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We tested the hypothesis that Ribezi~oin in- 
fection is resoonsible for the limb abnormalities 

Infection on Amphibian Limb that we observed in H regilln. The experiment 
operated within an ecologically relevant frame- 
\\-ork by exposing tadpoles to living parasites at 

Development and Survivorship obsewed field densities, allowing cercariae to 
freely select a point of penetsation, and employ- 

Pieter T. J. Johnson,'*+ Kevin B. Lunde,'? Euan C. Ritchie,' 
Alan E. Launerl 

The causes of amphibian deformities and their role in widespread amphibian 
declines remain conjectural. Severe limb abnormalities were induced at high 
frequencies in Pacific treefrogs (Hyla regilla) exposed to cercariae of a trem- 
atode parasite (Ribeiroia sp.). The abnormalities closely matched those ob- 
served at field sites, and an increase in parasite density caused an increase in 
abnormality frequency and a decline in tadpole survivorship. These findings call 
for further investigation of parasite infection as a cause of amphibian defor- 
mities in other sites and species. 

Alarm over increasing reports of deformed am- 
phibians has intensified since the early 1990s 
(I, 2). Over the last decade, abnormalities have 
been reported in 36 species of amphibians from 
42 U.S. states (3). Whether abnormalities are 
confiibuting to global trends in amphibian pop- 
ulation decline or are indicative of environ- 
mental threats to human health is still uncer- 
tain (1, 4, 5). Suggested causes of abnormal 
amphibians include ultraviolet-B radiation, bio- 
cide contamination, retinoids, and parasite in- 
fection (1, 6-9). However, none of these have 
been decisively linked to the types of abnormal- 
ities most frequently reported in the field: miss- 
ing, malformed, and extra limbs (3, 7, 10). 

Behveen 1996 and 1998, we surveyed 35 

ponds in Santa Clara County, California, to 
determine the prevalence of abnornlal anlphib- 
ians. At 4 of the 13 ponds supporting Pacific 
treefrogs, severely abnonnal fiogs were ob- 
se l~ed .  Intensive monitori~lg programs estab- 
lished at two of these ponds consistently record- 
ed high frequencies (15 to 45%) of metanlor- 
phic frogs u-it11 polymely (extra limbs) and 
other hindlimb defolvlities (11 = 8818; Table 1). 
Water tests failed to detect any pesticides. poly- 
chlorinated biphenyls (PCBs), or h e a ~ y  metals, 
and 200 H. regilln eggs collected fro111 the 
ponds hatched and developed nomlally in the 
laboratory (11). Comn~~nity  analysis of the 35 
ponds revealed that the four ponds with abnor- 
mal treefrogs were the only ponds to support 
both Hyln iegilln and an aquatic snail, Plai~or- 

ing an amphibian host species for which high 
abnormality rates have been recorded in the 
field. We collected H i.egillc~ egg masses from 
the Eel River (39"44'N, 123"39'W), an area 
300 Ian north of our monitoling sites with no 
lcno\vn records of abnonnal frogs (12). After 
hatching, tadpoles were kept individually in 
1-liter containers of comnercial spring water 
and randomly assigned to one of six tseatments. 
Those in the experimental treatments were ex- 
posed to either 0 (contsol): 16 (light), 32 (inter- 
mediate), or 48 (hea~y) Ribeiroin cercariae. A 
fifth group uas  exposed to 80 cercanae of a 
second species of trematode (Alc~i.ia i~zustelae) 
also found in frogs from Santa Clara County 
field sites. The sixth group u-as exposed to both 
species: 80 Alnrin cercariae and 32 Ribeiroin 
cercariae (13). Infection levels were selected to 
encompass the range of parasite densities found 
in nakrally infected abnonnal frogs collected 
from our field sites. Tadpoles u-ere exposed to 
parasites in four equal doses over a 10-day 
period, with each dose equal to one-fourth of 
the total parasite load (14). 

Exposure of Pacific tseefrog tadpoles to Ri- 
beiroia cercariae induced severely abnonnal 
limb development in 85% of the frogs suwiving 
to metamorphosis (n  = 71). The frequency of 
abnormalities was high in all Ribeiroin treat- 

belln teinlis, which is a first host of the trema- ments and showed ; positive relationship to 
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cariae were highly localized in the tissue around 88% of the tadpoles survived, and all sun~ivors 
925 ~~~~h  ill^ ~ ~ ~ d ,  C L ~ ~ ~ ~ ~ ~ ~ ,  CA 9171 1-5916, the pelvic girdle and hindlimbs. often in close u-ere normal. Only 40% of the tadpoles in 
USA. association u-ith abnomlal or extra limbs. h e a ~ y  treatment suwived to metamorphosis and 
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100% of those developed limb abnormalities tions in our study system. The trematode Ribei- some amphibian populations. In addition to the 
(Fig. 1A). Alariu cercariae penetrated tadpoles roia was isolated fiom deformed fiogs in the high direct mol-tality acconlpanying parasite in- 
but caused neither limb abnomlalities nor an field, was employed at realistic concentrations fection, indirect mortality resulting fiom in- 
increase in mortality, even at a greater density in experimental exposures, and produced the creased predation of frogs with deformed or 
than that used in the hemy Ribeiroia treatment same range and frequency of amphibian limb missing limbs is likely to be substantial (4, 8, 
(Fig. 1B). Tadpoles infected with both Alc~ria abnormalities as observed at field sites. Our 9). Few abnomlal adult fiogs (<2%) u-ere ever 
and Ribeiroia had abnormality and mortality results further suggest that trematode infection seen at our field sites, e:.en following years in 
rates conlparable to Ribeiroia alone (G,,, = represents a considerable source of mortality in uhich 25% of the metamorphosing fiogs were 
1.76, df = 1, P > 0.05; Fig. 1B). Ribelroin 
metacercanae were recovered almost exclu- 

Fig. 1. (A) Hyla regilla survivorship and abnor- 
mal i ty  frequency in  Ribeiroia treatments. Sur- 
vivorship (A, solid line) is calculated as number 
o f  tadpoles surviving t o  metamorphosis divided 
by init ial  sample size. Abnormali ty frequency 
(W, dashed line) is calculated as number of 
abnormal metamorphosing frogs divided by the 
to ta l  number o f  metamorphosing frogs wi th in a 
given treatment. Initial sample sizes in  treat- 
ments are as follows: control, 35 tadpoles; light, 
intermediate, and heavy, 45 tadpoles each. Par- 
asite density shows a significant, positive rela- 
tionship t o  abnormality frequency and a signif- 
icant, negative relationship t o  survivorship (lo- 
gistic regression, d f  = 3, P < 0.001). (B) Hyla 
regilla survivorship and abnormality frequency 
across parasite treatments. Survivorship (solid 
bar) and abnormality frequency (open bar) are 
calculated as above. Wi th in survivorship, differ- 
ences in  the lowercase letters (a o r b )  indicate 
significant differences between treatments (G- 
test, d f  = I, P < 0.001). For abnormality fre- 
quency, significance groupings are denoted by 
a '  o r  b ' .  lni t ial  sample sizes in  the different 
treatments: control, 35 tadpoles; Alaria, 1 0  tad- 
poles; Ribeiroia, 45 tadpoles; and Alaria T Ri- 
beiroia, 10 tadpoles. 

sively from the pelvic reglon and hlndlimbs of 
metamorphic fiogs while Alaria mesocercanae 
\\ere widely distributed throughout the subcu- 
taneous tissue. 

All abnornlalities observed in frogs exposed 
to Ribeiroit? cercariae involved the hindlimbs 
(Table 1 and Fig. 2). The specific types of 
abnornlalities recorded in the experiment ac- 
co~mted for 95% of the abnornlalities observed 
in abnomlal Pacific treefrogs (n = 1086) 
caught in the field between 1996 and 1998 
(Table 1). The severity of abnormalities in the 

Ribeiroia density (cercariae per tadpole) 

expenment. as indexed by the mean number of 
abnormalities per abnomlal fiog, increased with inn, hf  

U 

cercarial dose (15) (logistic regression x2 = 

13.42, df = 2, P < 0.001: Table 1). The relative 
frequency of'missing and extra iimbs also in- 
creased monotonically from light to heal7 
treatments. Indeed, 30% of the metamorphic 
frogs in the healy treatment failed to develop 
either hindlinlb (Fig. 2C). 

These results show that parasite infection 
explains both the frequency and composition of 
abnormalities observed in H. regilln popula- 

- ,  
Control ' Aiaria ' Ribeiroia' and 

Ribeiro~a 
Treatment 

Table 1. Composition of abnormalities from experimental and field studies of in parentheses indicate (number of abnormal metamorphic frogs)/(total 
Hyla regilla. Numbers represent the proportion of the total abnormalities number of frogs inspected). The mean number of abnormalities per abnormal 
falling within a particular category (75). Treatment categorization by the frog i SD, an index of abnormality severity, is displayed for each treatment 
number of Ribeiroia cercariae to which tadpoles were exposed: light (16 and for the field data in the final row of the table. Abnormality categories are 
cercariae), intermediate (32 cercariae), and heavy (48 cercariae). The numbers adapted, in  part, from Tyler (15). 

Abnormality type Control (%) Light (%) Intermediate (%) Heavy (%) Field sites (%) 
(0131) (22131) (1 711 8) (1 811 8) (108618818) 

CephaUc and axial 
Anophthalmy (missing eye) 
Mandibular hypoplasia (abnormal jaw) 
Open wound 
Other 

Forelimb 
Hemi- and ectromely (missing limb) 
Ectrodactyly (missing digit) 
Cutaneous fusion 
Polydactyly (extra digit) 
Polymely (extra limb) 
Other malformed* 

Hindlimb 
Hemi- and ectromely (missing limb) 
Ectrodactyly (missing digit) 
Cutaneous fusion 
Taumely (bony triangle) 
Polydactyly (extra digit) 
Polymely (extra limb) 
Femoral projection? 
Other malformed* 

No. abnormalities per abnormal frog 

*Other malformed includes brachymely, permanent extension, brachydactyly, syndactyly, and edema. +Femoral projection constitutes a digit-like appendage growing from the 
dorsal tissue of the femur (Fig. 2H). 
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die before reaching sexual maturity. Induction sites. If Ribeiroia is involved in the recent 
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