Hiermuee that standard methods have
been proposwd Tor their exceution. (Taub, 19971, As 0 miciocosi
eximple, Clarke (1999) established fvercbrate commumities in
the Taboratory Lo deteoming the influcnee of oll deilling wds on
offshore benlhic commonitics. Relative o the issue of commu
ity rednndhney diseossed above, zinc-amendad soil microcosms
wore wscd i pmither cose by Subvremen g ol (C2H0T ) ol pirenidid
minimal evideace o support the current ecliance on the redon
dant species theery by ecological nisk assessors, Ganimg back
sime realisng by piving op some degree ol iroctability, outdoo
messcasmy are also applied o conpmnity and ccosysiem eoo-
tosicology, Mesocosms are Bager experimental systems, wsoally
constructed ouldoory Bl alse pltempt o sinmlale some aspect
af an ecosysiem such as community species composition. Uften,
terestril cooloxivologists apply e term enclosure Instead ol

micEocas for such expenmentil units, Aquatic mesovosms can be
artilicial ponds such os those developed by Woin (1998), steams
such as those used by Kreotzweiser of ol (2000), or river seg-
ments such as those waed by Calpeer af, (20000 Torrestonl meso-
cosms can be pens, enclosures, or lagge soil plots depending on
the eftects being quaniilicd. An example of a teerestrial mesocosm
stuedy is thil conducted by Koothils e af, {1996) of the effecis of
lomg-tenm coppor exprosure 0 soil nematode conumunities. Field
studics arc the thicd weans of explorng effects at the conmunity
or consyatem bevel, The high realism of associnled lndings from
field stdivs is balanced against the difficalty of achicving tue
replicalion and sufficient control of aiher fctors influencing the
system's response. Fielld studies ¢an involve manipulations such
as introducing foxicanl inte replicate water bodies; however, the
majority of leld studies involve biomonitoring of an existing,
noticnally impacted, community or ecosystem, This might involve
cluse cxamination of species compusition smd comparison ot
cxpecied or measwied inoaosimilar, but oncontaminatesl, system,
Mast biomaonitering efforls focus on community struciure instead
ol function because itis generally Believed th changes in com-
nmmily strocture will be seen Before (these in functions. As exin-
ples, metal effects on imverelrle and plant conumumity stroclme
wete studied by Peeters et al. (20000 and Steamdbery of af, (2006,
respectively, Despite the tendency to sty commmmily structure,
study of functions can provide valuable insights as in the case of
Diay (19935, who Foomd changes in photosynthesis in periphytic
afgac in response (o herbicide exposure. Becanse mesovosm and
lieht stinlivs involve data generation in the presence of many
smcontrolled variables and poor replication or pseadoreplicntion,
multivariate statistichl technigues for fecognizing paltems qmong
locations o (hrough |ime wre commonly applicd, [or cxample,
Landis et f, (1997 and Kedwards e af, {1999,

Landscape to Biosphere

The erestion and evenual converpence of several key techinologies
lacilitate cootoxicolagival study st the landseope o biosphere van
tages. These s technologies have also allowed the emerpence of
larpe context, envirommental disciplines such os landscape’ ecology
(Fwrmam and Godeon, 195600, global ceology (Rambiler of af,, 1983),
amid global biogeochemasiry (Butcher of af, 1992} that contribute
conees w bpe-seale contoxicology efis,

Techmalogies for acquiing. processing, and analyzing e
smunls of infornsation luve been essential. Adchived ml new
imagery from satellites and high-altitode plafornms is now inte
grated with off-ihe-shell GIS software with afforduble computers.
Much of this imagery is gathered with remote sensing, techuolo-
gies, thit is, technologies that do pot neguire physical contact with
i [eatore being measured, However, amays of sensors are rapidly
combng together such as e network constil observing systems
that are quickly linking to form a readily secessible real time ditn
stvezmn Tor gl of our oceans. Remole sensine data from solellies or
aircraft provide Informmation for wide spatial seeas ol the cagldly
emerging. grounl- vewiler-based observing system netwaorks hiave
begun to produce extremely del doti strewns. Such techinplogies
Tavilile ceotoxicological explormions sl spatial scules it wore
nnpossible (o consider only o few decades ago.

'A Landseape is Fonmally defined by Forman and Godeose (19867 as o hetero
poneais lnsdscape that s “copposed of @ olster of el ECUAYALETIA
that is repeated in o similar Goon teosghinn,” Fach coosysten is a p
whitle bndscape misch as o tessern is par of o masaie o & subpopulation is

pat of o etuprapulbilion,
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ECOLOGICAL RISK ASSESSMENT

BRA applies ecotoxicological knowledge in support ol cnviron-

mental deeision making. The ERA approach is an adaptation of

lan risk assessment methods, notably (hose articudated i the
Mational Academy of Sciences  paradigm (Matienal Research
Couneil, 1983, Adaptations are needed o accommodide dilfer-
ences o exposure poiliways and the eniilies for which sk is (0 be
estimated, Risk might be to an endangered o (eatened speeics,
o o damaged ol resouice for which remuneration might be
regquiredd Trom o responsible pady. b such cases, the FRA might
estimite risk to individeals: Alcrnatively, as emphasiced o ihe
abiwve BPA quote, (e risk might be o o loeal species population
or to the integrity of un coologieal community, A widely disperied
eeoloxicnnt such ws actd precipitation or widely wsed prinhict such
as the herbicide, atrazing, migh! require assessmoent of nsk b &
landscape or subcontinental seale. A recent example of such o sk
ssessment i that for atrezine, o herbicide osed thioaghout North
America (Solmmon ¢f al,, 1996). Beotoxicants requining a global
ERA might inchude preenhouse gases contributing to gholbil warmne-
ing, hydroflusrocarbons depleting (he seone layer, and POPs thal
secumulate o lermin] concentrations in polar regions far from
thuir point of release ol laghly industrialized bitodes.,

Adaptations are based on (he contextof an ERA, Some HRAS
address exisling situations. Considerable lield information migh!
b available for such a retroactive ERA and epideminlogical meth
ods might be applicd mivantigeousty. In contrast, predictive ERAs
sssess possihle disk associmted with o fuire or proposcd loxicant
exposurc. Tn this case, the ERA might wly wore heavily on expo-
sure modeling and labomtory derived effects data, A special case
of predictive risk msessment is a life eyele ssessment inowhich
“pppdle-lo-grave’! predictions are done for a product that inclides
all uspects of its raw material extraction, manufacture, distribulion,
use, and fnal disposal. Finally, an ERA will be strnctured slightly
dilterently if it compares the ecological nsk ol one or more options.
Anexample would be the comparative risk associated wilh o spll of
bunker oil versus Orimulsion® (o biteen-based fossil Tuel), Such
a comparativie risk assessment might daw insight and data from
extutimg spill sites, Inboratory tests, ad exposore models. Despite
alaptations and differng contests, most BRAS have he e gen
eral form Ceee Fin, 3029,

Risk sssessors. risk minngcis, aml key stakeholders ciugage in
indtial planning togetler with the imtention ol Termulating & clear
staterent of the problem. What valued ceological entity or guality
15 being assessed (assessment end point) is defined. A conceplil
model is crented that links the assessment end point and the wsicant,
incloding descriptions ol exposure pathwiys ad possibile effects,
A clear sttement of possible or predicted cffects (risk hypoihesis)
is Fornulated . A clear formubdion of the problem with comenrrence

of key stukeholdens is eritical (o the BRA becanse of the diversity of |

possible sssessment end points and exposure patlivays.

Exposure chiarmeterization describes or predicts contact
betwiern e toxicant and the assessment emnd point. Depemfimg on
ihe BRA vontext, this conlil invisivie o simple caleukation of ayer-
age exposure, or o lemporally and spatiily explivil description ol
ppomds peesent wrehevant edio, Toxicant sonrees, drnspod jrith
wirys, kinds of contoct, and potentind costrossors are also delined.

Feological elfects charseterizanion descibes the gualitics of
any potential clfects of coneern, deseribes e conngction between
e protential effects and e assessment el peind, gl deseribes
fswe changes in the level of exposuie might influcoee e effecrs
mamifesling i the assessinent eod poinl. Nommally, a statemen
about the strength of evidenee associated with the descriptions 1s

presented in the ecologicul elledts charactenzation, As @ coimmon
example of evidentiary uncertainly offen requiring explanation is
the measurement end point. 1t is nol olways desirable to derive
effects information direeily frome an assessment end point such as an
endingered speaies so uneerninty is introduced by manging ettects
to o surrogate (measuroment end point). Beological effecis chame
terizations mnst describe the ustilfiable confidence inestrpolating
Fronmn measuremenl s assessinent cnd paints,

isk chagaeerization uses the analysis of exposure and ceo
fogival elfects 1o address the dsk question(s} posed in ihe probilen
formudation, This can involve an cxplicil statement of risk, Ml s,
the probability of o specificd intensity of an adverse effoct oceurming
b (e assesement end point. Often, the information needed to make
such wn explicit statement 15 absent and a qualitaiive stlement of
the likelihood of an adverse elfect is made instead, Regardless of
whether s quimtitnlive or qualitative stlement of risk is produced,
the risk characterizstion must provide details soronmding the state
ment, including importan uicertintios,

INTERCONNECTIONS BETWEEN
ECOSYSTEM INTEGRITY
AND HUMAN HEALTH

As noted at the beginning of this chapler, while the original defi-
nition of ccotoxicology included effects on humins, most subse
epuen! treatiments exclude discussions of hunvans cxeept as @ siice
of contanmmmits, witle some notable cxeeptions (g, Newmm el
Unger, 20033, This evotoxicotopy chupter, fmbedded in-a book
focused on human or biomedical toxicology, describes the younger
seiene of elucidating elemicul effects in natral systems, While
ceotoxicolugy s Teatures distingl o biomedical toxicolugy, il
5 important o consider pasllclisms n the (we fields and, mon:
heoadly, interconmeations between human health and ecalogical
integrity, or health, While obviously elated, biomedival nd eco-
logieal toxicology have historicolly extibited relatively lithe com-
dination or collibomtion mmong scicntists across these ficlds, This
i Hkely due w o number of reasons, including the different levels
ol hinlogical organization considered, as well as different seademic
culbores pupudating the two felis, However, i s questionable if this
gulfhas been i the best interest of understaniding chemical effects,
il ultimeately protecting both human and coologienl healthe This
concern bias prompted several road thscussions intended 1o Dridge
this divide aml enhance intecdisciplinary antiral and social seien-
Hfic research in these aeas (see reviews by Costanzs el ol 1992;
(37 Clinlio and Monosson, 1994; 1§ Giulio and Benson, 2002).
This wulf hiss resulied in iwo Tields that, while langely discon-
nected, panllel one another and share common paradiging such
as dose-response, osicokinetics, meclanisos of action, and risk
assessment frameworks. However, by generally tenormg how chem-
iculs e other anthropogenic stiessors that degrade ceosystlens can
oltimtely impact human healih and well-being, and vice versa, an
appirinmity o hohstically undeestand the resulis of environmental
contamintion is lost, Mivanda eral (2002} deyveloped o eonceprua
prnoded o educidating s intewonnections paradign thal ks natu
caal s social systems inoa circolar e with continuons leed-
bracks, s opposed Joparallel inear models (exposure @ response,
i elther limans orcoosystens) that deminate wxicology currently.
In this conceptual model, the oatucal system produecs il posi-
live onlpits (sieh s nutoral resonrces, aw materials) sl negilive
outpuis (Lg, hurdcanes, discose vectors) (o the social system The
cultnre and instition of the social system m (o rnpsforms the
maiural system onfpuis in varions ways and subsequently delives
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wirons postiive outputs (consumers goods, conservation eftoits) and
negative ontguits (polhotioe, delirestnion) o e mtiml systemn.
These omputs inluence (e ity sl guedily of e (b poml
nonhwman) of the watural system, and the circulior Dow of resourees
continnally creates conditions that influence the well being of indi
vitlmls, societies, pnd ecosystems, now and in the futue,

Tlas rather absiroct model Tormaliees (e dnferconneci o
between homan and ceological bealth il most of us inteiiively
sense. Sonme of these connections. in the context of covironmental
petlution, wve ohvions, Chemical contamination of seatoods valoed
by s s o examprbe; COthers mne hess clear bt polenfially very
signilicant, such as howmn impacls onagealic systems thil Tosier
e propagation of human discass veelors, or homan impaets on
global elimate tiat oy concomitantly impact hinmeas and ceosys.
terns in varied ard complex ways. Also mpod ot tg consider is the
nuilter of human perceplions of their envirgmmenl; peophs’s sense
of the health of the environment in which they live {whether theic
perception 15 correct or not) can bave substantial impacts on their
o nd el pliysical Bealth (07 Keele and Baum, V990 As noted Ty
Eondall e al, 020000 “the vdirect elTects ol eovivopmetal poblo-
tion may, in the end, be more imporian than the direot effeots for
human health,”

There are significant indications that these fields are converg.-
g ok mieaningful interactions are nerepsing. The inclusion of
an eeotoxicology chapler o (his et s Favorable evidence, This
trend is motivated in pard by the genomics revalution that provides
powerful methods for cvaluating fundamental biclogical similaritics
aeroms species, including those employed i aomedical il ecoo-
toxicological rescarch. Rescarch in (his aren has revenled genctic
similaritics, or conscrvation, in many geaes and the proteins they
code Tor thal are inpoatant o organismal adaptati
due e covirommental stressors, incloding clwamicals (Titon ef ol
2006, Certmindy muny important species differences alsoe exist
that contribute o the greal complexity of understanding homan
ecolppical imtercomnections, bt as pointed out by Winston ef ol
(20021, “in the ol analysis, e biobogical simdlarilies across Hy-
ing systemns are probably more impressive o e dillemenoes”™
Diseussions among diverse scienlists of the promiscs, limitations,
and potential applications of genomics for cluciditing cross-species
exbapwilations ave provided by Beosoon wod 130 Clinlio (2006, Such
cross=leritheatioms among bomedical wod envirenmental scicntists,
s oweell os soeil scerenists and policy wakers, are likely (o cnhance
all arcas; and catalyze the integrated protection of human and eco-
sysben hiealili
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