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Over the last 15 years ecologists have become increasingly focused on the effects of environmen-
tat poliutants on amphibians, Much of this interest has grown from concerns about the status of
amphibian populations and the possibility that environmental contaminants could contribute to
Popukation declines at both local and regional scales (Sparling et al. 2001; Davidson et al. 2002;
Collins and Storfer 2003; Stuart et al. 2004; Davidson 2004; Fellers et al. 2004; Lannoo 2005). In
Glhér cases. ecologists have realized that certain pollutants can be used to test fundamental ece-
logica| questions pertaining to wmphibian interactions with other community constituents (Boone
ixnd fames 2005; Relvea 2005; Relyea and Hoverman 2006). Taken together, the recent infusion of
::E:fi i‘nm E?XECOI'Ogy ’ ‘md vice VEI‘S‘c_L has given rise t0 a wealth of ggblisbed studies with excit-
ih;t E;m ;Qzﬂ_.eiililﬁes unpred@tabll@‘%ﬁnd-{ngs. Perhaps most. notabl\y, studlas.rcpeated}y demonstraie
s.]matmsﬂl-J({Q{gespond quite dJi‘I‘ere.ntly t(? compounds in thc:a field than in th‘e i_ab{)ratory: These
Mode olf(ex ififell@i’lCGS ‘occur for a‘\‘farzety of reas‘oz‘qs, the most 1mporl.:aﬂt of which a_lr.e duration and
ing lhmwfﬂﬂillc, and becagse effe;ts on Elﬂ’lphlbla.l}s are often mediated through impacts cascad-
many 1 E%e (?EEE:r commumty.consu.{uents. Ti.mse important adyances by aceleg;sts have caused
Wt s Vd, Hale current tox1coiog1ca§ paradigms as we move forward to determine whether pol-
: Ctamphibians at the population level (Hopkins 2007).
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Although amphibian ecologists have made remarkable achievements in recent years, thej
have been almost entirely focused on pesticides and herbicides. Much less atlention has b
to ecological effects of metals and metalioids (_hureaﬂg referred to collectively as metals), despye
their prevalence, toxicity, and persistence in 1}1(:2 c,wzr\onment. .B.ecause protection of amphibiy,
populations from harmful pollutants is a top priority for amphibian conservation, (,(_{)i,()x;u)m”l
cal studies of metals are of paramount importance. This brief essay highlights why metyls i, e
environment are a potential threat to amphibian health, why previous labor AOTY APproycheg "
evajuate the effects of metals are limited in their usefulness for ecological assessments, why Putely
ecological approaches can fail to identify causal relationships between metals and d(lVLr\L ety
in amphibians, and what we congider to be primary research priorities for the near futyre e We arpye
that the most significant progress will be achieved through hierarchical assessments Spannisg myl.
tiple levels of organization conducted by interdisciplinary teams of scientists.
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1.1 WHY ARE METALS POTENTIALLY HAZARDOUS TO AMPHIBIANS?

Unlike modern synthetic pesticides, herbicides, and fungicides that are typicatly designed fkj) Vpe-
cific taxa {with varying degrees of success in specificity), metals are often emitted into the environ.
ment as by-products from human activities. Metals are naturally oceurring and many are essential for -
normal physiclogical function. However, exposure of organisms to nonessential metals or Lo esgeq-
tial-metals in excessive concentrations can result in toxicity. In most cases in which mesals 0ecur
in poteniially toxic concentrations, anthropogenic activities are to hla.m.e. Hum:m. activities such gs-
irrigation of metal-rich soils, fossil fuel extraction and combustion, maning, sm.e'!ung_, and urbaniza-
tion/runoff have resulted in widespread confamination of water, sediments, soil, and uir by metalg, -
Whereas direct discharge or runoff o aquatic systems can produce localized areas of relgt tively high™
concentrations and risk (Rowe et al. 2001), atmospheric fransport of metals such as Hg has resulted i
widespread deposition t surface waters and terrestrial habitats {Driscoll et al, .J(}U. Thus. amphib-
jan habitats can be contaminated with metals from a variety of sources at a range of spatial scales
Anthropogenic activitios release enormous quantities of metals into the environment, posing ﬂslv: :
o amphibians and other wildhife. For example, according to the USEPA™s oxic release Jm'unun,i
release of persistent bicaccumulative toxic (PBT) metals far exceeds that of PBT organics (UQFPA'
20073 1n 2005 (the most recent year for which data are available), the release of tead and lead coni
pounds (213 mitlion kg) accounted for 98% of all PRT chemicals. Mercury and mercury compound
also topped the fist at 2 million kg, Simijarly, release of carcinogenic mu.gi.s nto the environment lﬂt_
exceeds that of carcinogenic organics. Lead (213 million kg) and arsenic (85 million kg) accounted fOF:
a combined total of 71% of all carcinogens released in the United States in 2005, That same year, 24
million kg of carcinogenic chromivm and chromium compounds were released in rhe Umle_d Slatc;._:-
Unlke many modern pesticides, which are specifically designed to degrade in the L’_ﬁm’llr.()ﬂmﬁl.ﬂAI
metals resist degradation, and thus their release can resull in chronic exposures 1('} w:lldhie. OHCC
released loto the environment, many metals undevgo complex chemical and physical :;?a‘cra'c‘i‘mn:
with parficulate and dissolved materials and may be biologically alteved (e.g.. through C(IZIU-U?;?;T;’:
leading (o changes in bioavaitability and toxicity. For example, in cases Where mc'mi:\ are S(T'bia'f;
particulate matter they may become less bioavailable, reducing their toxic potential to amphi "
and other animals. In other cases, such as 1n lotic habitats, bioavailability and risks o JL;U«lm- Oj;caf
isms may vary spatially from the source; transport of metals from the poink souree can resultin o
ized dilation near the source but elevated concentrations in downstream sinks (e.g.. pools. rcscirww
estuaries), Finally, chemical speciation of ietals reflecting site-specific chemical and ph\;:ii»; e
properties can drastically alter bioavailability and toxicity. Perhaps the best-studied {u\gn (Sm, P
which poses the greatest risk to animals when it exists in the methylated rather than T,L;;nhh s
Giiven that many metals are released inio the eavironment in enormous quam;ms. L?ILI " ecolte
and resist degradation, it is surprising that, relative to svnthetic grganic compou nds s<.> i
cally oriented research has been dedicated 1o quantifying their effects on amphibians.
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11.2 WHAT ARE THE LIMITATHONS OF PRIOR STUDIES?

{p amphibians, as in other animals, specific metals vary n toxicity, mode of action, and means by
which effects are expressed. A comprehensive review of effects of metais on amphibians was recently
pmwded by Linder and Grillitsch {20003, and we do not intend fo reiterate the information presented
i that document. Rather, we critically evaluate prior approaches in an effort to guide future work (o
achieve greater ecological relevance. Primarily, we wentify what we believe are shorteomings of much
wark 1o date, while oot leveling eriticism at specific works. Most of the concerns that we raise stem
from the need For interdisciplinary approaches to resolve complex conservation problems. Gur discus-
sion iy ntended to aid in bridging gaps between mechanistically and ecologically oriented assess-
ments of effects of metals on amphibians. We emphasize that comprehensive assessments having
both scientific merit and potential for practical application must draw apon the strengths of multiple
discipiines. Our recornmendations are targeted oward progress in research that will facilitate a more
robust application of experimental results to natural systems contaminated with ietals by considering
hoth mecharism and response. Because the status of amphibian populations 1 a fundamental concern
driving much research in amphibian ecotoxicology, it is vital that research be conducted with ecologi-
cal realism and relevance to managerent and regulatory applications o mind.

Uniike recent work on pesticides, ecologists have seidom examined effects of metals on amphibi-
ans under conditions representative of natural habitats. Rather, until recently most metals have been
studied with respect to lethal endpoints, typically in an effort to provide information on relative
toxicity of different metals or for use in habitat-spectfic risk assessments or setting environmental
quality standards, Given these goals, these studies have typically been reductionistic, acute labora-
fory wssays that lack the inherent complexity associated with exposure to metals {or other stressors)
in natural situations. As a result, much of what we currently understand about the effects of metals
o amphibians largely lacks acological context.

What do we know about effects of metals on amphibians under conditions representing those
in natural hubitats? The short answer seems to be “very little” Numerous features typical of many
prior studies of metals on amphibians belie their application to natural sysiems. Table 111 Iists what
We percerve as primary limitations to interpreting historical studies of effects of metals on amphib-
ians in Lhe context of natural exposure regimes and ecological application. Doubtlessly it would be
extremely ditficuit to address all of these issues in a given study, and depending upon the goals of
the study, some approaches may be more relevant than others. We suggest that researchers constder
these issues in the context of the desired application of their studies. These considerations will
be critical for protocol development and interpreting results in an environimental context. Clearly
fome of what we consider to be drawbacks from an ecological perspective would be advantageous
M mechanistic toxicological studies for which moere reductionistic approaches are essential. This
d stinction 1 fundamental to our argument, since we contend that current understanding of effects
of metals on amphibians are derived primartly from studies most often directed toward the latter
ends. To gain greater understanding of effects of metals on amphibians as they occur i natural
?E’Sim.l:]s, we mlist step beyond traditional laboratory methedology and accept the challenges of
nterdisciplinary approaches that simultaneously incorporate greater environmental realism and
Tlgil)t‘oux toxicological methedology. Such approaches will require collaborative efforts among sci-
CUOSIs with different areas of expertise, but sharing the common goal of elucidating threats of met-
As 0 amphibian populations. -

.21

;ii;;j;?'fjﬂrit}f of studies on amphibians and metuls have been concerned with relatively short
Uf&itu;m‘( %X_Pmmje, often encompassing periods of onlyl days o W.'eek-S. Yet, with the exception

“H0ns in which acute pulses of metals are refeased into or rapidly flushed through a system,
apidly become biciogically unavailable through chemical or physical interactions,

Biotoaicar, Issues

or ozheg-wm .
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TABLE 11.1 ‘

Issues Limiting Application of Many Prior Studies of Effects of Metals on Amphibign
to Ecological Questions

Issue Drawbaclks Remedy

1. Biological

Acute exposure periods Do not reflect chronic exposures Conduct exposure over e duratiy,
. . . - . Sl
reflective of natural habituts of life stage of interegy

. 45 Gictaled by
condiions being modeled

Exposure 0 dissolved metals only Poteatialy dominani routes of Quantify metals in environme g
exposure (sediment, food) are matrices and et exposurey
overfooked accordingly

FExposurss typically address only Do not capture effects on juvenile and  Incorporate studies of werresidg life

embryonic/iarval 1ife stuges adult life stages, which may strongly stages as applicable
mfluence population dynamics

Use of standardized test species Responses are unlikely to apply Choose study species based upen e
broadly 1o natural systems comumunites inhabiting arey of

concern, closely relared speciey, gr
species tat has farpe geographical

range
Artificial feeding regimes Do not reflect natural resouree Provide rations that allow for pusitive
himitations that may exacerbate growth rafes yet are not ad Jib, pilot
effects on growth or surviva studies of dietary reguirements wonld
Food-borne exposures could be higher be required
thain when resources are limited
Single species exposures Do not account for indirect effects Apply hierarchical testing protocols o
that may emerge through include both single and multispecies
differential responses amornyg CAPOSUTEs
competitors and predatory
2. Chemical and Physical
i.ack of monitoring, control, or Speciation and complexation vary with  Monitor and maintain chemica und
veporting of waler quality variables chemicophysical properties of the physical exposore regimes reflecive
(pH, hurdness, temperature}, media in which metals are present of those in natural systems
particularly in ecological studies Water quality influences physiology Quantify variables thut regulie
(e, Rowe and Dunson 19943 and thus may mitigate or exacerbate speciation and complexation iné
effects of metals alone employ chemical equilibium models
to estimate free 1on concertralions
Exposure to single metal Do not reflect most patural systems in - Provide exposures to realistic
which poliutant mixtures are present combinations of contaminants presenl

Synergistic or antagonistic interactions i system of nlerest based upon fieid
amiong metals cannot be identified monitoring

amphibians are typically exposed o metals over long periods of time. With the exception of stud-
ies specifically designed to model such episodic exposure events, results of acute eXxpostre srud-
ies are not useful for assessment of effects in most situations in nature, Farthermore, as ere @
vast differences among amphibian species in the duration of specific life stages, arbitrary EXpOSHE
durations capture substantially different ontogenetic periods. For example, & 2-week exposure 10
a rapidly developing species will reflect a much different ontogenetic exposure period lhzmlWO‘fid
be experienced by a more slowly developing species treated similarly. Exposure over the entiré life
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that naturally interacts with the metal.(s) is much more appiicabie.to conditions that amphib-
erience 1 Most environmental situations where metals are consistentiy present. For exam-
here metals in the aquatic habitat are of primary concern for pond or stream breeding
ammphibians. exposures applied over the full embryonic az.xcl ljdrva_i period§ would be required if
quantifying effects on recruitment to the f,erresFria.]. popu]atlpn 18 ‘tht?-goai 01_’ the study. .

i 'rhc‘rmm of exposure to metals qnplcyed in most studies 0{: effects U'f mgtais on amphlb‘zgns
also miy be i;‘lappr()priare. for assessing responses as they occur i some siluations in nature. W]f‘h
very few exceptions, stud ies have ermployed aquesus exposures of dissolved metals Fo eml')ryomc
.nd larval amphibians, YEL 16 many Co’mammated hahltgts, metais are sequestered in sediments,
soils, or food sources, providing an additional, and sometimes the predeminant, route of exposure.
while some metals are primarily available to amphibians in their dissolved forms (e.g., Al Cu, ete),
for metals such as Hg and Se, the dissolved fraction may be an inconsequential portion of the tolal
exposure (€.8.. Pickhardt et al. 2006). Rather, the primary route of cxp('Jsure may be dietary rather
than agueoys. Measurement of metal concentrations in various martrices in some contaminated hahi-
lats has revealed high concentrations of metals in periphyton (Newman ef al. 1985; Rowe et al, 2001;
Unrine and Jagoe 2004; Unrine et al. 2005; James et al. 2005) and surface sediments {e.g., Hopkins
et al. 1998) grazed by herbivorous or detritivorous larvae. In such systems, exposure studies using
anly dissolved metals likely provide unrealistic estimates of amphibian responses as they occur in
me{czw;‘Exmmcm. It is critical that the relative contribution of metals tom dissolved and dietary
sourees be evaluated prior to designing experiments that capture realistic exposure regimes,

The reader may note that the preceding discussion regarding exposure route and duration primarily
addressed effects of metals on embryonic and larval life stages. This apparent bias reflects the unfor-
funate dearth of empirical information that exists regarding the effects of contaminants in general on
terrestrial life stages of amphibians. The hiphasic life cycle of most amphibians, putting them at risk
of “double jeopardy™ dee to their occupation of distinct habitat types presenting multiple sources of
gtressors (e.g., Dunson et al. 1992; Rowe et al. 2003), has been invoked as a justification for their use
as sensitive sentinels of environmental change. Yet, the research community has largely remained
focased on studies of embryos and larvae, providing little empirical evidence Lo support this hypoth-
esis and to evaluate relative influences of multiple stressors over a full life cycle. While there are
certaindy logistical justifications for focusing on easily collected and maintained embryos and larvae,
logistics shoutd not be the primary driver of environmental research. Studies on terrestrial life stages
that have been conducted have sometimes revealed strong effects of merals and other chemical fac-
trs on behavior, survival, reprodnctive success, and distributions {Wyman and Hawksley-1 escauit
987, Horne and Dunson 1994a; James et al. 2004; Hopkins et al. 2006) that would otherwise have
been overlocked in enmbryonic and/or Jarval assessments. Moreover, demographic models suggest
thiat juvenile and adult vital rates are often primary drivers ol amphibian population dynamics (e.g.,
Yonesh and De la Cruz 2004, Schmidr ef al, 2003), and thus effects on embryos and larvae, unless
vectitring over numerous cohorts, may have relatively limited impacts on populations.

Regurdless of taxa, a nearly universal feature of studies designed 1o assess the relative toxicity
of contaminants is the use of standardized protocols using model species, vital for eliminating
orfounding of results arising from species-specific differences in sensitivity. Comparative toxi-
cology of amphibians is no exception, and standard species have been adopted and widely applied
;(”mffbiy the African clawed frog, Xenopus laevis; Dumont and Schultz 1983; ASTM 2004). There
18 value in these studies when specifically employed to establish relative toxicological risks among
Bifferent taxonomic lineages (e.g., fish vs. frogs), and different contaminants or chemical species
of contaminants, Yet use of the amphibian model has extended beyond basic comparative toxicol-
%Y. and has been used to assess ecological risks associated with contamination of natural habitats,
X K{f'?me caution must be used in such application of laboratory models to narural systems since an
'ﬁphcir assumption in such extrapolation is that the laboratory model possesses sensitivity to con-
L‘I‘;;”(I;i;ms re]?re‘:sen{ative})f local species fjf interest. Qi_vea the evolut%.on‘ary and @olngieai diver-

amphibians, no single model species can possibiy be representative of this entire class of

sage(s]
jans exp
pje. incases w
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vertebrates. In fact, acute toxicity tests have clearly demonstrated that even different populatioy, of
the same species can differ widely in sensitivity to poilutants (Bridges and Semlitsch 2000, Thug
while model species may be useful for mechanistic studies and initial probing of the relative toxici{\:
of a compound, it is difficuit to justify their sole use when ecological assessment is the goal. I cﬁse‘q
where surrogate spacies must be used for experimental manipulations, such as when assessing fiss;
to a declining or rare amphibian species, great care should be taken to select closely relateq Species
with ecological altributes similar to those of the species of interest.

Proper provisioning of food resources in experimental exposures of amphibians to poliutany jy,
rarely been carefully considered, even though regulation of individual and population growm and
community struciure through resource imitations is a paradigm of ecology (e.g., MacArthyr and
Witson 1967). There is 2 large body of literature demonstrating that intra- and interspecific competi.
tion can be a primary determinant of growth and recruitment of amphibians under natural cong;.
tions (see critical review by Skelly and Kiesecker 2001). Yet the vast majority of laboratory studieg
of amphibian ecotogicology are conducted under conditions of unlimited (ad 1ib} resource availahy.
ity. In applying resulis of such studies to natural systems, several issues arise, such as 1) observag
growth and survival rates, typical endpoints in ecotoxicological studies, are unlikely o reflect thoge
in natural habitats: 2) in agueous exposures, higher than natural growth rates may result in grow
dilution of accumulated contaminants, resulting in body burdens different than would occur naty.
rally; 3) in dietary exposure studies, contaminant exposures will exceed those experienced by ingi.
viduals in the systems being modeled; and 4) physiological factors relating Lo putritional state of the
animal can greatly alter responses to contaminanis (Hopkins et al, 2002, 2004).

Studies of effects of metals on amphibians have Jargely been conducted using single-species
exposures. Certainly singie-species studies have value In assessing potential direct effects of metais
on that species. However, single-species studies fail o capture the biological complexity of natural
systems that can mediate the effects stressors on a species of interest (e.g., Dunson and Travis 1991,
Relyea et al. 2005). Testing multiple interacting species 1s challenging, especially when experimen-
tal conditions are meant o relicct those in nature. However, perhaps more so than researchers in any
other discipline, amphibian ecologists have broadly employed multispecies testing in mesocosms
mode} stressor effects under conditions of ecological complexity {Wilbur 1989; Rowe and Dunson
1994: Boone and James 2005, Metts et al. 20035; Relyea and Hoverman 2006, Oniginally being
applied in studies of nontoxicological variables, primarily competition and predation, multispecies
mesocosm studies have been embraced by researchers studying organic contaminants (see review
by Boone and James 2005), vet rarely have they been applied to stndy metals (but see Horne and
Dunson 1995; Roe et al. 2008). '

In suggesting that multispecies studies be applied more widely to fature studies of metals, there .
are some caveats of such an approach that musi be recognized (Hairston 1989). Depending upen the
comprehiensiveness and the desired rigor of the studies with respect 1o toxicological and ecologh
cal causes and effects, multispecies studies on their own may or may not be adequate o address
the questions posed. When conducted in isclation, multispecies mesocosm studies typically p_fc—
clude establishing pathways by which observed effects emerged, While resulis from these studies
may be of greater applicability to nature than single-species laboratory studies, the mechanis by

~ which the stressor elicited the response often remains speculative because of the complexity fff
these experimental systems. Thorough sampling and guantification of numerous biotic and abi:
otic variables can help 1o identify potential indirect pathways (e.g., reductions in food resoure®
increased competition, elimination of predators) by which the responses arose, but the relationship
between comimunity changes and responses of the amphibian of interest remain correlational. ’rh”S"
if understanding the effects of a metal at the species Jevel as well as the cominunity level s dcﬂrwd_i
mullispecies testing alone is not satisfactory. Rather, multilevel, hierarchical studies thal"&ncm_l_i;
laboragory tests to directly estabiish species-specific sensitivities and responses, in copjunction Wt
more complex and environmentaily realistic multispecies tests in the field or i mesoCosms that cap'_:-
ture effects in fote resulting from direct and indirect effects (Diamond 1086; Sadinski and Dunsok
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1992). can provide better assessment of canse {e.g., physiological response/species sensitivity) and
sffect (e.g., recruitment from.a breeding site),

An additional caveat with respect to multispecies studies using mesocosms or field enclosures
s that information derived from them is unlikely universal to other systems, and may essentially
he unrepeatable (see Hairston 1989, Initial conditions, variations 1n community structure, interan-
aual or seographic variations in climatic conditions (femperature, precipitation), and water quality
can medinte ecological interactions, conlaminant exposure regimes, and the nature and severity of
response. Thus, in isolation, multispecies, commumity-ievel studies can only be rigorously evaluated
with respect to the specific suite of biotic and abiotic conditions that prevailed throughout the study.
As a resuit, thelr value to regulatory and management decisions is greatest when applied to local
conditions of very specific scientific questions. For example, if single-species laboratory studies
demonstrate that a particular metal decimates aquatic invertebrates but not amphibians, mesocesm
studies can efucidate how the effect on invertebrates might cascade through a food web (e.g., starv-
ing predatory salamanders that eat invertebrates) when considered in a community cantext.

11.2.2  Cuemicat AND Prysicar Issues

In addition to the biological issues discussed previously, there are several issues related to chemical
and pirysical variables that need to be considered when designing and interpreting studies of met-
als and amphibians. Two such issues are particularly important to consider. First, physicochemical
properties of water, sediment, and soil have profound influences on availability and toxicity of
metals. Lack of control or monitoring of nontoxicological abiotic parameters thus confounds nter-
pretations of the effects of the metals themselves and precludes rigorous comparisons of effects
among different studies or field sites. Investigators should be sensitive to the problems in interpret-
g resudts with respect to actual contaminant exposures experienced by the mdividuals due to
physicochemical properties inherent to outdoor mesocosms that can strongly influence contaminant
partitioning, availability, and toxicity. Second, natural systems are rarely polluted by a single metal
tor other contaminang). Therefore, potential additive, synergistic, or antagonistic effects of multiple
contaminants in natural settings may have consequiences for amphibians that are very different than
those predicted from single-factor studies. Complex mixtures of metals are obviously common in
industrial events (e.g., coal combustion wastes; Rowe et al. 2002), yet even in relatively pristine
tubitats such as isolated vernal pools, mixtures of metals may pose risks to amphibians {e.g., Horne
-and Dunson 1994k,

. Chemical and physical properties of water strongly regulate solubility, speciation, bicavailabil-
Wy, and toxicity of many metals. Factors including temperature, pfl, and water hardness play key
roies in determining sofubitity and thus potentjal toxicity of some metals (.., Al Ce; Leuven et al,
1986: Freda et al. 1990; Freda 1991}, As well, the propensity for dissolved organic compeunds
Wreda et al. 1990; Horne and Dunson 1995) to form compiexes with metals can strongly influence
the availahility of metals for binding to sites of toxic action such as gill famellae. Thus, it is impor-
nt o distinguish between total and dissolved metal fractions when interpreting adverse effects to
f‘mpﬁibians. Without menitoring or controlling such abiatic variables in laboratory and field stud-
€5, 118 difficult or impossible to interpret total metal concentrations in a dose-response context.
E‘stublishing dose-response relationships based upon nominal rather than measured concentrations
of toxicants is now nearly universally accepted as being problematic. However, in a physiological
sez‘1§e, Measured concentrations in the absence of quantifying other parameters that affect bicavail-
ability ang toxicity are essentially nominal as well.

Comparing the tox icity of metals among maltiple habitats is particularly challenging due to the
“Kreme natural variation in physicochemical properties among sites (see Rowe and Dunson 1993;
Skelly 2001; Brodman et al. 2003), While quantifying all possible factors potentially influencing
mf’tiﬂ availability and toxicity in natural systems is unlikely to be feasible, quantification of several
Plimary driyers {pH. dissolved organic carbon [DOC], conductivity) can greatly aid in interpreting
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dissotved concentrations of metals with respect to potential toxicity. Quantitative chemica} equiljy.
rium modeling tools such as MINEQL, (Schecher and McAvoy 1992) are available for use ip pre.
dicting speciation, and thus the availability and potential toxicity of numerous metals baseq upoy
physicochemical dynamics. In conjunction with water quality monitoring, applying such 1oqlg |,
estimate the bioavailable fraction of metals would greatly enhance assessments of risks o amphih.
ians in natural systems.

As well as infloencing avatlability and toxicity of contaminants, abiotic conditions regulate Tany
physiological processes, thereby affecting susceptibility {0 and expression of contaminant effecy,
Perhaps most obvious is the influence of temperature regimes on traifs of larval amphibians, With e
exception of species having very short larvai periods, most tlemperate species experience considershle
changes in the thermal environment during development. Processes including growth, feeding apg
metabolism, and uptake and elimination of contaminants vary accordingly with temperature through.
out development. Toxicity of organic contaminants to amphibians can be influenced by temperanyge
(Berrill et al. 1993; Materna et al. 1995), and demonsirated effects of temperature on metal toxicity iy
other agquatic taxa (e.g., fish; Cairns et al. 1975) suggest that amphibians would be similarly affecteq
Therefore, chronic laboratory tests that neglect to regulate abiotic factors such as temperature such tiy
they reflect seasonal fluctuations may produce results inconsistent with the system being modeleq,

11.3 WHERE DO WE GO FROM HERE?

Ecotoxicological research on the effects of metals on amphibians lags far behind the recent advances
made with pesticides and herbicides. We attyibute this deficiency in metals research to the curren
bias by ecologists toward studies on synthetic compounds, and the fack of ecological context pro-
vided in the traditional amphibian bicassays commonly adopted by toxicologists and regulators,
We believe that the most important pollution problems facing amphibians today cannot be resalved
with either pure ecological or toxicological approaches. Instead, interdisciplinary teams adopting
hicrarchical approaches are needed 1o make significant progress.

We have highlighted what we perceive to be aspects of many studies of effects of metals o
amphibians that most critically need to be considered and improved upon if future studies are 1o
have meaningful application to natural systems and efforts in amphibian conservation. As teams of
researchers move forward with interdisciplinary approaches, we hope that our critique will serve s
a praciical guideline for consideration. With this in mind, we close with a brief discussion of what
we consider to be priorities in future research on the effects of metals on amphibians.

11.3.1  CommunNITY LEVEL ASSESSMENTS OF EFFECTS OF MFTALS AND MIXTURES OF METALS
ON Amrriigians, Using Fierd Encrosures or Ournoor MESOCOsMS

Coupled with Jaboratory tests of individual species and monitoring of populations occupymg <o
taminated habitats, community level experiments will aid in identifying potential indirect e!'fe_@s 0_1
metals on amphibians, Similar approaches are discussed at great length in the literature for pesncrc_ics_
{e.g., Boone and James 2005; Relyea and Hoverman 2006). However, to produce reliable information
that is applicable o real-world siteations, it is critical that ecologists team with chemists and 1ox*
cologists to ensure that inferpretations are not compromised by unmeasured variabies that obscuft,
the effects of metals themselves, thus negating the potential usefulness of community Jevel apalysis

11.3.2  Errects oF METALs ON JUVENILE AND ADULT EiFe STAGES

.~ . . . _ _ . bout HOW
Despite the importance of these life stages to population dynamics, very little is known Jb?;u;omc
t- and SOt

they respond to metals and other contaminants. Stadies examining how sedimen ot

- : . . - n it a5ai
metals may affect juveniles and adults through dermal contact and ingestion are ¢l ri.cﬂ}g’d s
ing the influence of terrestrial contaminants on amphibians relative to aquatic exposures: P
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pproache:

d o fiiness sraits, incinding growth, reproduction, and behavior, should receive priority.
ies examining physiological function, such as osmoregulation and immune sys-
e important for understanding the mechanistic basis for metal-induced changes

refate
Additionally. stud
remn funcrion, may b

in finess-related parameters.

11.3.3  MATIRNAL TRANSFER OF METALS

Maternal ransfer of pollutants has loeng beer known to be one of the most important effects of
certain compounds. especially certain organic compounds (e.g., DDT, PCBs, etc) and inorganic
pollutants (€. Se and Hg) that are readily transferred to the egg. Yet to date, only | study has
qummlicd maternal transfer and adverse effects of contaminants in amphibians (Hopking et al.
1006). As reproductive success is fundamental to population dynamics, and population status is a
key endpotnt in risk and damage assessments, a greater understanding of the relationships between
adult body burdens and offspring performance and survival may have regulatory implications that
wiil aid amphibian conservation efforts.

11.3.4  Troenic TraNsFER OF METALS IN BOTH LARVAL AND ADULT AMPHIBIANS

Traphic transfer has rarely been examined in amphibians (Unrine and Jagoe 2004; Unrine et al.
2004, 2005, Dietary exposure to Se and Hg has long been known o be the most important route of
exposure for most wildlife, and both dietary and agueous exposure to Pb represent important expo-
sure puthways, The importance of dietary exposure o Cd has received less alteation, but in certain
systems fish and wildlife clearly accumulate Cd from their diet (e.g., Croteau et al. 2005). Much
more extensive examination on the effect of food-borne metals on amphibian health and fitness is
required. Controlled feeding studies combined with chemical/toxicokinetic analyses will provide
mformation necessary to fill this knowledge gap.

11.3.5  AsSESSMENT OF THE FFFECTS OF METALS AND MIXTURES
OF METALS ON AMPHIBIAN POPULATIONS

Of the research priorities we suggest, this may be the most important and the most difficult
o adequately address. Nevertheless, conservation efforts will ultimately fail if we do nof gain
a better understanding of the influence of pollutants on population dynamics. Establishment
of long-term monitoring programs in impacted and reference systems would undoubtedly be a
tremendous step toward achieving this goal, vet they are increasingly not feasible due to eco-
Romic limitations. Population models provide a practical and valuable alternative, yet they too
are constrained by the availability of empiricaily derived estimates of vital rates of all life stages.
However, through collaborative studies and sharing of data among researchers, and making weil-
feasoned estimates of parameters for which data do not exist for the species of interest, suffi-
tiently robust models may be constructed to provide estimates of influences of metals on future
Population trends.
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