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Abnormal amphibianNeen report &he literature for centuries. Since at least the 1700s,
malformed amphibians, especially f; ith multiple hind limbs, have been documented in
research articles, iNd in atlas

ally, such reports have involved an isolated individual

reserved in museums (Vallisneri 1706; de Superville
1740; Van Valen 1974; Ouellet 20
or, in rare casgfya few animals& not until August 1995, when a group of Minnesota middle
e& n

school stud vered a p in which 50% of the frogs had missing limbs, extra limbs or feet,
bony protr, s, and skin webbings, that the issue of malformed amphibians was catapulted to the
forefron public’s att n.(Kaiser 1997, 1999; Schmidt 1997; Souder 2000). Subsequent field
surveys disc d large n of abnormal frogs in other regions of North America (NARCAM
2008 rly parts Midwest (Helgen et al. 1998; Hoppe 2000, 2005; Vandenlangenberg
et al. , the West on et al. 1999, 2002, 2003), Alaska (Reeves et al. 2008), and the
t{Converse 00; Kiesecker 2002; Eaton-Poole et al. 2003; Levey 2003). The causes

d abnor and their potential implications for human health and wildlife conserva-

ame a toiic of intense scientific debate and controversy. Now, more than a decade later, we

it the issue wvaluate scientific progress in our understanding of amphibian malformations
heir envi tal significance.

@
g
s
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516 Ecotoxicology of Amphibians and Reptiles

16.1 BACKGROUND AND HISTORICAL CONTEXT

A thorough review of the historical literature on amphibian malformations
edition of this book (Ouellet 2000). In the current edition, we build upon
by incorporating recent advances in the study of malformed amphibians
cations of contemporary observations. We review laboratory and fiel
that involve complex, large-scale issues of land use and environm
chapter, we highlight existing data gaps and recommend areas tha
areview of the patterns and mechanisms involved in limb develo
referred to other sources (Bryant et al. 1987; Gilbert 1997; Stop

Any investigation of amphibian malformations must begi
expected in an amphibian population, for which some termin
mality” is a general term referring to “any gross deviation
variation,” and includes both “malformations” (permanen
mal development) and “deformities” (alterations, suc
formed organ or structure) (Johnson et al. 2001a). Ab organisms, but what
prevalence is considered normal for amphibians? Nor ormalities have been

estimated at O to 2% (Ouellet 2000) and O to 5% pson et al. (2001b)s ent studies looking at
large numbers of frogs across Canada and the Utes support@ baseline frequency of 5% or
lower: Minnesota (2.5%; Hoppe 2000), Michigan (8 o, Gillilla Muzzall 2002), the mid-
western and northeastern United States (1.4‘7&%; Conver, 1. 2000; Schoff et al. 2003),
western Canada (0.2%; Eaton et al. 2004), mont'(1.6%; Ta al. 2005), and Illinois (0.4%;
Gray 2000). Surprisingly, many disagree er the relative importance of potential causes of
amphibian malformations can be explaine mple dif s in how the “problem” is opera-
i ly on repoit normalities in amphibian popula-
tions that significantly and consistently ex 5% (as d€teumined by the 95% confidence interval

around the estimate, which will be influenCed by th tage of malformed animals observed
and by the total sample size exami, he use o hreshold in conjunction with statistical

confidence intervals may underest the nuv& phibian populations or species exhibiting

. An “abnor-

orphological
ing from abnor-
erwise correctly

an abnormal level of malforma t we bel ts offers a rigorous and defensible approach
for consistently defining t es of abnormality frequency are subject to
various forms of bias (e.g., med frogs e easier to catch and therefore overestimated, or
may be quickly eliminated by ore underestimated), the use of a clearly defined
“null hypothesis” of what is expected in ulation allows sampling efforts to determine whether
observed patterns diff ically fro might be considered normal.

Several recent sgudies have report h higher levels of malformations in newly metamor-
phosed frogs, rangi just above e to greater than 50% (Helgen et al. 1998; Johnson et al.
1999, 2002, 2003; Converse et al. esecker 2002; Eaton-Poole et al. 2003; Lannoo et al.
2003; McCal and Trauth 2003; enlangenberg et al. 2003; Hoppe 2000, 2005; Bacon et al.
2006; Guru et al. ZOO&iﬁwes et al. 2008). Observed abnormalities vary by site and by

enerally affect the limBs, including missing and partially missing limbs, irregular skin

species b
pigment bnormal or%"t bone formation, extra limbs and limb elements, and a variety of
other i that chab nventional terminology (Figure 16.1). It is these sites and reports

e intensive studies to understand the factors responsible. Frogs with
rarely reported at high frequency and will not be emphasized in this
tion on internal malformations in wild frog populations is at least par-

Ities inherent in documenting internal abnormalities without sacrificing

Elma s, which is not usually done in field investigations.

malformations are relatively uncommon in amphibian populations. Museum
of historic field sites suggest that, in some regions, abnormalities are increasing

istorically,
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A Decade of Deformities

elia; C. R. pipiens, apody on right hind limb and ectromelia at femur on left
elia of right hind limb; E. B. americanus, ectromelia of left fore limb; F. R.
limb; G. R. pipiens, syndactyly; H. B. americanus, brachydactyly of left hind
ia of right hind limb (note shortening of limb); J. R. pipiens, bilateral taumelia;
R. pipiens, cutaneous fusion (skin webbing) between femur and calf on left hind limb; M. R. pipiens
cephala polymelia with extra Ventral pelvis O B americanus polymelia of forelimb

normalitia “d-caught North American frogs. A. R. sylvatica, micromelia on right hind

. R. sylvatica,

ens, hind limb malformation that challenges categorlzatwn S. R. draytonii, bilateral
. pipiens, anophthalamia of left eye.
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518 Ecotoxicology of Amphibians and Reptiles

(Johnson et al. 2003). Working in Minnesota, Hoppe (2000) used both of these techniques and co
cluded that frog abnormalities were “more frequent, more varied, more severe, and more wid

distributed in 1996 and 1997 than in 1958-93.” Similarly, McCallum and Tgauth (2003) rep
page numboer.
&79) '

@

steady increase in amphibian abnormalities in Arkansas, from 3.3% (1957 6.9% (19
8.5% in 2000. Johnson et al. (2003) noted that accounts of “mass malform in which > f

the amphibian population exhibits limb malformations, are extraordinami e in the hist it
erature in the United States (1900-1990), particularly in contrast to th repo. 1990
t

(e.g., NARCAM 2008). Collectively, these findings support the hypoth that re erved
patterns of amphibian malformations deviate from the historical nt. In the 1 hat fol-
low, we review and evaluate available evidence for proposed camses of Such malforfifations

16.2 POSSIBLE CAUSES
Isolating the causes of abnormalities in amphibians is a jae step i

tions of the phenomenon and the potential risks for bo ibians

cause can explain all deformities, several features have pr@ consiste iew of the recent and
historic cases yields the following observations: 1 rmalities prima volve the hind limbs,
whether in the form of missing, extra, or malform (Hebard Brunson 1963; Ouellet et al.
1997; Helgen et al. 1998; Hoppe 2005); 2) juvepile metamor ogs are the age class most
commonly affected (Merrell 1969; Volpe 19Nolds and ns 1984; Sessions and Ruth
1990; Johnson et al. 2001b, 2002); and 3) most abnormal indivi ome from lentic or still-water
habitats (Bishop 1947; Houck and Hende 3; Cunningham 1955; Hauver 1958; Lopez and
Maxson 1990). Few cases of abnormal st r river-d amphibians have been reported
(but see Cooper 1958; Ruth 1961; Ba 66). These feat irect our search toward causative
agents acting on larval frogs with developinghind limb@esting the causative agent is either in
the water or affects amphibians while in an*arly aquati e.

Numerous factors have been d to explai temporary observations of abnormal

gni

7

7

ing the implica-
s. While no single

%

Oy

o

redation, chemical contaminants, UV-B
radiation, ground-level ozone,
viruses and fungi, acid precipit
2000; Blaustein and Johnso
abnormalities, and at least one

. Genetic ion is undoubtedly responsible for a portion of the
use malformed limbs in amphibians (Droin and

Fischberg 1980). Howener, the occurrencgt®f abnormal amphibians at high frequency, in multiple
species, and across a &eographic S as caused many to discount natural mutation as an
important factor (Meteyer et al. 2000 fler et al. 2001; Blaustein and Johnson 2003; Ankley
et al. 2004), and Rﬁnalyses 0 al and malformed animals have revealed no signs of

inbreeding (Williams et al. 2008). is‘€lapter, we focus on the causative agents that are likely
extensive research attention: parasitic trematodes, injury

to impact la areas and have re

and attempt ion, chem&ontaminants, and UV-B radiation (Ouellet 2000; Cohen 2001;
Loeffler et¢@l., 2001 Blaustein a ohnson 2003; Ankley et al. 2004). We also discuss multiple
stressor i tions amo s¢ and other factors and their potential significance for amphibian
population ity.

1 zARASITE | N

de parasite infe€fion is probably the most thoroughly studied cause of amphibian limb mal-

ations thus his hypothesis was first suggested by Sessions and Ruth (1990), who reported
frequenciefiof |
bysto 1

alformed Pacific chorus frogs (Pseudacris regilla) and long-toed salamanders
odactylum croceum) in a California pond. Upon clearing and staining specimens
e pond, Sessions and Ruth (1990) discovered high concentrations of trematode

64169_C016.indd 518 1/8/10 6:43:59 PM
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FIGURE 16.2 The digenetic trematode Rib ondatrae s;severe limb malformations in amphibi-
ans. A. The complex life-cycle of the parasitic treatode, Ribek@higlondatrae (drawing by Brandon Ballengée);
B. Metacercaria of R. ondatrae isolated from a malforme 1bian (image courtesy of D. Sutherland).

cysts around the limbs of affec ividuals. Sabseg@ent work later identified the parasite respon-
sible as Ribeiroia ondatr 003), a digenetic trematode with a multihost
life cycle (Figure 16.2). Ribe ally among freshwater snails (rams horn snails
in the genera Planorbella and #elisoma), amphibians, and finally, birds or, less frequently,
mammals (Johnson et&@. Infecte ils release large numbers of mobile cercariae, which
seek out and infect larval hibians. B cercariae specifically encyst around the developing
limbs of amphibia ey can cause géyei® disruptions in limb growth leading to malformations.
Interestingly, thes mations paa htransmission of the parasite by increasing the vulner-

nimals.

increase and the severity of malformations produced, as well as the likelihood that

alform@and mortality are dose dependent; higher levels of Ribeiroia exposure
ani owing exposure. Low levels of infection may or may not cause any obvious

64169_C016.indd 519 1/8/10 6:44:00 PM
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formations. Malformations are most likely to occur when larval amphibians are exposed

2) The timing of parasite exposure influences the degree of pathology and the types of mal- w
during early limb development (Bowerman and Johnson 2003; Schogthoefer et al. 20

Exposure to Ribeiroia prior to limb growth also may increase the of mortality (e.8";
Schotthoefer et al. 2003), whereas exposure after limbs are fully de is unlik

alter development. This suggests that amphibian species with diffeni rval develo
periods may exhibit different levels of infection or malformat n within

wetland (see Johnson et al. 2001a; Hoppe 2005).
3) Amphibian species vary in their responses to Ribeiroia i iQn. xposu[, i
levels of Ribeiroia infection may cause different types @s frequencies of 0
in different species. For example, while Pacific chorus ibit pre; tly extra

limbs and digits in response to Ribeiroia (Johnson et a 02), Am ads (Bufo
americanus) suffer primarily from skin webbings a

triangles, ery few extra
limbs (Johnson and Hartson 2009). Some amphibi

es (e.@ ”efrogs (Hyla

versicolor)) appear to be resistant to Ribeiroia i ossib \N differences in
innate immune response (Johnson and Hartson @ §

Field evidence further substantiates the associ ween Ribejroia and certain types of mal-

oues (1999, 2002, 2003) have

e presence of severe limb

s of Ribeiroia infection are

positively correlated with the frequency o rmations, emplasizing the functional relationship
between parasitism and amphibian abno in natuw‘ also Johnson and Chase 2004).

formations. Working in the western United States

reported strong associations between the prem

malformations (significantly >5%). Importan er concerffaty

Kiesecker (2002) reported similar patt subset of| ds in the Northeast, and showed
that the experimental exclusion of Ribgiro cariae effectively eliminated malformations within
field enclosures. Ribeiroia infection has al§¢ been link ases of severe malformations in the
Midwest (e.g., Lannoo et al. 2003; erland 2005; on and Hartson 2009). It is important to
emphasize, however, that not all % used,to arasites are equally effective. Clearing
and staining of amphibians, whi invol al of the skin and digestion of tissue, will

that Ribeiroia is absent (e.g., see Gardiner
ndings for Ribeiroia infection in the “CWB”

often destroy parasites, leadin false co

and Hoppe 1999 and Suthe for cont

wetland in Minnesota). Exﬁion of pre frogs, frozen material, or histological sections
can also obscure the identity of4Solated p as trematode metacercariae are often difficult to
identify. Researchers Nstrive to ex* freshly isolated, living parasites to detect key mor-

phological features (se¢ Suth€rland 20 son and Hartson 2009).

Despite strong mtween Rib fection and amphibian malformations in certain spe-
cies and regions, R7b a does n all accounts of malformations in amphibians. Some
wetlands with @high frequency of al frogs do not support Ribeiroia infection (Lannoo et al.

. 2008). One dvantages of trematode infection as a hypothesis to explain

and inexpensive) to test. If Ribeiroia is not found in amphib-
i a trained parasitologist, it is unlikely to be responsible for observed

%, researchers have eliminated Ribeiroia as a potential cause at
ites (see Lannoo et al. 2003; Linzey et al. 2003; Bacon et al. 2006;
ja is found in amphibians, it may or may not be responsible for frog
the amount of infection, the timing of infection, the amphibian species
normalities observed. For example, low levels of Ribeiroia or infection
mb development period are unlikely to cause malformations. In our expe-

008). If

ies, depen
and the types o

bs may or may not occur, depending on the amphibian species involved (see
recurring suggestion that Ribeiroia causes only (or even predominantly) extra

64169_C016.indd 520 1/8/10 6:44:00 PM



A Decade of Deformities 521

limbs is a gross oversimplification (e.g., Skelly et al. 2007). However, Ribeiroia is rarely assocmt
with sites that produce exclusively missing limbs and/or digits in the absence of other malformau
types, as reported at a number of wetlands (e.g., see Reeves et al. 2008).

Thus far, Ribeiroia is the only well-documented parasite to cause limb ions in a
ians. Several other trematodes (e.g., Alaria and Echinostoma) failed to i b abnor
in laboratory experiments (Fried et al. 1997; Johnson et al. 1999). Ho owing evid
gests that other parasites may also cause disruptions in limb developm xamp, aruna
et al. (2008) reported that an unidentified trematode (monostome e) ed m1 bnor-
mal limbs in the common hourglass frog (Hyla ebraccata) in ka Whe abnor—
malities also occurred at field sites with the parasite is unkno parasu lso been
linked to morphological abnormalities in amphibians. Murp found thHS by an

ectoparasitic mite were associated with limb and heart ano ckerel f a palustris).
Similarly, Kupferberg et al. (forthcoming) reported a sig ss001at10n en ectoparasitic[AU:Please updae.__
th111 ed frogs (Rana
ce of d abnormal limbs

copepod infestations (Lernaea sp.) and limb abnormaliti
was 26%, whereas <1% of uninfected animals exhibite malities. Rostand and Darré

boylii). Among larval and metamorphosing frogs, the
(1969) suggested that a teratogenic virus excreted by fish"was respons T hlgh rates of severe
malformations observed over several decades in @Ouellet 20Q0).

en common frog (Rana
temporaria) larvae were exposed to fish mucus d s of development, digit mal-
formations were produced (Surleve-Bazeille e owever, Surleve-Bazeille
and Cambar (1969) were unable to produce thé%@l ahty ob by Rostand and Darré (1969)
when exposing R. esculenta to the fish mu acterlal cultur 1t (Ouellet 2000). Whether the
putative virus was ever isolated and identi clear, an

he best of our knowledge there has
been little follow-up work by other re W
16.2.2  PREDATION

Predation is often cited as the s @st i

and population size (Martof 195 1973;E
Amphibian predators encomp erse collg
including mammals, birds 1l shes, ag
1956; Calef 1973; Licht 197 adford 19§ Q
Blaustein 1997). Tissue preda n is almQsf

G

actor regulating amphibian survivorship
974, Cecil and Just 1979; Woodward 1983).
of terrestrial and aquatic taxonomic groups,
ects, crayfish, and other amphibians (Martof
uth 1990; Jennings et al. 1992; Kiesecker and
ainly responsible for some fraction of observed
abnormalities, but fems have everdf€eorded baseline levels of injury in amphibian popula-
tions, making isolation o S compon cult (Martof 1956; Dubois 1979). To date, surpris-
ingly little researcmxamined thepoténtial role of predation in causing limb abnormalities,
and predators are it gnored OLd ated in most discussions of amphibian malformations
(e.g., Lannoo 8). The hypothe sfimiplicating predation as a contributor to recent occurrences
g ticized on the grounds that: 1) a predator is far more likely
to consum animal r an simply a leg; 2) injuries should produce scar tissue at the

wound si ich would obvious indicator of earlier trauma in a metamorphic frog; and 3)
a frog co t suffer an as severe as the loss of an entire limb without dying (Meteyer
08; Loeffler et al. 2001). These assumptions may hold true for cer-

edators s uatic insects, small fish, and crayfish are much more likely to attack an
d portion of an“amphibian, such as a limb or a tail. Even more importantly, many of these

predators will ipfliet injuries not on adult frogs, but on larval amphibians. Two important facts
% predator ¢Ks on larval amphibians are worth emphasizing. First, larval anurans have
ssue regeneration; thus, if the amputation or injury occurs during limb devel-
ent regeneration — while incomplete — is often sufficient to eliminate obvious

et al noo 200
tain p and for i inflicted during certain periods, but there are many cases in which
o own. Al@] irds, mammals, turtles, and larger fish may consume an entire frog,
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522 Ecotoxicology of Amphibians and Reptiles

signs of trauma, creating a malformation (Fry 1966). Second, the loss of a tadpole limb — whic
is only partially ossified and incompletely vascularized — is likely to be far less severe than t

loss of an adult frog limb. While many tadpoles likely die in response to sfich severe trau
‘Eose'a

Bohl 1997a, 1997b), those individuals that survive the injury to metamo, n often
missing or abnormal limbs.

Growing evidence now suggests that predators may play an imp
types of abnormalities in amphibians. Recent experimental studies ¢

with stick-

lebacks, and odonate naiads indicate that predation can cause a higlfre cy (e. cases

of amphibian limb abnormalities. Two teams of researchers in ny conclui eeches
ns 1

(Erpobdella octoculata) were responsible for severe malform everal popmlations of the
common toad, Bufo bufo (Figure 16.3; Viertel and Veith 199 d Viert ohl 1997a,
1997b). In all cases, the abnormalities were dominated by par d comp 1ssing limbs,

which exceeded 20% in some wetlands. While no gene alies or ¢ inants could be
linked to the abnormalities, experimental enclosures that mluded predators
eliminated the abnormalities in developing anurans (B portantly, investi-
gators were able to reproduce the same suite of abnorm 0 leech attack in the
laboratory (Viertel and Veith 1992). While many larval to itial attack, those that
escaped often developed abnormal limbs, simila t was seen"n observations. Because

e in causin, in

v

.3 Aqua ators capable of causing limb abnormalities. A. Two dragonfly larvae represent-

milies Libellulidae (left) and Aeshnidae (right), which both prey upon amphibian larvae (image

sy of P. Je . Lower mandibles of libelluilid (left) and aeshnid (right) dragonfly larvae (image

sy of J. Bo ); C. Leeches (Erpobdella sp.) can attack and injure the developing limbs of tadpoles;

hree-spi 1CKlebacks (Gasterosteus aculeatus) have been linked to limb abnormalities in toads from
Oregon (i rtesy of J. Bowerman).
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Similarly, Bowerman et al. (forthcoming) conducted a series of stu ining the ance[AUPlease updele.__
of 3-spined sticklebacks (Gasterosteus aculeatus) and corduhl larva hlora
albicincta) in causing amphibian abnormalities (Figure 16.3). Ac erlod of m 0 years
and >10000 amphibians, they found that the annual abundance gfyintrodtced stlckl orrelated
positively with the frequency of limb abnormalities (missing li igits) i 1 toads (Bufo
boreas), which often exceeded 15%. As with the leech studig ental e s established
within the lake precluded the occurrence of abnormalities i ted ammal reas experimen-
tal laboratory trials revealed that sticklebacks will actively“atta eveloping limbs
of toad tadpoles, leading to abnormalities similar to th6se Obscrved i ~ (Bowerman et al.
forthcoming). These same authors found that larval odg S bicincta) can cause[AU Pleaseupdale._
high levels (>15%) of missing and abnormal limbs in Ca cascadae). Through
carefully designed experiments and sustained ﬁe vations, the,authors established a compel-
ling link between the abundance of larval odonat e types requencies of abnormalities
observed among high-elevation wetlands in O n several o s, odonates were observed
attacking (and removing) the limbs of larval R ae, and ¢ entary experiments revealed

anurans have partial regenerative ability prior to metamorphosis, some of the injuries beca
developmental malformations (also see Forsyth 1946; Fry 1966). Subsequent efforts to reduce

population of leeches within a wetland were successful in eliminating al rmahtles in th
population, offering compelling experimental evidence for the causal role s (Bohl 1
Interestingly, however, because leeches were active primarily at night, inve s workin,
daylight did not initially realize their importance.

that the addition of S. albicincta to enclos aduced the same of abnormalities.

In the cases of leeches, sticklebacks, and! % sects, p rs create an injury that either results
directly in an abnormality (e.g., a missi 1 Py or creates ormatlon during the regeneration
process. This latter occurrence can be rly i 1mp cause the partially regenerated limb
becomes a developmental malformatlon even though 1t from trauma. Literature on amphib-
ian regeneration suggests that the ti and location injury are key determinants of the type
of abnormality produced. Fry (19 example, at if northern leopard frog (R. pipiens)

05 (1946) stages VII to XIII, prior to complete
ito fully patterned albeit smaller limbs. When
fter joints and digits had already developed a
dints, toes, or other limb-like features (Fry 1966).
crative ability longer than proximal structures (e.g.,
ilar results for wood frogs (Rana sylvatica). Another
ced comparable results: regenerative ability was present
ecreased with age at amputation (Kurabuchi and Inoue
at predator-mediated injuries early in tadpole develop-
nken, missing, or truncated hind limbs, as documented in
ns (see above and Reeves et al. 2008).

limbs were amputated at early sta lor and
differentiation of the digits), the@s regenerdted ]
amputation occurred later i Vi ent, howe
pattern, the limb would he% stump lac
More distal structures (feet and t@€s) retainegh 1€
the femur). Reeves et ammshed) fo
study of 4 species of Japaneseifrogs also,
in all species, but Nmong speci
1982). Taken toget e studies
ment can causggabnormalities such
naturally ockmphlblan

16.2.3 IDES AND L POLLUTION

enic chemicals in the environment are responsible for amphibian
t alarming. Amphibians are often cited as indicator species, showing
ironmental conditions before they become deleterious for other spe-
1975; Cooke 1981; Blaustein et al. 1994; Van der Schalie et al. 1999).
ans could represent a sublethal response to a toxic chemical in their habi-
e responsible agents, are they natural or anthropogenic, and what implications

atory studies have been conducted to determine whether chemical exposure plays
an abnormalities. Field studies often focused on agricultural areas and compared
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abnormality prevalence in areas with documented or presumed amphibian exposure to biocide
with prevalence in “reference” areas. Laboratory experiments can be grouped into 2 categori
short-term tests with endpoints in the early to mid tadpole stage (such as thgd96-hour Frog E
Teratogenesis Assay—Xenopus (FETAX)) and tests with endpoints at the flate tadpole stage
hind limb emergence) or through metamorphosis. We assert that the most laboratg -
ies for assessing possible causes of the types of abnormalities typic rved in the re
those that evaluate late-stage tadpoles or newly metamorphosed frog studieg s test a
range of environmentally realistic and analytically documented cogfami conc

In agricultural regions, amphibians are one of the nontarget g&)st com % cted by
biocides, fertilizers, and their inert ingredients (Relyea 2005). Bhis is 1argely bec e devel-
opmental timing of amphibian larvae often coincides with th f heaviest use, 2) the
aquatic habitats used by amphibians may concentrate chemi l&unding area,
and 3) amphibian prey are one of the intended targets of of these spatial
and temporal associations between biocides and breedin 1 chemicals and
fertilizers have spurred numerous amphibian abnor in Ouellet 2000;
Ankley et al. 2004).

Fieldwork has been an important component of investigations int ultural and nonagri-
cultural chemicals. Working in Canada, Ouellet 1997) compared the frequency of anuran
abnormalities on agricultural lands to those on cultural s. They recorded >10 times
more abnormalities on agricultural sites. Th esults, while stically significant due to
high variance, have been cited as suggestivemmpted a al studies. In western India,
Gurushankara et al. (2007) found a higher ane of missing hrunken limbs in rice paddies

and coffee plantations than in forested are as refere ites. Taylor et al. (2005) found agri-
cultural land use increased the risk of abnormmn the northeastern United States.

Piha et al. (2006), however, did not find's associati gricultural areas in Finland.
Laboratory exposure studies have investigated the ef’ agricultural chemicals on the preva-
lence of abnormalities. Here we su rize studies oted external abnormalities. The many
studies that examined whether ex 0 atrg s in gonadal abnormalities are summa-
rized in Chapter 8. Grossly visible ormalitie een induced by laboratory exposures to
organochlorine compounds, i DDT poraria, Cooke 1981), dieldrin (Xenopus

(Xenopus laevis, Marchal- and Rama C TS 81); organophosphates, such as folidol (Rana per-
ezi, Alvarez et al. 1995), malatfiton (Micr,

laevis, Schuytema et m; carbamat
Alvarez et al. 1995), oXa Rana te
2000); and certaimes, such as,
(Rana sylvatica, S 98). Alt

they can cause

laevis, Rana catebeiana, et al. 199 ana perezi, Alvarez et al. 1995), and lindane
Seg
m

pl@iornata, Pawar et al. 1983), and guthion (Xenopus
ch as ZZ-Aphox (Rana perezi, Honrubia et al. 1993,
a, Cooke 1981), and carbaryl (Rana perezi, Bridges
at (Rana pipiens, Dial and Bauer 1984) and glyphosate
ffects of these agricultural chemicals vary, it is clear
veloping amphibians. In laboratory experiments, carbam-
sed scoliosis, shortening of the long bones, and twisted epi-
1995). The insecticide carbaryl caused 80% of exposed Rana
i‘elop bnormal curvature of the tail (Bridges 2000). The insecticides

d the fungicide mancozeb caused skeletal and eye abnormalities
ipiens (Harris et al. 2000). Recently, Brunelli et al. (2009) reported
e common toad (Bufo bufo) from Gosner stage 25 (Gosner 1960) to

ated sites (18 to 37%) than in reference sites (0 to 4%; Hopkins et al. 1998,
Borkin (2004) reported a high prevalence of hind limb abnormalities, including
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polydactyly, reduction of limb segments, and asymmetric limbs in 3 anuran species (Rana ridj

bunda, Bombina bombina, and Bufo viridis) from the eastern Ukraine. Three areas were studiﬂg

2 of which were highly industrialized. They measured tissue residues of gmetals and inter

environmental data. The authors concluded that the frequency of abnormaliies was correlate

the levels of environmental contamination.
A survey of cane toads, Bufo marinus, conducted in 2000-2003 4 uda, show: gh

ially mi limbs
. 6a) ¢ bora-
and wat d from

affected ponds. Chemical characterization of sediments indica , petraleunthydrocar-

prevalence of limb abnormalities, particularly digit abnormalities

those in free-ranging toads (Fort et al. 2006a, 2006b). Si
a dose-response study with Rana sphenocephala tadpole
spiked with concentrations of lead acetate. Surviving t
formations, including curvature of the spine and trunga rs, long bones, and
digits. All malformations were bilateral and essentially Symmetrical, most malformations
observed in nature. Skeletal abnormalities occur oncentrations of 540 mg/kg, far less than
the highest contaminant concentration (5700 mg cted in nds near the range. Chen et
er

al. (2006) also reported spinal deformities in w eopard fT, oles exposed to lead in the

06) conducted
shooting range

water column. Scoliosis was detected in 92% les expo 100 pg/L, and this condition
was associated with abnormal swimming jor. It persisted 1 e frogs after metamorphosis.
A long-term laboratory exposure of green ana clamigams) and northern leopard frogs (Rana
pipiens) to PCB 126 through metamor ded few SQ abnormalities (Rosenshield et al.
1999). Only the incidence of edema was s cantly higher oth species exposed to the highest
concentration (50 pg/L).

The fundamental challenge in inyestigating the ro ontaminants in causing amphibian limb
malformations in nature is determ#ioh c or combination thereof) to study. Testing

for the full suite of these compo d their Ve reakdown products in wetlands is prohibi-
tively expensive and methodolo challengirf@ THIS has often caused investigators to focus their
search on particular chemi

pounds. Beginning in the late 1990s, increased
attention focused on the possiblé) role of re in causing amphibian malformations in nature

(e.g., Gardiner and Hoppe 1999 &Gardiner 03). Retinoids are vitamin A derivatives with well-
documented tendencieMrupt devel t (including limb growth) and pattern formation in

vertebrates (Bryant et al. ; Bryant diner 1992; Maden 1993; Gilbert 1997; Gardiner and
Hoppe 1999). The i t growth regu thoprene, which was widely applied as an antimosquito
agent and flea treatte domesti rmon et al. 1995), initially received attention as a pos-
sible agent contmibuting to amphibi ormalities because of the similarities between methoprene
acid and reti cid (Henrick éal*2002). Methoprene and its derivatives were initially found to
cause deve problems opus embryos even at low concentrations (Dumont et al. 1997
Degitz et 0). Yet in lates experiments, Degitz et al. (2003a) reported that the concentrations of
methopre ired to ca lopmental toxicity in amphibians were much more likely to cause
mortali evelop malformations (see also Ankley et al. 1998). Methoprene was also
not ¢ with the nce of amphibian malformations in nature (Sparling 2000; Henrick

to exog inoic acid. In experiments with both pulsed and continuous retinoic acid

, the authors rted that the conditions necessary to induce limb malformations in native

ibians wer ikely to occur in nature (see Ankley et al. 2004).

ilding up foundation, Bridges et al. (2004) used a novel approach to investigate the pos-
nants in causing observed frog malformations. They deployed a series of semi-

ane devices (SPMDs), which are integrated samplers that effectively “soak up”

Degitz ﬁ# 00, 2003b) arrived at a similar conclusion for the direct exposure of
S

permeab

—
=]

—

w
@O
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of severe malformations in multiple amphibian species (“impacted” site) and one with few observ

lipophilic organic compounds from the environment, in 2 Minnesota wetlands: one with a histo¢
abnormalities (“reference” site). After a 30-day deployment period, the authofls retrieved the S
n}‘mn?

from the ponds and raised leopard frog (Rana pipiens) larvae in water co xtracts fr
triangles. However, skin webbings were observed in >40% of ani m the
approach on amphibian development. Linking these results t

identify potentially teratogenic compounds from field site al in helping to
ties similar to those observed under field conditi 006a, 2006b; Bridges et al.
for chemicals to interact with one anothe ure tests need to incorporate

SPMDs. Intriguingly, extracts from the impacted site caused a high freque ony trian
reference site — which did not support these abnormalities in n and in 2 % mals in
to understand th@effects of this
by the finding that the impacted site in this study supports
h :

narrow and direct the search for environmentally imp i .

In summary, while it is clear chemicals can cause 1 malfor in amphibians, and
field studies suggest chemical contamination is sometimes correlated occurrence of abnor-

i inants

2004). This issue is complicated by the diversifypof chemicals re the environment, the dif-
more ecologically relevant approaches t ally evawe effects of chemical agents on

o

skin webbings in metamorphosing frogs, leading the authors to sugges hemical or a-
tion of chemicals from the pond was teratogenic. Extracts from the re@e did pot bony
e
the SPMD control treatment, suggesting that more work is nee;
i ‘i omplicated
of Ribeiroia
infection (see Sutherland 2005). Nevertheless, integrated at attempt to
malities, it has only been rarely demonstrated that rectly cause abnormali-
ficulties (and expense) in detecting parent and n the field, and the proclivity
limb growth in native amphibians (se t al. 200 3b; Ankley et al. 2004; Bridges
et al. 2004). Boone and James (2005) gev1 the use cosms in amphibian ecotoxicology
and cited several studies that have used mes@€osms to ev! the prevalence of abnormalities (e.g.,
Bishop et al. 2000; Harris et al. 200)gKiesecker 200
A promising approach is the c@ed use of: rveys, laboratory exposures, and meso-
cosm studies supported by tissue analy ., Flyaks and Borkin 2004; Boone and James
2005; Bacon et al. 2006; Fort eé%a, 200
16.2.4 UV-B RADIATIOh o
Declines in the earth’ﬁie layer hav connected with seasonal increases in the level of
UV-B penetration, which uspecte deleterious effects on wildlife (Kerr and McElroy
1993; McKenzie m 1999; see C 13, this volume). Because many amphibians deposit
their relatively unpto d eggs i water, this group is perhaps particularly vulnerable
to changes in V-B. Blaustein et 4) demonstrated that ambient levels of UV-B radiation in
the Oregon i%des significan ced the hatching success of 2 amphibian species known to
be in decline’ In ition to r&ty, developmental abnormalities were observed in surviving
embryos d to solar B radiation. Abnormal growth and development of the tail, concave
curvature spine, blo& distention of the body cavity, and improper development of the
corne ecorded in bryos of multiple species (Hays et al. 1996). Subsequent studies have
laboratory UV-B exposures. Elevated UV-B increased mortality in
ians and caused developmental abnormalities, including skin burns,
cornea development, eye cataracts, and delayed development (Worrest
rant and Licht 1995; Ovaska et al. 1997). To specifically investigate the
connection betw, V-B radiation and amphibian abnormalities, Blaustein et al. (1997) conducted
Q‘ d-based e@ent exposing spotted salamander (Ambystoma macrodactylum) embryos to

itions. Embryos protected from UV-B had a 95% survival rate with less than
@ ate. In the unshielded condition, hatching success was less than 15% and the

_,
R
5o
s 2

‘
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frequency of abnormalities in surviving embryos was 86%. The predominant abnormalities wer,
lateral flexure of the tail, blistering of the skin, and edemas (Blaustein et al. 1997). @

While these studies underscore the potential danger of UV-B exposure fgipembryonic and a
amphibians, they do not directly address the importance of UV-B in cauSing limb abnorm

limb m -
tions. Butler and Blum (1963), for example, reported that localized Ui jation (at gr e-
vated levels) could induce supernumerary limbs in salamander larvae Ankl 004).
More recent laboratory and outdoor studies have established that&kpo to a can
cause high frequencies of limb reductions or deletions in amph&n ley et , 2002).

Limited evidence suggests that, in some circumstances, UV-B exposure ¢
However, the resulting abnormalities were generally bilater synmimietrical, keSmost field

observations, causing the authors to question a direct role of xplaini y observed
malformations in amphibians (Ankley et al. 2002, 2004). . exten studies and
risk analyses suggest that the levels of UV-B exposure to phibians osed in natural
wetlands will often be insufficient to induce abnormalitie son e ”pDiamond et al.
2002). In nature, UV-B is rapidly attenuated in aquatic tems, of’ a few centimeters,
owing to dissolved organic carbon in water (Palen et ; Diamon, 002; Ankley et al.
2004). Thus, while UV-B may pose a threat to amphibian eggs (whi aid in shallow water
by some species) or in exceptionally clear or shal ter, most evidence suggests that the UV-B

hypothesis is unsupported as a major cause of lim malities imfature (Blaustein and Johnson
2003; Ankley et al. 2004; Reeves et al. 2008)4bLV- requently associated with
problems of the cornea, skin, or neural and s cinski et al. 1974; Blaustein

et al. 1994; 1997; Grant and Licht 1995; OG . ; t al. 2004).

16.3 MULTIPLICITY OF CAUS

Given the wide range in the compo of abnorm the large number of amphibian species
recorded with abnormalities, and tﬁi o ge affected, we suggest that multiple fac-
tors are almost certainly responsi abnormalities documented since the early
1990s. The involvement of m 3 heightens the complexity of the investiga-
tion considerably. Sites witlisi ay, in fact, be affected by unrelated causes.
Alternatively, multiple, intera causes mdy bE pperating within a single wetland.

Whereas all factors currentl g on (chemicals, parasites, predators, or UV-B radi-
ation) have the potentiwiuce abnornd@lities, it is difficult to assess if they actually cause abnor-
malities in situ. Studies nced to be cg y designed to detect multiple, potentially interacting
causes. This proce, s been hinderg Jthe artificial division of causes into “natural” (parasite,
injury) and “anthropo ” (elevated U radiation, xenobiotic chemical) sources. Such catego-
ries are misleading because they igndralfhe very real potential for interactions among these factors
wrongly) sug at natural factors are unlikely to be a problem. For example,

by nonn&redators or by emerging pathogens may pose a very real threat
pulations, iiite that both agents are natural. To illustrate this point, consider the

pathogen an and wildlife populations. While most of these pathogens are
ose a significant threat to affected hosts, often owing to changes in
underlying environmental changes (e.g., Daszak et al. 2000; Harvell
e putative causes of abnormalities should instead be classified as either
n and Lunde 2005), and suggest that interactions between these groups
ule than the exception.

jcveral stu(wve found evidence for multiple interacting factors in driving amphibian

malities, larly in association with Ribeiroia infection. Kiesecker (2002), for example,
orted thatlas ood frogs exposed to common pesticides developed higher levels of Ribeiroia
infectio @ l control animals. Based on the reduced levels of circulating eosinophils in the
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blood of amphibians exposed to pesticides, Kiesecker (2002) suggested that contaminant exp
sure reduced the immune response of amphibians in response to parasitic invasion, leading ul

mately to higher infection levels (see also Belden and Kiesecker 2005; ivnikar et al. ¢
More recently, Johnson et al. (2007) showed that eutrophication resulting ffom nafrient run

increase the levels of Ribeiroia infection. Excess nutrients stemming fro Itural fert

livestock manure, or urbanization enhance algal growth in aquatic s Itimately p

the growth and reproduction of the snail hosts for Ribeiroia (e.g., Plan pp.)-
mesocosm experiment, Johnson et al. (2007) found that nutrient en‘m ed to 3

g

the density of infected snails and the per snail production of inf cercariae.

parasite production translated directly to an increase in Ribeiggia ini€étion in la ibians.
Rohr et al. (2008) recently found evidence that both nutrient d pesticj contribut-

ing to elevated trematode infections in Minnesota amphibiaas, coring t lexity of the
relationships between environmental change and host-par ractions.

The presence and composition of predators in freshwate; ems cam irectly influence
trematode infection. Larval amphibians often change th vior in 1 the chemical cues
from fish or dragonfly predators, spending more time @le or hidi void detection. Such
changes may increase their vulnerability to parasite infection. Thiemann assersug (2000) found
that amphibian larvae exposed to chemical cues ed predatgrs spent less time moving and
developed significantly higher trematode infection lated exa Johnson et al. (2006) found
that conspecific attack (i.e., cannibalism) by amphibians can increasggth quency of parasite-induced
malformations. Larval salamanders frequentlymne anoth¢l{ off€n causing limb injury or loss
(e.g., Crump 1983; Walls et al. 1993; Wildy ¢ 01). If injured animals were subsequently exposed to
Ribeiroia during the regeneration process, t@were 3 to gimmes more likely to develop permanent
malformations than uninjured limbs. Pre, ; ever, als e potential to reduce infection. By
consuming trematode cercariae, drago and othegpredators could indirectly reduce infection
and malformations in amphibians (Schotthogfer et al. 200 Itges et al. 2008).

Finally, environmental contami have enorm otential to interact with factors such as
UV-B radiation, pH levels, predato nants (e.g., Relyea and Hoverman 2006).

For example, Relyea (2005) fou commereial e Roundup®, containing the active ingre-
dient glyphosate and a polyet%d tallowgming{POEA) surfactant, exposure was far more
lethal to amphibians when bingd with the presence of predators (as would occur in nature) than
under artificial laboratory %ns. Such i [CT? ions underscore the complexity of investigating
amphibian malformation phendfena in n 0 summarize: 1) amphibian abnormalities can be
caused by a variety offabigtic and biotic%s, 2) there is frequently more than one causal agent
present, 3) these agents vary@in impor ong sites and years, and 4) no single cause is likely

to explain all high uency accoun, phibian deformities in the wild (Carey et al. 2003). A
brief overview of the ish and Wi ervice’s Abnormal Amphibian Project illustrates the
complexities inherent to a causal focused on malformations in amphibians.

164 C S Y: US F*ND WILDLIFE SERVICE,

RMAL AW[AN PROJECT

In 20 Fish an life Service (USFWS) began a uniquely large-scale and collaborative
progr: ed on und ing the geographic distribution and severity of amphibian abnormali-
tie ational Wa efuges. The objectives were to 1) determine the prevalence of abnor-

2) evaluate how abnormality frequencies vary among sites, refuges, and
d 3) investigai ssible causes of the abnormalities through targeted follow-up studies.

uring the fi ears of the study (2000-2005), a total of 46 530 frogs and toads were collected

46 states were sampled at least once for abnormal frogs, and many refuges were

le occasions. A total of 3093 individuals (6.6%) were classified as abnormal for
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various reasons, including injury or signs of disease. Of these, 1239 (3.1%) of the total were classj
fied as having skeletal abnormalities.

A subset of the frogs were inspected for parasites and analyzed with ra@iography. Gud
(2006) summarized and interpreted the radiographic analysis of 666 abnofihal fregs collect
ing the 2003 and 2004 field seasons from refuges within 27 US states. T tives were
radiography to provide diagnostic information on the nature of the a ities and to re
types and frequencies across regions. Despite considerable differences sand I fac-

tors (e.g., habitat type, climate, and land use), abnormalities were geflerallyg8imilar ac ns of
ia

the country. The most commonly affected body part was the hin 80% of th ormali-

ties). Hind limb brachydactyly (shortened digits, 27%) and ectro, sing limbSegments, 23%)
were the most frequently observed abnormality types, follo trodact ing digit(s),
7%), hemimelia (shortened limb, 5%), and bony expansio ther hit& abnormality
types comprised <3% of all observed abnormalities.
Research comparing the types of abnormalities in diffe ons asgy, ‘”hat stressors are
!1

present is currently under way in an attempt to identif§gprégumptive ct relationships at
refuges with elevated incidences of abnormalities. In se gases, in-d

ies were conducted
on individual refuges or on a group of refuges. These studies are sum below.

16.4.1 GReaT BAy NATiONAL WiLDLIFE REF GQ *

Great Bay National Wildlife Refuge (Newingtéh, Hampsh@s created on the former Pease
Air Force Base, listed as an EPA Superfund RCLA) hazardo ste site due to high concentra-
tions of trichloroethylene and nitrate in grter; pesticides, polycyclic aromatic hydrocarbons
(PAHs), and metals in sediment; and icides including@ in fish tissue. The Great Bay in-
depth study (Pinkney et al. 2006) was ffig by obserp@tions of abnormalities greater than 9%, 2
amphibian die-offs, and contaminant concéis. These ¢ s included the results of 140-day lab-
oratory tests using Xenopus laevis, which exhibited in d mortality and delayed metamorphosis
when exposed to refuge pond sedi@ . Laboratory and in situ toxicity tests with
wood frogs and northern leopard chemic ng of water and sediments, and abnormal-
ity surveys were conducted at . Decrea ival and increased time to metamorphosis

occurred in wood frogs ex T in situ laboratory to passive sampler extracts, water,
or sediments from several re ponds. T r observation in the in situ study was the high
prevalence of a leg abnormality§founded

which resulted in impaired hopping ability. This
the refuge’s Beaver Pond, compared with 0 to 1% in
s leg abnormality was confirmed in x-rays as a prob-
vidence of a linkage between adverse effects in the in
icides. Pinkney et al. (2006) recommended abnormal-
ce and monitoring of water levels in frog habitats, and fur-
ther sedimen n the refuge, Ribeiroia was extremely rare in field-collected
frogs and t i %cantly contribute to observed malformation patterns.

was observed in 63% NEOOd frogs
wood frogs from the 3 6thergefuge po
able malformatioxmwas, howe
situ study with exposu DDT or

ity and populati@n monitoring, mai

ILbLIFE REFUGES

Wildlife Refuges, conducted in tandem with the national abnormal
cated a pattern in the abnormality frequencies. Reeves et al. (2008)
@ic wood frogs from 86 breeding sites in 2000 through 2006. The preva-
e normalities at Alaskan refuges ranged from 1.5% to 7.9% and was as high

o at indivi sites. The most common types of abnormalities were ectromelia, micromelia

nken limb b element), and unpigmented iris. Proximity to roads (as a proxy for human

i cantly increased the likelihood of skeletal abnormalities and skeletal malforma-

tions bu abnormalities. The authors suggested either chemical contaminants, invertebrate
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predators, or an interaction between these factors was causing the abnormalities. Ribeiroia w
not detected among any of the necropsied frogs from the region, and overall parasite richness a¢

abundance were both very low. Their data did not support the UV-B or parasi

hypotheses for‘
frog abnormalities in Alaska. :

16.4.3 ParasitoLoGIcAL INVESTIGATIONS ON NWRs

From a subset of refuges sampled across the country, metamorp phibi I and
malformed, if present) were necropsied to identify and quantify t ilﬁ cus was
on Ribeiroia, data were collected on all encountered helminthgp(para cluding other
trematodes (flatworms), cestodes (tapeworms), nematodes (ro, , ans (spiny-
headed worms), and various protistan (protozoan) parasite e best of our

knowledge, these data comprise one of the largest amphi ever assembled.
i s and 28 states.

While this sampling effort is ongoing and much of t alyzed, several inter-
esting patterns have already emerged. Ribeiroia appears to be relatively ead but is highly vari-

able in abundance, both among refuges and betwe within a refuge. Fifteen of the 40 refuges
sampled for parasites tested positive for Ribeiroia, g infecti&f& different amphibian spe-
cies. Infection within amphibians ranged from 177 parasites i ividual frog. Ribeiroia also
exhibited distinctive distributional patterns acr&nited Staﬂerestingly, we have recovered
Ribeiroia only in frogs from the northern h e United States; no records below 37° latitude
(Figure 16.4). This is somewhat surprising Q prepond e of Ribeiroia records in birds from
Florida (see Johnson et al. 2004). In additien, few trem@(and no records of Ribeiroia) have
been found in Alaska (despite the signi normalities; see Reeves et al. 2008), pos-

sibly owing to the difficulties inherent in par@asite overwintehdg or to the very short growing season in

which transmission must occur. Morggdata are needed erstand these intriguing patterns.
Ribeiroia-positive refuges 000u¢maril al West Coast, in the Northeast, and in the

Midwest along the Mississippi Riyerd@igure 16° pattern likely underscores the importance

of the major migratory bird fly including ific flyway, the Mississippi flyway, and the
Atlantic flyway, and is th régeonsistent wi ds acting as the major transport vector for
Ribeiroia. Why we have n(%i more rec ng the southern half of the migratory pathways
is unclear. Interestingly, howev@r, in a stu Iminths in wood ducks (Aix sponsa), Thul et al.
(1985) found that Ribe was a domina&;}lber of the helminth fauna in migratory ducks in the
Northeast, with a prevalencedof 21%, ibeiroia was rare (<2% prevalence) among resident
wood ducks in the mst, similar urrent investigations with frogs.

In summary, Riber infectiond read but variable among refuges in the United States.
At high infectj ociated with the occurrence of particular malformation
cies. These malformations are generally dominated by skin
webbings, ted long bones. Extra limbs and limb elements occur in some
species b in others. Wit out Ribeiroia often exhibit abnormalities involving primarily

entire limbs. While such abnormalities often occur at low fre-

quencij baseline levels, other refuges (such as those in Alaska) exhibit high
frequ alities across multiple years. Thus far, however, the causes of these
ab wn (see Reeves et al. 2008).

1990s. The confirmed accounts of abnormal amphibians in more than 30 states
in the Ug @ tes have created substantial concern that abnormalities indicate the presence of
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FIGURE 16.4 Geographic distributio ibeiroia from ibians. Data represent a compilation of sam-
ples from U.S. National Wildlife Refi and additigpal ng on private lands (sites that did not support
Ribeiroia not depicted here). The si h circle e average infection abundance recorded in the

sample (usually determined from of 10 am 5). In total, 16 amphibian species from 107 sites
distributed across 20 states arggnclul (1999-2007). dance values as follows: low (1-10 metacercariae
per amphibian), medium (11-3 ercariae), a (31-135 metacercariae). Infection intensity for indi-

vidual frogs ranged form 1 to 960

harmful contaminhhe enviro Qﬂich has kept the issue in the media spotlight. A care-

ful review of the existing scientifi re reveals that malformations are not new to amphibians,
and indeed h een recorded fi 300 years (see Ouellet 2000). However, emerging evidence
ions of the country, the prevalence of abnormal individuals is
expected baseline levels and may be increasing. A general lack of
&nade interpretation of current patterns difficult.

n made over the last decade in understanding amphibian malforma-
these advances is the growing recognition that multiple causes are
es may vary among wetlands and years but have a high potential for
is imperative to recognize that simply because an agent can produce
y experiments does not mean that it actually is causing abnormalities in

bution to abnormalities in wild amphibian populations is difficult to determine.
an abnormalities are a series of phenomena, pursuit of a single “smoking gun” is
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likely to hinder rather than help the investigation of cause-effect relationships, as it could prevent t
recognition of different proximate causes for disparate sites or species. Large-scale and long-te

regional surveys for amphibian abnormalities, such as those currently undés way by the U
znce'o

are essential, particularly when accompanied by detailed data on the prev mpositio,
extent of observed abnormalities.

Continued investigation of amphibian abnormalities demands an i
ing laboratory studies, field surveys, and large-scale experiments. Col
varied fields — especially ecology, herpetology, developmental biol,
anecessary element in this approach. We emphasize the need for,

iye approach, n-

amo ists in
L a quaticé — s
ogically T % proach

that follows a modified version of Koch’s postulates, which are uged to an agen ase to the
pathology it causes by 1) isolating the agent from a diseased i ,2) cul in vitro, and
then (3) inducing illness by exposing a healthy individual t. Howe arrow focus
of these postulates requires that they be modified to a b %

I} t of circu” es, as has been

proposed in several other scientific fields (e.g., Glasgow et With respect to

; Gri

amphibian malformations, field surveys should be use, ntify m I‘Nn patterns and the
environmental factors that correlate with their occurre othesize factors should then
be studied experimentally under ecologically relevant conditions, incl Xxperiments involving
environmentally relevant dosages of the candidat s) and the gppropriate amphibian species.
Results of such experiments can reveal whether t sed fact re capable of inducing types
and frequencies of malformations similar to t observed in na eally, experiments should
begin with laboratory studies and develop intmscale, replicatgdl field manipulations, includ-
ing mesocosm studies, in situ enclosures, ures, and wholefé€osystem manipulations. Field
experiments offer the greatest potential fi strating 1 control under realistic conditions
(e.g., Vredenburg 2004), and may be i tal in de g control strategies to reduce or
eliminate malformations in amphibia§ u oing decliftes: ‘Given the potential ethical dilemmas
intrinsic to adding teratogenic agents to field’experimen ntire ecosystems, however, we advo-
cate removal/elimination experimends,, but acknowl at this will be easier for some factors
than others. b

Finally, recognizing the potentia i mong factors and the importance of indirect
causes, research should return
the concentrations of a fa known tQ

from Koch’s postulates and t
miology (e.g., Lesser et al. 20

malformations) is onlmfst step; aln
tors that influence the Icve pathologymE

in community str , land use ch
step is therefore essentialin under

8¢ malformations. While this begins to deviate
ony, it is well founded upon the pillars of epide-

amphibian malformations and mitigating or reversing
their impacts om, already declinin ibian populations. Thus far, none of the proposed causes
have fully c d this series of causal demonstrations, and we recognize

ined here ot apply perfectly in all cases. We nevertheless suggest that
wm which to develop an adaptive approach with the same general

are responsible, the study of amphibian abnormalities may aid
mphibian decline (e.g., Houlahan et al. 2000; Stuart et al. 2004).
ternational attention and funding as a result of abnormalities and dis-
ys have been initiated in many affected regions. Baseline data on the
mality rates will help us to better understand the background fluctuations
ion dynamics. Information on the role of pathogens and parasites in amphib-
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16.6 EPILOGUE

national and international attention, the Ney Pond in Minnesota has been
center devoted to environmental education. The director of the center i
dents from the middle school class that first stumbled upon the def
Ribeiroia infection has been consistently documented in frogs from t

533

have varied dramatically over the years, only rarely attaining th 1995
(Vandenlangenberg et al. 2003; Johnson and Sutherland unpubli e pat-
terns at this wetland illustrate both the progress we have mad that still
surround this issue. Undoubtedly, parasite infection explains Iformations
observed at Ney, but how much remains unknown. Parasite i e story. The
ultimate factors that control variation in abnormalities a ears are still
at large, as are the factors that caused the “outbreak” of e 1990s. These
same questions can be posed for sites that do not supporisRiger n fewer answers,
emphasizing the complexity of interactions among biot @ abiotic f: ontrolling amphib-

ian malformations.

term studies that not

The continued study of this issue requires arge-scale and
only document the location and frequency of a ities, butd&e‘xamine other factors that
it1

may influence the number or type of abnormal ch as hy ic period (e.g., drought or
excess precipitation), temperature, changes r'Ncape (e.g. opment, agriculture), intro-
duced predators (e.g., fish), water quality, and disease. Standar ting procedures that address

collection techniques, frequency of samp
equipment are required to limit or avoi
Even today, variation in how abnor
interpret large-scale patterns. Established
that high-quality, objective data are gathered and a

ipping and handling of animals, and disinfecting
ental immo amphibians and their habitats.
d “hot s e classified affects our ability to
ofcols and data sheets will help ensure
to reduce subjectivity and variabil-

ity. Importantly, however, the coll of additi a should be conducted in tandem with
efforts to reduce or prevent the ious ef: alformations on amphibian populations.
While no study has compelli onstrat k between malformation and population
losses in amphibians, growi w;lce indic at malformations occur alongside elevated
levels of direct and indirec ality, whi omes especially important in amphibian popu-
lations that are already declindiilg due to loss, introduced species, pollution, and other

diseases. Thus, experi tal efforts tha% not only to understand cause-effect relationships

but also to apply sucl& toward le
deemed particulariivaluable. Q
GLOSSARY:MODIFIED LIST@/\ OUELLET
(2000) A SON ERAL. (2001B)

: Absence

ne or both eyes.
igits.
limbs.

: Absence of one or more digits (adactyly) or parts of digits.
e or more limbs or parts of limbs.
: Fluid-filled ling.

imelia: A of all or part of the distal half of a limb.
osis: Ab backward curvature of the spine or “humpback.”
1

dosis: forward or concave curvature of the spine.

64169_C016.indd 533

ing): A layer of skin connecting 2 or more limb segments.

the impacts of malformations on amphibians are
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Mandibular hypoplasia: Underdeveloped mandible.
Micromelia: Shortened limb or parts of limb.
Microphthalmia: Eye smaller than normal.

Polydactyly: Supernumerary digit(s).

Polymelia: Supernumerary limb(s).

Polypody: A limb with 2 or more hands or feet.

Scoliosis: Abnormal lateral curvature of the spine.

Syndactyly: Fusion of 2 or more digits.

Synmelia: Fusion of a limb or parts of a limb to a body part. o
Taumelia (bony triangle): Long bone bent at right angles to itselfgeften inga tri& pyramid.
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