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Ribeiroia ondatrae (Trematoda: Digenea) infection
induces severe limb malformations in western
toads (Bufo boreas)

Pieter T.J. Johnson, Kevin B. Lunde, Ryan W. Haight, Jay Bowerman, and
Andrew R. Blaustein

Abstract: Widespread reports of malformed amphibians in North America have prompted investigations into the
cause(s) and implications of the phenomenon. Recently, a trematode paras@iofja ondatrag was identified as the
probable cause of hind-limb malformations in Pacific treefraggld regilla) from California. We exposed a second
anuran species, the western to&lfo borea}, to specific levels oR. ondatraeinfection. In a dose-dependent manner,
R. ondatraeinfection induced high frequencies (40-85%) of severe limb malformations in surviving toads. Survivorship
declined significantly with increasing parasite exposure, falling to 42% in the heaviest treatment. Larvae in control
treatments exhibited normal development and low mortality levels. In contrast to previous experimeri®s wofittiatrae
infection in treefrogs, cutaneous fusion was the predominant malformation among infected toads in all treatments. In
fection also caused polymely (extra limbs; fore and hind), ectromely (missing limbs), polydactyly (extra digits), and a
variety of additional limb malformations. Taken together, these results demonstraté) tthegt {eratogenic effects of

R. ondatraeare not limited to treefrogsjij the spectrum oR. ondatraeinduced malformations is not confined to the
hind limbs, and i{i) the frequency and composition of malformations resulting from infection may vary among am-
phibian species. Finally, we review historical reports of limb abnormalities in the geuiesand discuss established

and proposed causative agents, with emphasis on trematode infection and predation.

Résumé: Les malformations chez les amphibiens sont de plus en plus signalées en Amérique du Nord; nous avons
cherché & déterminer les causes et les conséquences de ce phénomene. Récemment, le trématodRibeam@isiten-

datrag a été reconnu comme la cause probable des malformations des membres postérieurs chez la Rainette du Paci-
figue (Hyla regilla) en Californie. Nous avons soumis une seconde espéce d’anoure, le Crapaud de Bafest (

borea3, a des infections de gravités diversesRleondatrae Les infections deR. ondatraeentrainent des fréquences

élevées (40-85 %) de malformations sérieuses des membres en fonction de la dose administrée chez les crapauds survi-
vants. La survie diminue significativement & mesure qu’augmente I'exposition aux parasites, jUs@a'a fasuite

des traitements les plus sévéres. Chez les larves des groupes témoins, le développement est normal et la mortalité est
faible. Contrairement aux résultats d’expériences antérieures sur les rainettes, ici c’est la fusion cutanée qui constitue la
principale malformation chez les crapauds infectés, a la suite de tous les traitements. Les infections sont aussi a
I'origine de polymélies (membres surnuméraires, antérieurs et postérieurs), d'ectromélies (membres manquants), de po
lydactilies (doigts surnuméraires) et d’autres malformations des membres. Considérés dans leur ensemble, ces résultats
démontrent quei) les effets tératogenes d® ondatraene sont pas restreints aux rainettas), (éventail des malfor

mations attribuables R. ondatraen’affecte pas que les membres postérieursiet I fréquence et la nature des mal
formations dues aux infections peuvent varier chez les différentes espéces d’amphibiens. Nous avons passé en revue
tous les rapports historiques sur les malformations des membresBeiieet nous examinons ici les agents putatifs

reconnus et supposés, en insistant sur les infections causées par les trématodes et sur la prédation.

[Traduit par la Rédaction]

Introduction of amphibian species from diverse aquatic habitats across

North America (Kaiser 1997; Ouellet et al. 1997; Helgen et

Severe malformations, including missing, malformed, andal. 1998; Johnson et &). The frequency of abnormalities in
supernumerary limbs, have been reported recently in dozer&fected populations often exceeds the expected base-line
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frequency, 0-5% (Martof 1956; Dubois 1979; Meyer-RochowevaluateR. ondatraeinfection and other known causes of

and Asashima 1988; Tyler 1998), generating concern abouimb abnormalities in natural toad populations.

the impact of malformations on population viability. Malfor

mations are suspected to be deleterious to survival and a .

infrequently reported among adult amphibians (Sessions antlaterials and methods

Ruth 1990; Veith and Viertel 1993; Ouellet et al. 1997, \ye collected western toad embryos from field sites in the-east

Johnson et al. 2001). Although malformations have not beegm cascade Mountains of Oregon and immediately transported

associated with widespread amphibian population declineshem to laboratory facilities. Individual larvae were isolated in

they could exacerbate declines in already threatened populalastic containers filled wit 1 L of commercial spring water and

tions, particularly if such malformations have recently in maintained at 23°C. A 1:1 feed mixture of Tetrafitropical fish

creased in frequency, prevalence, or severity (Hoppe 2000)food andSpirulina vegetable supplement was added to containers
Potential causes of limb malformations reported in-am every second day for the duration of the experiment. We randomly

L . S o assigned 220 larvae to one of four treatments that differed in level
phibians include biocide contamination (Ouellet et al. 1997 o exposure tdR. ondatrae control (O cercariae), light (16 cercariae),

Burkhart et al. 1998; Fort et al. 1999; but see Tietge et alinermediate (32 cercariae), and heavy (48 cercariae). Sample sizes
2000), retinoid mimics (Gardiner and Hoppe 1999), predawere as follows: 60 larvae in the control, 55 in each of the light
tion (Bohl 1997a), UV-B radiation (Ankley et al. 1998), and and intermediate treatments, and 50 in the heavy treatment. Begin
trematode infection (Sessions and Ruth 1990; Sessions et aing at approximately stage 27 (Gosner 1960), we exposed larvae
1999; Johnson et al. 1999, 2001; Johnson &).dFor the to one-fourth of their intended parasite load every third day for
majority of affected populations, however, proximate caused0 days (days 1, 3, 7, and 10). All infections were completed at or
of the malformations have not been identified. Johnson et aPrior to stage 30. We obtaine®. ondatraecercariae from infected
(1999), in a study of Pacific treefrogsiyla regilla) from snails @. tenuig collected from field sites in northern California

Californi ted it lation bet field sit (described in Johnson et al. 2001). Snails were placed individually
alifornia, reported a positve correlation between held SIteSy, 5q.m) yials of spring water and allowed to shed parasites between

with high frequencies of limb malformations and infection 18:00 and 01:00. Cercariae were immediately isolated, counted us
with a trematode parasit®ibeiroia ondatrae Experimental ing a stereodissecting microscope, and administered at the-appro
exposures of laboratory-raised Pacific treefrog larvae t@riate dosage to western toad larvae in 100-mL specimen cups.
R. ondatraecercariae isolated from naturally infected snails Exposures to parasite cercariae lasted approximately 120 min.
(Planorbella tenui} induced high frequencies of hind-limb Larvae in the control treatment were isolated in specimen cups
malformations strikingly similar to those observed at studycontaining only spring water. Before returning larvae to 1-L plastic
sites (Johnson et al. 1999). These malformations includegontainers, a subsample of specimen cups in each parasite treat-
extra limbs and digits, missing limbs and digits, cutaneoud"eNt Were inspected to ensure that all cercariae had penetrated the
fusion, and taumely (abnormalities are described in Table 1 arvae (i.e., no cercariae remained free-swimming). Following the

b lti I | | d. wh bil | inal parasite exposure on day 10, toad larvae were allowed to de-
Abnormalities were usually unilateral and, when bilateral, ejon until metamorphosis (stage 44), at which time they were

asymmetrical. Johnson et al. (1999, 2001) suggested thafjthanized in MS 222, fixed in 10% phosphate-buffered formalin,
these malformations may beneRt ondatraeby increasing and stored in 70% ethanol. All animals were maintained in accor-
the susceptibility of infected frogs to predation by final hostsdance with the principles and guidelines of the Canadian Council
(see also Sessions and Ruth 1990). Parasites in the genws Animal Care (1993).

Ribeiroiacannot complete their life cycle and reproduce-sex Specimens were measured and scored for abnormalities using a
ually unless the amphibian host is ingested by an appropriatgereodissecting microscope. The terminology and classification sys

avian or mammalian host (Beaver 1939; Basch and Sturroc m for abnormalities used here was described by Johnson et al.
1969) ' 001). The frequency of abnormalities within a treatment was cal

. . culated as the percentage of malformed individuals among animals
Although R. ondatraeis known to cause limb malforraa that survived to metamorphosis. We described the composition of
tions in Pacific treefrogs, its impact on other amphibian-speabnormalities by evaluating the relative frequency of each abnor
cies has not been examined. In the current study we exposecklity type within a given treatment (Table 1). The severity of
western toad Bufo borea} larvae to specific quantities of abnormalities was calculated as the mean number of discrete-abnor
R. ondatraecercariae. The western toad, once an abundaripalities per abnormal toad in a treatment (e.g., an extra right hind
anuran in the western U.S.A., has suffered substantial poplimb and a missing left forearm) (Johnson et al. 2001).
lation declines and local extinctions over the last 50 years
(Carey 1993; Blaustein et al. 1994; Stebbins and Cohen 199§esults
Drost and Fellers 1996). We selected it as an experimental
species because it exhibits rapid larval development, is phylo Ribeiroia ondatraeinfection induced severe limb malfor
genetically distant from the previously studied Pacific treefrogmations in 67% of the exposed larvae that survived to meta
and is native to North America. Additionally, abnormal west morphosis i = 85). The frequency of malformed individuals
ern toads infected witlR. ondatraemetacercariae have been within a treatment showed a significant functional response
recorded recently from several sites in the Pacific Northwesto the level ofR. ondatraeexposure, increasing directly with
(Johnson et al. 1999; Johnson et)jalOur specific objectives parasite dose (logistic regressiof, = 80.51, df = 3,P <
were () to determine the effects of specifiR. ondatrae  0.0001; Fig. 1). Eighty-six percent of the emerging toads in
exposures ormalformation frequency and survivorship in the heavy treatment exhibited one or more severe malforma
western toads,ii() to identify the types of malformations tions (Table 1, Fig. 2). Survivorship in all treatment groups
resulting from infection and compare them with those ob declined sharply with increasing parasite exposure and fell
served in experiments with Pacific treefrogs, arnid) (to  below 45% in the heaviest treatment (logistic regression,
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Table 1. Malformation types and their relative frequencies from field and experimental studies of westernBo&ddgreas.

Light Intermediate Heavy

Control treatment treatment treatment Combined Field
Abnormality type (0/47) (13/33) (26/31) (18/21) (57/85) (129/2475)
Cephalic and axial
Anophthalmy (missing eye) 0 0 0 0 0 2.1
Mandibular hypoplasia (malformed jaw) 0 0 0 0 0 0.7
Open wound 0 0 0 0 0 2.8
Other 0 0 0 0 0 0.7
Forelimb
Ectrodactyly (missing digit) 0 0 1.6 0 0.8 6.9
Polydactyly (extra digit) 0 0 0 0 0 0
Apody (missing hand) 0 0 0 0 0 1.4
Hemimely (partially missing limb) 0 0 1.6 0 0.8 0.7
Ectromely (missing limb) 0 8.7 6.6 0 4.7 1.4
Polymely (extra limb) 0 0 3.3 0 1.6 0
Other malformatiorfs 0 0 0 0 0 14
Hind limb
Ectrodactyly (missing digit) 0 0 3.3 2.2 2.3 23.6
Polydactyly (extra digit) 0 13.0 14.8 11.1 13.2 2.8
Apody (missing foot) 0 0 0 2.2 0.8 9.0
Polypody (extra foot) 0 0 4.9 4.4 3.9 0
Hemimely (partially missing limb) 0 0 0 0 0 18.1
Ectromely (missing limb) 0 0 1.6 0 0.8 5.6
Polymely (extra limb) 0 17.4 14.8 15.6 155 35
Femoral projection 0 0 3.3 4.4 3.1 0.7
Cutaneous fusion (skin webbing) 0 34.8 18.0 28.9 24.8 3.5
Taumely (bony triangle) 0 8.7 14.8 17.8 14.7 4.2
Micromely (smaller limb) 0 8.7 1.6 0 2.3 2.8
Limb hyperextension 0 0 1.6 2.2 1.6 0
Other malformatiors 0 8.7 8.2 11.1 9.3 8.3
No. of abnormalities per abnormal tdad 0 1.77+0.23 2.35+0.25 2.5+0.28 2.26+0.16 1.12+0.04

Note: The value shown for each type of abnormality is the percentage of the total number of abnormalities observed. Experimental treatments are based
on the number of parasites to which the animals were exposed: control (O cercariae), light treatment (16 cercariae), intermediate treatneerag32 cerc
and heavy treatment (48 cercariae). The “combined” column presents the combined data from the three parasite treatments, while the “field” column
presents data on abnormalities for toads from seven sites in the western U.S.A. Numbers in the parentheses indicate the number of abnormal toads / the
number of toads inspected. The total number of abnormalities may or may not equal the number of abnormal animals, as many specimens had more than
one abnormality.

:Includes clinodactyly (curved digit), syndactyly (fusion of digits), and anteversion (rotation of limb).

Mean = SE.

X% = 14.87, df = 3,P < 0.0001; Fig. 1). All control animals ventral (30%), and medial (35%) surfaces<20). Forelimb
developed normally and suffered significantly less mortalitymalformations, including extra and missing forelimbs; ac
than larvae in the combine. ondatraetreatments G test,  counted for nearly 8% of observed abnormalities (Figs. 2E
x? = 12.23, df = 1,P < 0.001). and 2F, Table 1).

All malformations induced during the experiment affected Hind-limb polydactyly, another common malformation,
the limbs, either fore, hind, or both. The diversity of limb usually occurred with taumely (80%r = 20). As many as
abnormalities was remarkable, ranging from multiple super12 digits were observed on a single foot. Toads with polydactyly
numerary limbs to the complete absence of one or morer polypody invariably exhibited partial or complete mirror-
limbs (Table 1, Fig. 2). In an extreme case, a toad exposed timage digit duplications in the anterior—posterior axis (Sessions
an intermediate infection failed to develop three of its limbset al. 1999; Johnson et al. 2001). Posterior mirror-image
and the one existing hind limb was duplicated distal to theduplications (PMIDs) of the digit pattern 5-4-3-2-1-2-3-4-5
femur. Cutaneous fusions (skin webbings) were the predomiwvere more common than anterior mirror-image duplications
nant malformation in all treatments (Fig. 2C, Table 1). Sev (AMIDs) of the pattern 1-2-3-4-5-4-3-2-1 (52.4 ai38.1%,
eral individuals (5.3%) suffered cutaneous fusion of bothrespectively;n = 21). Mirror-image triplications (MITs) of the
hind limbs 1 = 85). Polymely and taumely ranked as the pattern 1-2-3-4-5-4-3-2-1-2-3-4-5 accounted for the remain
second and third most common malformations, respectivelyng 9.5% of digit duplications.

(Figs. 2B and 2D, Table 1). The maximum number of extra The severity-of-abnormality index, i.e., the mean number
limbs was two, and attachment of supernumerary hind limb®f abnormalities per abnormal toad, increased directly with
to the pelvis was equally distributed among the dorsal (35%)R. ondatraeexposure (Table 1). The maximum number of
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Fig. 1. Survivorship and malformation response of western toadsFig. 2. Representative malformations produced in western toads

(Bufo borea} to infection with Ribeiroia ondatrae Treatments exposed to varying numbers &. ondatraecercariae. B and C
were as follows: control (O cercariae); light treatment display the dorsal side of a metamorphic toad, while all remain
(16 cercariae); intermediate treatment (32 cercariae); and heavy ing images offer a ventral view. (A) Control toad with normal
treatment (48 cercariae). Survivorshif,(solid line) is calculated limb development. (B) Toad with extra hind limbs (polymely) on
as the number of larvae surviving to metamorphosis divided by the right side. (C) Toad with skin webbing (cutaneous fusion) in
the initial sample size. The frequency of abnormalitils bro- the right hind limb. (D) Toad with taumely in the right hind

ken line) is calculated as the number of abnormal metamorphos limb. (E) Toad with an extra right forelimb (polymely). (F) Toad
ing toads divided by the total number of metamorphosing toads with a missing left forelimb (ectromely). Scale bar = 10 mm.
within a treatment. Initial sample sizes were as follows: control,

60 larvae; light and intermediate treatments, 55 larvae each; B
heavy treatment, 50 larvae.

100 +
90 +
80 2
70 4
60
50 4
40 A
30 1
20
10 A

0 # } } !
0 16 32 48

Ribeiroia ondatrae exposure
(no. of cercariae / larva)

Frequency (%)

Fig. 3. Abnormalities in wild-caught western toads. (A) Meta-
morphic toad exhibiting hemimely (a partially missing limb) on
the left side. (B) Side view of a toad with hind-limb polymely
(extra limb). mental results using a percent similarity (PS) index (Jongman
et al. 1995). Malformations induced in this experiment ex
plained 30% of the relative composition of abnormalities
from field sites (P = 30.5; Table 1). Within field sites,
hind-limb ectrodactyly, hemimely (Fig. 3A), and apody eon
stituted approximately 50% of the observed abnormalities.
In contrast, the same categories accounted for little more
than 3% of abnormalities in the experiment.

Unlike the other six sites, one pond exhibited a pattern
that was closely aligned with the effects Rf ondatraein-
fection observed experimentally. The Washington site had an
above-average malformation frequency (8.0%), with toads
suffering from cutaneous fusion, polymely (Fig. 3B), taumely,
abnormalities recorded for an individual toad was five. Mal and p0|ydacty|y, the four predominant malformations- ob
formations were typically unilateral (66.7%), but the propor served in the experiment. The P@alue between malforma
tion of bilateral malformations increased with parasite dosetions observed at this site and those in the experiment was
Rarely were malformations bilaterally symmetrical (3.5%;72.4%. This site also supported an intensityFofondatrae
n = 57). o infection of more than 50 metacercariae per toad, which ex

Between 1996 and 1999, abnormalities in larval and metaceeded the hesest experimenta| exposure (48 Cercariae) and

morphic western toads were also surveyed at three sites ijas more than six times the mean intensity at any other site.
California, three sites in Oregon, and one site in Washington

as part of other studies (Johnson et al. 2001; Johnsorfgt al. Discussion

The frequency of abnormal toads varied by year and by

pond, ranging from 2.8 to 11.1% (mean + SE = 6.38 = The results of the current study corroborate those of a pre
1.07%;n = 3189). Each site supportddl ondatraeTo evat  vious experiment withR. ondatraeand Pacific treefrogs,
uate the role oR. ondatraenfection in causing these abror while also demonstrating the species-specific responses of
malities, we compared abnormality types and their relativavestern toads to trematode infection. In western toads, as in
frequencies between combined field sites and our experiPacific treefrogs, exposures R. ondatraecercariae caused
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high frequencies of mortality and limb malformations. The They are, however, relatively common among historie ac
frequency of malformations within a treatment was dose-counts involving malformed bufonids (Table 2).

dependent, increasing significantly with higher parasite ex Western toad larvae also demonstrated a weaker raalfor
posures. Survivorship exhibited an inverse relationship withmation response t&. ondatraeinfection relative to the re
R. ondatraeinfection, and only 42% of toads in the heavy sponse of Pacific treefrogss(test, x? = 9.33, df = 1,P <
treatment survived to metamorphosis. Considerifgtife  0.002). Ninety-five percent of treefrogs in the intermediate
similar response of both these anuranfktcondatraeinfec- exposure and 100% of those in the heavy treatment were
tion, (i) the phylogenetic separation between the familiesmalformed (Johnson et al. 1999), whereas only 83% of toad
Bufonidae and Hylidae (Duellman and Trueb 1986), andarvae exposed to intermediate parasite infections and 85%
(iii) the field correlation between the presenceRofondatrae  of those in the heavy treatment developed malformations.
and limb malformations in western amphibian species {Kai On the other hand, no significant differences were observed
ser 1999; Johnson et 3l. we suspect that the parasite’s in survivorship between the two species following exposure
teratogenic effects may be generalizable to many North Amerito R. ondatrag(G test,x? = 0, df = 1,P > 0.99). The difference
can anurans. in sensitivity may be due to several behavioral or physical
distinctions between the two anurans. Western toad larvae
Responses of anurans tdR. ondatraeinfection: western tend to be more active than those of Pacific treefrogs (Peter
toads versus Pacific treefrogs son and Blaustein 1992). During experimental exposures,
In spite of generally similar trends, the exact types of-mal toad larvae swam vigorously for much of the 120-min pe
formations and their relative frequencies differed betweeniod, potentially reducing the ability dR. ondatraecercariae
western toads and Pacific treefrogs. In response to identic&d attach and penetrate the skin. In contrast, treefrog larvae
levels of exposure, western toads exhibited several differwere more sedate, swimming only sporadically. Physical dif
ences in the malformation pattern relative to that observed ifierences among larvae, such as in size, epithelial properties,
Pacific treefrogs. While treefrog malformations were domi or developmental response to invading metacercariae, might
nated by hind-limb polymely (45.2%) and hemi- and ectro-be additionally or alternatively involved.
mely (19.4%) (Johnson et al. 1999), cutaneous fusion pre- Data from studies of abnormalities in natural amphibian
dominated among toad abnormalities, followed by hind-limbpopulations further suggest that western toads may be less
polymely and taumely (Table 1). Malformations induced inaffected by R. ondatraethan Pacific treefrogs. At ponds
western toad metamorphs also included several types not olhere Pacific treefrogs and western toads co-occurred, Pacific
served in the Pacific treefrog experiment. Most intriguing oftreefrogs exhibited higher intensities &. ondatraeinfec-
these were extra and missing forelimbs (Figs. 2E and 2F), agon, higher frequencies of malformations, and more severe
no forelimb anomalies were produced in infected treefrogsmalformations than western toads (Johnson et al. 2001; John-
Moreover, when malformations affected the hind limbs,son et aP). This disparity reflects either a reduced opportu-
experimental toads exhibited several other differences fromity for R. ondatraeto utilize western toads as effective
treefrogs. Extra hind limbs were fewer (a maximum of twointermediate hosts or a reduced ability to do so. Pacific
per toad) and emerged in nearly equal proportions from théreefrogs, which have a long history of limb malformations
dorsal, ventral, and medial surfaces of the pelvis. In fieldin the field (Hebard and Brunson 1963; Miller 1968; Ander
and experimental studies, Johnson et al. (1999, 2001) reson 1977; Reynolds and Stephens 1984; Sessions and Ruth
ported treefrogs with as many as eight hind limbs, and 95%4990; Johnson et al. 1999, 2001; Johnson é},ahay be a
of all extra limbs were attached dorsally to the pelvis{{. more favored host oR. ondatraefor several reasons. First,
764). Among toads with polydactyly or polypody, AMIDs toads are explosive breeders with a very short breeding sea
and MITs, while less common than PMIDs, showed greateson (Arnold and Wassersug 1978; Olson et al. 1997), which
relative abundance than in Pacific treefrogs (Johnson et aharrows the window of time during whicR. ondatraemay
2001). infect larvae. Treefrogs are continuous breeders, with one of
Collectively, these differences in malformation types andthe longest breeding seasons of any western anuran (Duellman
their relative frequencies between Pacific treefrogs and-westind Trueb 1986; Olson et al. 1997), greatly increasing the
ern toads indicate that amphibian species may respond difikelihood that cercariae will find appropriate stages of lar
ferently to identical numbers dR. ondatraecercariae. The vae to infect. An extended breeding season also allows more
mechanism behind such differing responses is not yet knowrime for R. ondatraeinfections in snails to achieve patency
but particular amphibian families or genera may have a greatend for cercariae to be released. Toads and treefrogs also
propensity for certain types of malformations. Although mech differ in skin properties. Toad epithelium contains noxious
anisms oflimb development are largely conserved amongbufodienolides and is therefore unpalatable to many would-
vertebrates (Christen and Slack 1998), there may be significalie predators (Duellman and Trueb 1986; Brodie and
differences in stage of initiation, relative size, and growthFormanowicz1987; Lawler 1989; Mitchell et al. 1995; Al
rate in amphibian limbs, even between those of species iford 1999). These toxins are particularly effective against
the same genus (Blouin 1991). For example, extra forelimbgpirds, fishes, and mammals, with mixed results for amphib
which were produced in the current study with toads but nofan and invertebrate (e.g., insect larvae, leeches, crustaceans)
in a previous experiment with treefrogs, are virtually absenpredators (Voris and Bacon 1966; Arnold and Wassersug
from historic reports of malformed hylids (but see O’'Donoghuel978; Brodie et al. 1978; Kruse and Stone 1984; Kats et al.
1910). Nor have we observed any extra forelimbs amond988). An amphibian host that is unpalatable to birds and
more than 1000 extra-legged Pacific treefrogs examined imammals could reduce or haR. ondatraetransmission
the field ( = 17,353; Johnson et al. 2001; Johnson eY.al. between its second intermediate (amphibian or fish) and
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Table 2. Recent and historical reports of limb abnormalities in Bufonidae.

Abnormality Life-history stage Frequency Location Reference

Bufo americanus Missing limbs and digits Metamorph 16.7% € 252) Quebec, Canada Ouellet et al. 1997
Missing and malformed limbs Metamorph =3% Minnesota, U.S.A. Hoppe and Mottl 1997

Bufo boreas Missing limbs and digits Adult 50% (“many”) California, U.S.A.  Storer 1925
Extra hind limb Adult 1 California, U.S.A. Crosswhite and Wyman 1920
Extra forelimb 1 Oregon, U.S.A. Washburn 1899
Extra hind limb Metamorph 1 Bland-Sutton 1890

Bufo bufo Symmetrical polydactyly Adult 6.4%n(= 407) Russia Borkin and Pikulik 1986
Extra forelimb Adult 1 Russia Borkin and Pikulik 1986
Extra forelimb 1 Germany Gunther and Geiger 1996
Polydactyly Dubois 1979
Extra forelimb Adult 1 Germany Meyer-Rochow and Koebke 1986
Missing and malformed limbs and digits Larva, metamorph 17.8% ( 311) Germany Viertel and Veith 1992; Veith and Viertel 1993
Missing and malformed limbs and digits Larva, metamorph Germany Bohlal997
Extra forelimb Larva 0.006%n(= 15000) Germany E. Bohl, personal communication
Partially and completely missing hind limbs  Adult 0.3% £ 10 000) The Netherlands Van Gelder and Strijpbosch 1995
Partially and completely missing limbs Metamorph, adult  2.4%&(9 407) United Kingdom  Wisniewski 1979

Bufo calamita Missing limbs and digits “rare” Germany Gunther and Meyer 1996

Bufo gargarizans Unilateral polydactyly 0.12%n(= 4 920) Russia Borkin and Pikulik 1986

Bufo marinus Extra forelimb Adult 2 Puerto Rico Heatwole and Suarez-Lazu 1965
Extra hind limb Adult 1 Puerto Rico Heatwole and Suarez-Lazu 1965
Missing hind limb Adult 1 Puerto Rico Heatwole and Suarez-Lazu 1965

Bufo regularis Extra hind limb Adult 1 Egypt Al-Hussaini 1953

Bufo viridis Extra forelimb Adult 1 Russia Borkin and Pikulik 1986
Extra limbs, missing and malformed limbs Metamorph 5096=(100+) Germany Henle 1981

‘e 18 uosuyor
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definitive hosts (birds and mammals), thereby selectivelyanuran limbs, sometimes causing limb loss or injury (Licht

favoring infection of an alternative amphibian host species1974; Formanowicz and Brodie 1982; Duellman and Trueb
The unpalatability of toads may be indirectly demonstratedl986). Unlike salamanders, anurans exhibit diminished re
by the large number of published reports documenting malgenerative abilities as larvae approach metamorphosis (Mi
formed adult toads (Table 2). Generally, abnormalities arehael and El Mekkawy 1977; Muneoka et al. 1986), and
suspected to impair the affected individual's ability to escapdimb injury followed by partial regeneration may result in

predation. Malformed adults are rare in other amphibiarsevere malformations. Depending on the stage of the larva,
groups, presumably because they die before reaching-matincomplete regeneration of the damaged limb(s) can lead to
rity (see reviews by Taruffi 1885; Bateson 1894; Gemmill cutaneous fusion, anteversion, or micromely, even in the ab

1906; Van Valen 1974; Ouellet et al. 1997). sence of other teratogens (Bohl 1997yler 1998).

Recently, independent researchers in several parts of Ger
Relevance of experimental results to malformations in many identified a leechHrpobdella octoculatpas the cause
natural populations of toads of high frequencies of limb abnormalities in the common

For well over a century, toads with abnormal limbs havetoad Bufo bufo(Table 2; Viertel and Veith 1992; Veith and
been reported from around the world (Table 2). Reports conViertel 1993; Bohl 199, 199). In all studies, partially
cern nine species from six countries and encompass toad#d completely missing limbs accounted for more than 50%
with extra, missing, and malformed fore and hind limbs.of the abnormalities. In these studies, extensive water-
Two reports document an extra limb in western toadsquality testingbreeding experiments, electrophoretic analy
Washburn (1899) described a western toad from Oregon witkes, reciprocal translocations of larvae between affected and
an extra right forelimb and Crosswhite and Wyman (1920)control sites, predator exclosures, and laboratory predation
presented a sketch of a California specimen with an extr&ials were collectively performed (Viertel and Veith 1992;
hind limb. Both malformations are similar to those producedVeith and Viertel 1993; Bohl 199j. While no genetic or
in this experiment and may have resulted fr®nondatrae  chemical effects were observed, predator exclosures prevented
infection. Unfortunately, the whereabouts of these specimenghe occurrence of abnormalities in caged animals (Bohl 4p97
and even whether they were preserved, are unknown. Othdn laboratory predation trials witk. octoculataandB. bufo
accounts, however, particularly those documenting numerougrvae, the types of abnormalities observed in wild toads
toads with symmetrical polydactyly, are distinct from experi-were reproduced (Viertel and Veith 1992). Even more con-
mental effects oR. ondatrag(Table 2; Dubois 1979; Borkin vincing, a substantial reduction of the pond’s leech popula-
and Pikulik 1986). Rostand (1958) linked the influence oftion led to the development of completely norntl bufo
various alleles to several such occurrences and, in studidgrvae and metamorphs the following spring (Bohl 1897
with Rana esculentadetermined that extracts from fish In reviewing reports of toad abnormalities from other parts
(Tinca sp., Anguilla sp.) intestines induced a similar yet of Germany, Veith and Viertel (1993) concluded that leech
more severe phenomenon in exposed larvae (“anomalie P” iattacks were the likely cause of cases described in Flindt
Rostand 1971; Dubois 1979). Laboratory experiments witi{1985), Grosse and Bauch (1988), and Anonymous (1991).
toad larvae have isolated other agents capable of causingn Gelder and Strijbosch (1995) arrived at a similar con-
symmetrical hind-limb anomalies. Bruschelli and Rosi (1971)clusion for a site with abnormal toads in the Netherlands.
discovered that low doses of vitamin A could cause symmet Nor are leeches the only predators capable of causing
rical duplication of the hind limbs, while Muto (1969)-in such abnormalities in toads. As part of another study, one of
duced bilateral reductions of the digits, feet, and distal limbus (J.B.) recorded high levels (1-35%3 7987) of limb ab
segments by exposing larvae to high temperatures (30°C).normalities in a western toad population in central Oregon

At our own study sites in the western U.S.A., the role ofbetween 1988 and 1999. AlthoudR. ondatraewere re
R. ondatraeinfection in causing the abnormalities observedcorded from toad larvae in this pond, infection intensities
in wild western toad populations may be case-dependenwere extremely low (mean + SE = 0.33 + 0.3). Abnormal
Nearly 10% of western toad metamorphs at a pond in northeriies consisted primarily of missing limbs and digits. Instead
Washington State exhibited malformations similar to thoseof leeches however, the implicated predators were fish
produced in the present experiment: skin webbings, extrésticklebacks Gasterosteus aculeaf))swhich achieved high
hind limbs, taumely, and extra digits. This site also -sup densitiesfollowing their introduction in the early 1980s. Pre
ported a greater intensity &. ondatraeinfection than other liminary experiments with predator exclosures prevented
ponds we surveyed. At the remaining six sites, howeverlimb abnormalities in caged larvae, and laboratory predation
malformations similar to those induced By ondatraginfec- ~ experiments demonstrated that sticklebacks will attack and
tion accounted for only 30% of recorded limb abnormalities.injure the developing hind limbs of western toads. Abnor
Hemimely, the most common abnormality among combinednalities resulting from these encounters were similar to those
field sites, was not produced in this experiment (Fig. 3A, Ta observed in the field. Correspondingly, years of low stiekle
ble 1). This suggests that, whiR. ondatraeinfection may back density preceded seasons with low frequencies of ab
cause a percentage of the abnormalities at these sites, thermalities in emerging toads.
agent(s) causing the majority are not yet known. At our other field sites, the toad-limb abnormalities unex

Attempted predation by small fishes, leeches, and aquatiplained by R. ondatraeinfection are similar to those de
insects is likely to account for some of the abnormalities.scribed in the leech and stickleback studies discussed above.
Although larvae attacked by predators are frequently-conin all cases, abnormalities primarily affect the hind limbs,
sumed, they occasionally escape with only damaged limbsare typically unilateral, and are dominated by missing and
Certain crustaceans and other invertebrate predators attaphrtially missing limbs and digits. While testing negative for
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