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16 A Decade of Deformities
Advances in Our Understanding 
of Amphibian Malformations 
and Their Implications

Pieter T.J. Johnson, Mari K. Reeves, 
Sherry K. Krest, and Alfred E. Pinkney

Abnormal amphibians have been reported in the literature for centuries. Since at least the 1700s, 
malformed amphibians, especially frogs with multiple hind limbs, have been documented in 
research articles, illustrated in atlases, and preserved in museums (Vallisneri 1706; de Superville 
1740; Van Valen 1974; Ouellet 2000). Generally, such reports have involved an isolated individual 
or, in rare cases, a few animals. But it was not until August 1995, when a group of Minnesota middle 
school students discovered a pond in which 50% of the frogs had missing limbs, extra limbs or feet, 
bony protrusions, and skin webbings, that the issue of malformed amphibians was catapulted to the 
forefront of the public’s attention (Kaiser 1997, 1999; Schmidt 1997; Souder 2000). Subsequent field 
surveys discovered large numbers of abnormal frogs in other regions of North America (NARCAM 
2008), particularly parts of the Midwest (Helgen et al. 1998; Hoppe 2000, 2005; Vandenlangenberg 
et al. 2003), the West (Johnson et al. 1999, 2002, 2003), Alaska (Reeves et al. 2008), and the 
Northeast (Converse et al. 2000; Kiesecker 2002; Eaton-Poole et al. 2003; Levey 2003). The causes 
of observed abnormalities and their potential implications for human health and wildlife conserva-
tion became a topic of intense scientific debate and controversy. Now, more than a decade later, we 
revisit the issue and evaluate scientific progress in our understanding of amphibian malformations 
and their environmental significance.
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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 can be found in the first 
edition of this book (Ouellet 2000). In the current edition, we build upon this historical foundation 
by incorporating recent advances in the study of malformed amphibians and addressing the impli-
cations of contemporary observations. We review laboratory and field data and propose questions 
that involve complex, large-scale issues of land use and environmental change. Throughout the 
chapter, we highlight existing data gaps and recommend areas that need further investigation. For 
a review of the patterns and mechanisms involved in limb development and disruption, readers are 
referred to other sources (Bryant et al. 1987; Gilbert 1997; Stopper et al. 2002).

Any investigation of amphibian malformations must begin by identifying what is “normal” or 
expected in an amphibian population, for which some terminology must also be defined. An “abnor-
mality” is a general term referring to “any gross deviation from the normal range in morphological 
variation,” and includes both “malformations” (permanent structural defects resulting from abnor-
mal development) and “deformities” (alterations, such as amputation, to an otherwise correctly 
formed organ or structure) (Johnson et al. 2001a). Abnormalities occur in all organisms, but what 
prevalence is considered normal for amphibians? Normal frequencies of abnormalities have been 
estimated at 0 to 2% (Ouellet 2000) and 0 to 5% (Johnson et al. (2001b). Recent studies looking at 
large numbers of frogs across Canada and the United States support a baseline frequency of 5% or 
lower: Minnesota (2.5%; Hoppe 2000), Michigan (0.14%; Gillilland and Muzzall 2002), the mid-
western and northeastern United States (1.4% to 2.6%; Converse et al. 2000; Schoff et al. 2003), 
western Canada (0.2%; Eaton et al. 2004), Vermont (1.6%; Taylor et al. 2005), and Illinois (0.4%; 
Gray 2000). Surprisingly, many disagreements over the relative importance of potential causes of 
amphibian malformations can be explained by simple differences in how the “problem” is opera-
tionally defined. Thus, our focus here is explicitly on reports of abnormalities in amphibian popula-
tions that significantly and consistently exceed 5% (as determined by the 95% confidence interval 
around the estimate, which will be influenced by the percentage of malformed animals observed 
and by the total sample size examined). The use of a 5% threshold in conjunction with statistical 
confidence intervals may underestimate the number of amphibian populations or species exhibiting 
an abnormal level of malformations, but we believe this offers a rigorous and defensible approach 
for consistently defining the problem. While estimates of abnormality frequency are subject to 
various forms of bias (e.g., malformed frogs may be easier to catch and therefore overestimated, or 
may be quickly eliminated by predators and therefore underestimated), the use of a clearly defined 
“null hypothesis” of what is expected in a population allows sampling efforts to determine whether 
observed patterns differ statistically from what might be considered normal.

Several recent studies have reported much higher levels of malformations in newly metamor-
phosed frogs, ranging from just above baseline to greater than 50% (Helgen et al. 1998; Johnson et al. 
1999, 2002, 2003; Converse et al. 2000; Kiesecker 2002; Eaton-Poole et al. 2003; Lannoo et al. 
2003; McCallum and Trauth 2003; Vandenlangenberg et al. 2003; Hoppe 2000, 2005; Bacon et al. 
2006; Gurushankara et al. 2007; Reeves et al. 2008). Observed abnormalities vary by site and by 
species but generally affect the limbs, including missing and partially missing limbs, irregular skin 
pigmentation, abnormal or deficient bone formation, extra limbs and limb elements, and a variety of 
other conditions that challenge conventional terminology (Figure 16.1). It is these sites and reports 
that have been the focus of more intensive studies to understand the factors responsible. Frogs with 
abnormal internal organs are rarely reported at high frequency and will not be emphasized in this 
review. This lack of information on internal malformations in wild frog populations is at least par-
tially the result of difficulties inherent in documenting internal abnormalities without sacrificing 
large numbers of animals, which is not usually done in field investigations.

Historically, severe malformations are relatively uncommon in amphibian populations. Museum 
studies and resurveys of historic field sites suggest that, in some regions, abnormalities are increasing 
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Figure 16.1 Abnormalities in wild-caught North American frogs. A. R. sylvatica, micromelia on right hind 
limb; B. R. pipiens, bilateral ectromelia; C. R. pipiens, apody on right hind limb and ectromelia at femur on left 
hind limb; D. R. sylvatica, ectromelia of right hind limb; E. B. americanus,  ectromelia of left fore limb; F. R. 
pipiens, ectromelia of left hind limb; G. R. pipiens, syndactyly; H. B. americanus, brachydactyly of left hind 
limb; I. B. americanus, taumelia of right hind limb (note shortening of limb); J. R. pipiens, bilateral taumelia; 
K and L. R. pipiens, cutaneous fusion (skin webbing) between femur and calf on left hind limb; M. R. pipiens 
polymelia; N. R. sphenocephala, polymelia with extra ventral pelvis; O. B. americanus, polymelia of forelimb; 
P. R. pipiens, polydactyly with anteversion of left hind limb; Q. R. pipiens, taumelia and polydactyly of right 
hind limb; R. R. pipiens, hind limb malformation that challenges categorization; S. R. draytonii, bilateral 
edema of limbs; T. R. 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 con-
cluded that frog abnormalities were “more frequent, more varied, more severe, and more widely 
distributed in 1996 and 1997 than in 1958–93.” Similarly, McCallum and Trauth (2003) reported a 
steady increase in amphibian abnormalities in Arkansas, from 3.3% (1957–1979) to 6.9% (1990s) to 
8.5% in 2000. Johnson et al. (2003) noted that accounts of “mass malformations,” in which >5% of 
the amphibian population exhibits limb malformations, are extraordinarily rare in the historical lit-
erature in the United States (1900–1990), particularly in contrast to the number reported since 1990 
(e.g., NARCAM 2008). Collectively, these findings support the hypothesis that recently observed 
patterns of amphibian malformations deviate from the historical precedent. In the sections that fol-
low, we review and evaluate available evidence for proposed causes of such malformations.

16.2  PossiBle Causes

Isolating the causes of abnormalities in amphibians is a necessary step in determining the implica-
tions of the phenomenon and the potential risks for both amphibians and humans. While no single 
cause can explain all deformities, several features have proven consistent. A review of the recent and 
historic cases yields the following observations: 1) abnormalities primarily involve the hind limbs, 
whether in the form of missing, extra, or malformed limbs (Hebard and Brunson 1963; Ouellet et al. 
1997; Helgen et al. 1998; Hoppe 2005); 2) juvenile or premetamorphic frogs are the age class most 
commonly affected (Merrell 1969; Volpe 1977; Reynolds and Stephens 1984; Sessions and Ruth 
1990; Johnson et al. 2001b, 2002); and 3) most abnormal individuals come from lentic or still-water 
habitats (Bishop 1947; Houck and Henderson 1953; Cunningham 1955; Hauver 1958; Lopez and 
Maxson 1990). Few cases of abnormal stream- or river-dwelling amphibians have been reported 
(but see Cooper 1958; Ruth 1961; Banta 1966). These features direct our search toward causative 
agents acting on larval frogs with developing hind limbs, suggesting the causative agent is either in 
the water or affects amphibians while in an early aquatic stage.

Numerous factors have been proposed to explain contemporary observations of abnormal 
amphibians, including parasite infection, injuries from predation, chemical contaminants, UV-B 
radiation, ground-level ozone, radioactive mineral deposits, nutritional deficiencies, teratogenic 
viruses and fungi, acid precipitation, extreme temperatures, and even reformulated gasoline (Ouellet 
2000; Blaustein and Johnson 2003). Genetic mutation is undoubtedly responsible for a portion of the 
abnormalities, and at least one gene is known to cause malformed limbs in amphibians (Droin and 
Fischberg 1980). However, the occurrence of abnormal amphibians at high frequency, in multiple 
species, and across a broad geographic scale has caused many to discount natural mutation as an 
important factor (Meteyer et al. 2000; Loeffler et al. 2001; Blaustein and Johnson 2003; Ankley 
et al. 2004), and genetic analyses of normal and malformed animals have revealed no signs of 
inbreeding (Williams et al. 2008). In this chapter, we focus on the causative agents that are likely 
to impact larger areas and have received extensive research attention: parasitic trematodes, injury 
and attempted predation, chemical contaminants, and UV-B radiation (Ouellet 2000; Cohen 2001; 
Loeffler et al. 2001; Blaustein and Johnson 2003; Ankley et al. 2004). We also discuss multiple 
stressor interactions among these and other factors and their potential significance for amphibian 
population viability.

16.2.1  Parasite infection

Trematode parasite infection is probably the most thoroughly studied cause of amphibian limb mal-
formations thus far. This hypothesis was first suggested by Sessions and Ruth (1990), who reported 
high frequencies of malformed Pacific chorus frogs (Pseudacris regilla) and long-toed salamanders 
(Ambystoma macrodactylum croceum) in a California pond. Upon clearing and staining specimens 
collected from the pond, Sessions and Ruth (1990) discovered high concentrations of trematode 
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A Decade of Deformities 519

cysts around the limbs of affected individuals. Subsequent work later identified the parasite respon-
sible as Ribeiroia ondatrae (Johnson et al. 1999, 2003), a digenetic trematode with a multihost 
life cycle (Figure 16.2). Ribeiroia moves sequentially among freshwater snails (rams horn snails 
in the genera Planorbella and Helisoma), larval amphibians, and finally, birds or, less frequently, 
mammals (Johnson et al. 2004). Infected snails release large numbers of mobile cercariae, which 
seek out and infect larval amphibians. Because cercariae specifically encyst around the developing 
limbs of amphibians, they can cause severe disruptions in limb growth leading to malformations. 
Interestingly, these malformations may aid transmission of the parasite by increasing the vulner-
ability of infected amphibians to bird predators, which become infected when they consume the 
amphibian host. The parasite completes its life cycle in the bird, wherein it develops into a sexually 
mature adult and releases its eggs along with the feces of the bird (Figure 16.2).

Extensive experimental evidence now supports a causal link between Ribeiroia infection and 
limb malformations in amphibians. Exposure to realistic numbers of Ribeiroia cercariae causes 
increased mortality and severe malformations in species of frogs, toads, and salamanders (Johnson 
et al. 1999, 2001b, 2006; Kiesecker 2002; Stopper et al. 2002; Schotthoefer et al. 2003; Johnson and 
Hartson 2009). The frequency of malformations induced is often high, and can reach 100% among 
surviving animals. From this body of work have emerged several important patterns:

 1) Malformations and mortality are dose dependent; higher levels of Ribeiroia exposure 
increase the risk and the severity of malformations produced, as well as the likelihood that 
animals die following exposure. Low levels of infection may or may not cause any obvious 
pathology.

A B

Figure 16.2 The digenetic trematode Ribeiroia ondatrae causes severe limb malformations in amphibi-
ans.  A. The complex life-cycle of the parasitic trematode, Riberoria ondatrae (drawing by Brandon Ballengée); 
B. Metacercaria of R. ondatrae isolated from a malformed amphibian (image courtesy of D. Sutherland).
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520 Ecotoxicology of Amphibians and Reptiles

 2) The timing of parasite exposure influences the degree of pathology and the types of mal-
formations. Malformations are most likely to occur when larval amphibians are exposed 
during early limb development (Bowerman and Johnson 2003; Schotthoefer et al. 2003). 
Exposure to Ribeiroia prior to limb growth also may increase the risk of mortality (e.g., 
Schotthoefer et al. 2003), whereas exposure after limbs are fully developed is unlikely to 
alter development. This suggests that amphibian species with differing larval development 
periods may exhibit different levels of infection or malformations, even within a single 
wetland (see Johnson et al. 2001a; Hoppe 2005).

 3) Amphibian species vary in their responses to Ribeiroia infection. Exposure to identical 
levels of Ribeiroia infection may cause different types or frequencies of malformations 
in different species. For example, while Pacific chorus frogs exhibit predominantly extra 
limbs and digits in response to Ribeiroia (Johnson et al. 1999, 2002), American toads (Bufo 
americanus) suffer primarily from skin webbings and bony triangles, with very few extra 
limbs (Johnson and Hartson 2009). Some amphibian species (e.g., gray treefrogs (Hyla 
versicolor)) appear to be resistant to Ribeiroia infection, possibly owing to differences in 
innate immune response (Johnson and Hartson 2009).

Field evidence further substantiates the association between Ribeiroia and certain types of mal-
formations. Working in the western United States, Johnson and colleagues (1999, 2002, 2003) have 
reported strong associations between the presence of Ribeiroia and the presence of severe limb 
malformations (significantly >5%). Importantly, higher concentrations of Ribeiroia infection are 
positively correlated with the frequency of malformations, emphasizing the functional relationship 
between parasitism and amphibian abnormalities in nature (see also Johnson and Chase 2004). 
Kiesecker (2002) reported similar patterns for a subset of wetlands in the Northeast, and showed 
that the experimental exclusion of Ribeiroia cercariae effectively eliminated malformations within 
field enclosures. Ribeiroia infection has also been linked to cases of severe malformations in the 
Midwest (e.g., Lannoo et al. 2003; Sutherland 2005; Johnson and Hartson 2009). It is important to 
emphasize, however, that not all methods used to detect parasites are equally effective. Clearing 
and staining of amphibians, which often involves removal of the skin and digestion of tissue, will 
often destroy parasites, leading to the false conclusion that Ribeiroia is absent (e.g., see Gardiner 
and Hoppe 1999 and Sutherland 2005 for contrasting findings for Ribeiroia infection in the “CWB” 
wetland in Minnesota). Examination of preserved frogs, frozen material, or histological sections 
can also obscure the identity of isolated parasites, as trematode metacercariae are often difficult to 
identify. Researchers should strive to examine freshly isolated, living parasites to detect key mor-
phological features (see Sutherland 2005; Johnson and Hartson 2009).

Despite strong links between Ribeiroia infection and amphibian malformations in certain spe-
cies and regions, Ribeiroia does not explain all accounts of malformations in amphibians. Some 
wetlands with a high frequency of abnormal frogs do not support Ribeiroia infection (Lannoo et al. 
2003; Reeves et al. 2008). One of the advantages of trematode infection as a hypothesis to explain 
malformations is that it is very easy (and inexpensive) to test. If Ribeiroia is not found in amphib-
ians following examination by a trained parasitologist, it is unlikely to be responsible for observed 
abnormalities. Using this method, researchers have eliminated Ribeiroia as a potential cause at 
several known malformation sites (see Lannoo et al. 2003; Linzey et al. 2003; Bacon et al. 2006; 
Reeves et al. 2008). If Ribeiroia is found in amphibians, it may or may not be responsible for frog 
abnormalities, depending on the amount of infection, the timing of infection, the amphibian species 
involved, and the types of abnormalities observed. For example, low levels of Ribeiroia or infection 
occurring outside of the limb development period are unlikely to cause malformations. In our expe-
rience, Ribeiroia is most commonly associated with specific types of malformations, such as skin 
webbings, bony triangles, shortened long bones, and missing or extra limb elements (Figure 16.1). 
However, extra limbs may or may not occur, depending on the amphibian species involved (see 
above). Thus, the recurring suggestion that Ribeiroia causes only (or even predominantly) extra 
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limbs is a gross oversimplification (e.g., Skelly et al. 2007). However, Ribeiroia is rarely associated 
with sites that produce exclusively missing limbs and/or digits in the absence of other malformation 
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 malformations in amphib-
ians. Several other trematodes (e.g., Alaria and Echinostoma) failed to induce limb abnormalities 
in laboratory experiments (Fried et al. 1997; Johnson et al. 1999). However, growing evidence sug-
gests that other parasites may also cause disruptions in limb development. For example, Rajakaruna 
et al. (2008) reported that an unidentified trematode (monostome type) caused missing and abnor-
mal limbs in the common hourglass frog (Hyla ebraccata) in Sri Lanka. Whether such abnor-
malities also occurred at field sites with the parasite is unknown. Other parasites have also been 
linked to morphological abnormalities in amphibians. Murphy (1965) found that infections by an 
ectoparasitic mite were associated with limb and heart anomalies in pickerel frogs (Rana palustris). 
Similarly, Kupferberg et al. (forthcoming) reported a significant association between ectoparasitic 
copepod infestations (Lernaea sp.) and limb abnormalities in foothill yellow-legged frogs (Rana 
boylii). Among larval and metamorphosing frogs, the prevalence of missing and abnormal limbs 
was 26%, whereas <1% of uninfected animals exhibited abnormalities. Finally, Rostand and Darré 
(1969) suggested that a teratogenic virus excreted by fish was responsible for high rates of severe 
malformations observed over several decades in Europe (Ouellet 2000). When common frog (Rana 
temporaria) larvae were exposed to fish mucus during the first few days of development, digit mal-
formations were produced (Surlève-Bazeille et al. 1969; Ouellet 2000). However, Surlève-Bazeille 
and Cambar (1969) were unable to produce the abnormality observed by Rostand and Darré (1969) 
when exposing R. esculenta to the fish mucus or bacterial cultures of it (Ouellet 2000). Whether the 
putative virus was ever isolated and identified is unclear, and to the best of our knowledge there has 
been little follow-up work by other researchers.

16.2.2  Predation

Predation is often cited as the single most important factor regulating amphibian survivorship 
and population size (Martof 1956; Calef 1973; Licht 1974; Cecil and Just 1979; Woodward 1983). 
Amphibian predators encompass a diverse collection of terrestrial and aquatic taxonomic groups, 
including mammals, birds, reptiles, fishes, aquatic insects, crayfish, and other amphibians (Martof 
1956; Calef 1973; Licht 1974; Bradford 1989; Fauth 1990; Jennings et al. 1992; Kiesecker and 
Blaustein 1997). Tissue predation is almost certainly responsible for some fraction of observed 
abnormalities, but few studies have ever recorded baseline levels of injury in amphibian popula-
tions, making isolation of this component difficult (Martof 1956; Dubois 1979). To date, surpris-
ingly little research has examined the potential role of predation in causing limb abnormalities, 
and predators are either ignored or discounted in most discussions of amphibian malformations 
(e.g., Lannoo 2008). The hypothesis implicating predation as a contributor to recent occurrences 
of amphibian abnormalities is often criticized on the grounds that: 1) a predator is far more likely 
to consume an entire animal rather than simply a leg; 2) injuries should produce scar tissue at the 
wound site, which would be an obvious indicator of earlier trauma in a metamorphic frog; and 3) 
a frog could not suffer an injury as severe as the loss of an entire limb without dying (Meteyer 
et al. 2000; Lannoo 2003, 2008; Loeffler et al. 2001). These assumptions may hold true for cer-
tain predators and for injuries inflicted during certain periods, but there are many cases in which 
they break down. Although birds, mammals, turtles, and larger fish may consume an entire frog, 
smaller predators such as aquatic insects, small fish, and crayfish are much more likely to attack an 
exposed portion of an amphibian, such as a limb or a tail. Even more importantly, many of these 
predators will inflict injuries not on adult frogs, but on larval amphibians. Two important facts 
about predator attacks on larval amphibians are worth emphasizing. First, larval anurans have 
some capacity for tissue regeneration; thus, if the amputation or injury occurs during limb devel-
opment, subsequent regeneration — while incomplete — is often sufficient to eliminate obvious 

AU: Please update.
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signs of trauma, creating a malformation (Fry 1966). Second, the loss of a tadpole limb — which 
is only partially ossified and incompletely vascularized — is likely to be far less severe than the 
loss of an adult frog limb. While many tadpoles likely die in response to such severe trauma (see 
Bohl 1997a, 1997b), those individuals that survive the injury to metamorphose can often exhibit 
missing or abnormal limbs.

Growing evidence now suggests that predators may play an important role in causing certain 
types of abnormalities in amphibians. Recent experimental studies conducted with leeches, stick-
lebacks, and odonate naiads indicate that predation can cause a high frequency (e.g., >5%) of cases 
of amphibian limb abnormalities. Two teams of researchers in Germany concluded that leeches 
(Erpobdella octoculata) were responsible for severe malformations in several populations of the 
common toad, Bufo bufo (Figure 16.3; Viertel and Veith 1992; Veith and Viertel 1993; Bohl 1997a, 
1997b). In all cases, the abnormalities were dominated by partially and completely missing limbs, 
which exceeded 20% in some wetlands. While no genetic anomalies or contaminants could be 
linked to the abnormalities, experimental enclosures that permitted water but excluded predators 
eliminated the abnormalities in developing anurans (Bohl 1997a, 1997b). More importantly, investi-
gators were able to reproduce the same suite of abnormalities in toads exposed to leech attack in the 
laboratory (Viertel and Veith 1992). While many larval toads died from the initial attack, those that 
escaped often developed abnormal limbs, similar to what was seen in field observations. Because 

A

D

B

C

Figure 16.3 Aquatic predators capable of causing limb abnormalities. A. Two dragonfly larvae represent-
ing the families Libellulidae (left) and Aeshnidae (right), which both prey upon amphibian larvae (image 
courtesy of P. Jensen); B. Lower mandibles of libelluilid (left) and aeshnid (right) dragonfly larvae (image 
courtesy of J. Bowerman); C. Leeches (Erpobdella sp.) can attack and injure the developing limbs of tadpoles; 
D. Three-spined sticklebacks (Gasterosteus aculeatus) have been linked to limb abnormalities in toads from 
Oregon (image courtesy of J. Bowerman).
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anurans have partial regenerative ability prior to metamorphosis, some of the injuries became 
developmental malformations (also see Forsyth 1946; Fry 1966). Subsequent efforts to reduce the 
population of leeches within a wetland were successful in eliminating abnormalities in the toad 
population, offering compelling experimental evidence for the causal role of leeches (Bohl 1997b). 
Interestingly, however, because leeches were active primarily at night, investigators working during 
daylight did not initially realize their importance.

Similarly, Bowerman et al. (forthcoming) conducted a series of studies examining the importance 
of 3-spined sticklebacks (Gasterosteus aculeatus) and corduliid dragonfly larvae (Somatochlora 
albicincta) in causing amphibian abnormalities (Figure 16.3). Across a period of more than 10 years 
and >10 000 amphibians, they found that the annual abundance of introduced sticklebacks correlated 
positively with the frequency of limb abnormalities (missing limbs and digits) in western toads (Bufo 
boreas), which often exceeded 15%. As with the leech studies, experimental enclosures established 
within the lake precluded the occurrence of abnormalities in protected animals, whereas experimen-
tal laboratory trials revealed that sticklebacks will actively attack and injure the developing limbs 
of toad tadpoles, leading to abnormalities similar to those observed in the field (Bowerman et al. 
forthcoming). These same authors found that larval odonates (Somatochlora albicincta) can cause 
high levels (>15%) of missing and abnormal limbs in Cascades frogs (Rana cascadae). Through 
carefully designed experiments and sustained field observations, the authors established a compel-
ling link between the abundance of larval odonates and the types and frequencies of abnormalities 
observed among high-elevation wetlands in Oregon. On several occasions, odonates were observed 
attacking (and removing) the limbs of larval R. cascadae, and complementary experiments revealed 
that the addition of S. albicincta to enclosures induced the same types of abnormalities.

In the cases of leeches, sticklebacks, and larval insects, predators create an injury that either results 
directly in an abnormality (e.g., a missing limb) or creates a malformation during the regeneration 
process. This latter occurrence can be particularly important because the partially regenerated limb 
becomes a developmental malformation, even though it resulted from trauma. Literature on amphib-
ian regeneration suggests that the timing and location of the injury are key determinants of the type 
of abnormality produced. Fry (1966), for example, found that if northern leopard frog (R. pipiens) 
limbs were amputated at early stages (Taylor and Kollros (1946) stages VII to XIII, prior to complete 
differentiation of the digits), these limbs regenerated into fully patterned albeit smaller limbs. When 
amputation occurred later in development, however, after joints and digits had already developed a 
pattern, the limb would heal into a stump lacking joints, toes, or other limb-like features (Fry 1966). 
More distal structures (feet and toes) retained regenerative ability longer than proximal structures (e.g., 
the femur). Reeves et al. (unpublished) found similar results for wood frogs (Rana sylvatica). Another 
study of 4 species of Japanese frogs also produced comparable results: regenerative ability was present 
in all species, but varied among species and decreased with age at amputation (Kurabuchi and Inoue 
1982). Taken together, these studies suggest that predator-mediated injuries early in tadpole develop-
ment can cause abnormalities such as shrunken, missing, or truncated hind limbs, as documented in 
naturally occurring amphibian populations (see above and Reeves et al. 2008).

16.2.3  Biocides and chemical Pollution

The hypothesis that anthropogenic chemicals in the environment are responsible for amphibian 
abnormalities is one of the most alarming. Amphibians are often cited as indicator species, showing 
heightened sensitivity to environmental conditions before they become deleterious for other spe-
cies (Chandler and Marking 1975; Cooke 1981; Blaustein et al. 1994; Van der Schalie et al. 1999). 
Abnormalities in amphibians could represent a sublethal response to a toxic chemical in their habi-
tat. If chemicals are the responsible agents, are they natural or anthropogenic, and what implications 
do abnormalities in amphibians have for human health and well-being?

Field and laboratory studies have been conducted to determine whether chemical exposure plays 
a role in amphibian 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 biocides 
with prevalence in “reference” areas. Laboratory experiments can be grouped into 2 categories: 
short-term tests with endpoints in the early to mid tadpole stage (such as the 96-hour Frog Embryo 
Teratogenesis Assay–Xenopus (FETAX)) and tests with endpoints at the late tadpole stages (past 
hind limb emergence) or through metamorphosis. We assert that the most relevant laboratory stud-
ies for assessing possible causes of the types of abnormalities typically observed in the field are 
those that evaluate late-stage tadpoles or newly metamorphosed frogs. These studies should test a 
range of environmentally realistic and analytically documented contaminant concentrations.

In agricultural regions, amphibians are one of the nontarget groups most commonly affected by 
biocides, fertilizers, and their inert ingredients (Relyea 2005). This is largely because 1) the devel-
opmental timing of amphibian larvae often coincides with the season of heaviest biocide use, 2) the 
aquatic habitats used by amphibians may concentrate chemicals applied in the surrounding area, 
and 3) amphibian prey are one of the intended targets of a given biocide. Because of these spatial 
and temporal associations between biocides and breeding amphibians, agricultural chemicals and 
fertilizers have spurred numerous amphibian abnormality studies (see reviews in Ouellet 2000; 
Ankley et al. 2004).

Fieldwork has been an important component of investigations into agricultural and nonagri-
cultural chemicals. Working in Canada, Ouellet et al. (1997) compared the frequency of anuran 
abnormalities on agricultural lands to those on nonagricultural lands. They recorded >10 times 
more abnormalities on agricultural sites. These results, while not statistically significant due to 
high variance, have been cited as suggestive and prompted additional studies. In western India, 
Gurushankara et al. (2007) found a higher prevalence of missing and shrunken limbs in rice paddies 
and coffee plantations than in forested areas used as reference sites. Taylor et al. (2005) found agri-
cultural land use increased the risk of amphibian abnormalities in the northeastern United States. 
Piha et al. (2006), however, did not find such an association in agricultural areas in Finland.

Laboratory exposure studies have investigated the effects of agricultural chemicals on the preva-
lence of abnormalities. Here we summarize studies that noted external abnormalities. The many 
studies that examined whether exposure to atrazine results in gonadal abnormalities are summa-
rized in Chapter 8. Grossly visible abnormalities have been induced by laboratory exposures to 
organochlorine compounds, including DDT (Rana temporaria, Cooke 1981), dieldrin (Xenopus 
laevis, Rana catebeiana, Schuytema et al. 1991; Rana perezi, Alvarez et al. 1995), and lindane 
(Xenopus laevis, Marchal-Segault and Ramade 1981); organophosphates, such as folidol (Rana per-
ezi, Alvarez et al. 1995), malathion (Microhyla ornata, Pawar et al. 1983), and guthion (Xenopus 
laevis, Schuytema et al. 1994); carbamates, such as ZZ-Aphox (Rana perezi, Honrubia et al. 1993, 
Alvarez et al. 1995), oxamyl (Rana temporaria, Cooke 1981), and carbaryl (Rana perezi, Bridges 
2000); and certain herbicides, such as paraquat (Rana pipiens, Dial and Bauer 1984) and glyphosate 
(Rana sylvatica, Glaser 1998). Although the effects of these agricultural chemicals vary, it is clear 
they can cause skeletal abnormalities in developing amphibians. In laboratory experiments, carbam-
ate and organophosphate pesticides caused scoliosis, shortening of the long bones, and twisted epi-
physes in Rana perezi (Alvarez et al. 1995). The insecticide carbaryl caused 80% of exposed Rana 
sphenocephala tadpoles to develop abnormal curvature of the tail (Bridges 2000). The insecticides 
endosulfan and azinphosmethyl and the fungicide mancozeb caused skeletal and eye abnormalities 
in Bufo americanus and Rana pipiens (Harris et al. 2000). Recently, Brunelli et al. (2009) reported 
that endosulfan exposure of the common toad (Bufo bufo) from Gosner stage 25 (Gosner 1960) to 
metamorphosis resulted in an increased incidence of malformations, observed at various stages of 
development. The malformations included bloated heads, kinked tails, and abnormal development 
of the mouth.

Nonagricultural pollutants have also been linked to amphibian abnormalities in the field. 
Amphibians exposed to coal combustion wastes exhibited a higher incidence of skeletal abnor-
malities in contaminated sites (18 to 37%) than in reference sites (0 to 4%; Hopkins et al. 1998, 
2000). Flyaks and 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 ridi-
bunda, Bombina bombina, and Bufo viridis) from the eastern Ukraine. Three areas were studied, 
2 of which were highly industrialized. They measured tissue residues of metals and interpreted 
environmental data. The authors concluded that the frequency of abnormalities was correlated with 
the levels of environmental contamination.

A survey of cane toads, Bufo marinus, conducted in 2000–2003 in Bermuda, showed a high 
prevalence of limb abnormalities, particularly digit abnormalities and partially missing limbs 
(Bacon et al. 2006). To further investigate possible stressors, Fort et al. (2006a) conducted labora-
tory toxicity tests with B. marinus and Xenopus laevis using sediments and water collected from 
affected ponds. Chemical characterization of sediments indicated that metals, petroleum hydrocar-
bons, and ammonia occurred at potentially toxic concentrations. B. marinus embryos raised through 
metamorphosis in microcosms at the sediment-water interface exhibited abnormalities similar to 
those in free-ranging toads (Fort et al. 2006a, 2006b). Similarly, Sparling et al. (2006) conducted 
a dose-response study with Rana sphenocephala tadpoles using sediment from a shooting range 
spiked with concentrations of lead acetate. Surviving tadpoles demonstrated multiple skeletal mal-
formations, including curvature of the spine and truncated and twisted femurs, long bones, and 
digits. All malformations were bilateral and essentially symmetrical, unlike most malformations 
observed in nature. Skeletal abnormalities occurred at concentrations of 540 mg/kg, far less than 
the highest contaminant concentration (5700 mg/kg) detected in wetlands near the range. Chen et 
al. (2006) also reported spinal deformities in northern leopard frog tadpoles exposed to lead in the 
water column. Scoliosis was detected in 92% of tadpoles exposed to 100 µg/L, and this condition 
was associated with abnormal swimming behavior. It persisted in some frogs after metamorphosis. 
A long-term laboratory exposure of green frogs (Rana clamitans) and northern leopard frogs (Rana 
pipiens) to PCB 126 through metamorphosis yielded few skeletal abnormalities (Rosenshield et al. 
1999). Only the incidence of edema was significantly higher in both species exposed to the highest 
concentration (50 µg/L).

The fundamental challenge in investigating the role of contaminants in causing amphibian limb 
malformations in nature is determining which chemical(s) (or combination thereof) to study. Testing 
for the full suite of these compounds and their various breakdown products in wetlands is prohibi-
tively expensive and methodologically challenging. This has often caused investigators to focus their 
search on particular chemicals or classes of compounds. Beginning in the late 1990s, increased 
attention focused on the possible role of retinoids in causing amphibian malformations in nature 
(e.g., Gardiner and Hoppe 1999; Gardiner et al. 2003). Retinoids are vitamin A derivatives with well-
documented tendencies to disrupt development (including limb growth) and pattern formation in 
vertebrates (Bryant et al. 1987; Bryant and Gardiner 1992; Maden 1993; Gilbert 1997; Gardiner and 
Hoppe 1999). The insect growth regulator methoprene, which was widely applied as an antimosquito 
agent and flea treatment for domestic pets (Harmon et al. 1995), initially received attention as a pos-
sible agent contributing to amphibian abnormalities because of the similarities between methoprene 
acid and retinoic acid (Henrick et al. 2002). Methoprene and its derivatives were initially found to 
cause developmental problems in Xenopus embryos even at low concentrations (Dumont et al. 1997; 
Degitz et al. 2000). Yet in later experiments, Degitz et al. (2003a) reported that the concentrations of 
methoprene required to cause developmental toxicity in amphibians were much more likely to cause 
mortality than developmental malformations (see also Ankley et al. 1998). Methoprene was also 
not correlated with the occurrence of amphibian malformations in nature (Sparling 2000; Henrick 
et al. 2002). Degitz et al. (2000, 2003b) arrived at a similar conclusion for the direct exposure of 
amphibians to exogenous retinoic acid. In experiments with both pulsed and continuous retinoic acid 
exposure, the authors reported that the conditions necessary to induce limb malformations in native 
amphibians were unlikely to occur in nature (see Ankley et al. 2004).

Building upon this foundation, Bridges et al. (2004) used a novel approach to investigate the pos-
sible role of contaminants in causing observed frog malformations. They deployed a series of semi-
permeable membrane devices (SPMDs), which are integrated samplers that effectively “soak up” 
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lipophilic organic compounds from the environment, in 2 Minnesota wetlands: one with a history 
of severe malformations in multiple amphibian species (“impacted” site) and one with few observed 
abnormalities (“reference” site). After a 30-day deployment period, the authors retrieved the SPMDs 
from the ponds and raised leopard frog (Rana pipiens) larvae in water containing extracts from the 
SPMDs. Intriguingly, extracts from the impacted site caused a high frequency of bony triangles and 
skin webbings in metamorphosing frogs, leading the authors to suggest that a chemical or combina-
tion of chemicals from the pond was teratogenic. Extracts from the reference site did not cause bony 
triangles. However, skin webbings were observed in >40% of animals exposed to extracts from the 
reference site — which did not support these abnormalities in nature — and in 20% of animals in 
the SPMD control treatment, suggesting that more work is needed to understand the effects of this 
approach on amphibian development. Linking these results to field patterns is further complicated 
by the finding that the impacted site in this study supports extremely high abundances of Ribeiroia 
infection (see Sutherland 2005). Nevertheless, integrated approaches such as this that attempt to 
identify potentially teratogenic compounds from field sites have enormous potential in helping to 
narrow and direct the search for environmentally important contaminants.

In summary, while it is clear chemicals can cause skeletal malformations in amphibians, and 
field studies suggest chemical contamination is sometimes correlated with the occurrence of abnor-
malities, it has only been rarely demonstrated that chemical contaminants directly cause abnormali-
ties similar to those observed under field conditions (Fort et al. 2001, 2006a, 2006b; Bridges et al. 
2004). This issue is complicated by the diversity of chemicals released to the environment, the dif-
ficulties (and expense) in detecting parent and metabolite compounds in the field, and the proclivity 
for chemicals to interact with one another to affect amphibians. Future tests need to incorporate 
more ecologically relevant approaches that critically evaluate the effects of chemical agents on 
limb growth in native amphibians (see Degitz et al. 2003a, 2003b; Ankley et al. 2004; Bridges 
et al. 2004). Boone and James (2005) reviewed the use of mesocosms in amphibian ecotoxicology 
and cited several studies that have used mesocosms to evaluate the prevalence of abnormalities (e.g., 
Bishop et al. 2000; Harris et al. 2001; Kiesecker 2002).

A promising approach is the coordinated use of field surveys, laboratory exposures, and meso-
cosm studies supported by tissue residue analyses (e.g., Flyaks and Borkin 2004; Boone and James 
2005; Bacon et al. 2006; Fort et al. 2006a, 2006b).

16.2.4  uV-B radiation

Declines in the earth’s ozone layer have been connected with seasonal increases in the level of 
UV-B penetration, which is suspected to have deleterious effects on wildlife (Kerr and McElroy 
1993; McKenzie et al. 1999; see Chapter 13, this volume). Because many amphibians deposit 
their relatively unprotected eggs in shallow water, this group is perhaps particularly vulnerable 
to changes in UV-B. Blaustein et al. (1994) demonstrated that ambient levels of UV-B radiation in 
the Oregon Cascades significantly reduced the hatching success of 2 amphibian species known to 
be in decline. In addition to mortality, developmental abnormalities were observed in surviving 
embryos exposed to solar UV-B radiation. Abnormal growth and development of the tail, concave 
curvature of the spine, bloating or distention of the body cavity, and improper development of the 
cornea were recorded in the embryos of multiple species (Hays et al. 1996). Subsequent studies have 
also noted adverse effects from laboratory UV-B exposures. Elevated UV-B increased mortality in 
larval and embryonic amphibians and caused developmental abnormalities, including skin burns, 
spinal curvature, abnormal cornea development, eye cataracts, and delayed development (Worrest 
and Kimmeldorf 1976; Grant and Licht 1995; Ovaska et al. 1997). To specifically investigate the 
connection between UV-B radiation and amphibian abnormalities, Blaustein et al. (1997) conducted 
a field-based experiment exposing spotted salamander (Ambystoma macrodactylum) embryos to 
ambient UV-B conditions. Embryos protected from UV-B had a 95% survival rate with less than 
1% abnormality rate. In the unshielded condition, hatching success was less than 15% and the 
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frequency of abnormalities in surviving embryos was 86%. The predominant abnormalities were 
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 for embryonic and larval 
amphibians, they do not directly address the importance of UV-B in causing limb abnormalities. 
Limited evidence suggests that, in some circumstances, UV-B exposure can cause limb malforma-
tions. Butler and Blum (1963), for example, reported that localized UV irradiation (at greatly ele-
vated levels) could induce supernumerary limbs in salamander larvae (see also Ankley et al. 2004). 
More recent laboratory and outdoor studies have established that exposure to ambient UV-B can 
cause high frequencies of limb reductions or deletions in amphibians (Ankley et al. 2000, 2002). 
However, the resulting abnormalities were generally bilaterally symmetrical, unlike most field 
observations, causing the authors to question a direct role of UV-B in explaining recently observed 
malformations in amphibians (Ankley et al. 2002, 2004). Additionally, extensive field studies and 
risk analyses suggest that the levels of UV-B exposure to which amphibians are exposed in natural 
wetlands will often be insufficient to induce abnormalities (Peterson et al. 2002; Diamond et al. 
2002). In nature, UV-B is rapidly attenuated in aquatic ecosystems, often within a few centimeters, 
owing to dissolved organic carbon in water (Palen et al. 2002; Diamond et al. 2002; Ankley et al. 
2004). Thus, while UV-B may pose a threat to amphibian eggs (which are laid in shallow water 
by some species) or in exceptionally clear or shallow water, most evidence suggests that the UV-B 
hypothesis is unsupported as a major cause of limb abnormalities in nature (Blaustein and Johnson 
2003; Ankley et al. 2004; Reeves et al. 2008). UV-B radiation is more frequently associated with 
problems of the cornea, skin, or neural and spinal development (Malacinski et al. 1974; Blaustein 
et al. 1994; 1997; Grant and Licht 1995; Ovaska et al. 1997; Ankley et al. 2004).

16.3  MultiPliCity oF Causes

Given the wide range in the composition of abnormalities, the large number of amphibian species 
recorded with abnormalities, and the broad geographic range affected, we suggest that multiple fac-
tors are almost certainly responsible for the amphibian abnormalities documented since the early 
1990s. The involvement of multiple causative agents heightens the complexity of the investiga-
tion considerably. Sites with similar abnormalities may, in fact, be affected by unrelated causes. 
Alternatively, multiple, interacting causes may be operating within a single wetland.

Whereas all factors currently under investigation (chemicals, parasites, predators, or UV-B radi-
ation) have the potential to induce abnormalities, it is difficult to assess if they actually cause abnor-
malities in situ. Studies need to be carefully designed to detect multiple, potentially interacting 
causes. This process has been hindered by the artificial division of causes into “natural” (parasite, 
injury) and “anthropogenic” (elevated UV-B radiation, xenobiotic chemical) sources. Such catego-
ries are misleading because they ignore the very real potential for interactions among these factors 
and because they (wrongly) suggest that natural factors are unlikely to be a problem. For example, 
malformations caused by nonnative predators or by emerging pathogens may pose a very real threat 
to amphibian populations, despite that both agents are natural. To illustrate this point, consider the 
case of emerging pathogens in human and wildlife populations. While most of these pathogens are 
natural, they can nevertheless pose a significant threat to affected hosts, often owing to changes in 
infection prevalence caused by underlying environmental changes (e.g., Daszak et al. 2000; Harvell 
et al. 2002). We argue that the putative causes of abnormalities should instead be classified as either 
biotic or abiotic (see Johnson and Lunde 2005), and suggest that interactions between these groups 
are more likely to be the rule than the exception.

Several studies have found evidence for multiple interacting factors in driving amphibian 
abnormalities, particularly in association with Ribeiroia infection. Kiesecker (2002), for example, 
reported that larval wood frogs exposed to common pesticides developed higher levels of Ribeiroia 
infection than did 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 expo-
sure reduced the immune response of amphibians in response to parasitic invasion, leading ulti-
mately to higher infection levels (see also Belden and Kiesecker 2005; Koprivnikar et al. 2007). 
More recently, Johnson et al. (2007) showed that eutrophication resulting from nutrient runoff can 
increase the levels of Ribeiroia infection. Excess nutrients stemming from agricultural fertilizers, 
livestock manure, or urbanization enhance algal growth in aquatic systems, ultimately promoting 
the growth and reproduction of the snail hosts for Ribeiroia (e.g., Planorbella spp.). In a large-scale 
mesocosm experiment, Johnson et al. (2007) found that nutrient enrichment led to increases in both 
the density of infected snails and the per snail production of infectious cercariae. This increase in 
parasite production translated directly to an increase in Ribeiroia infection in larval amphibians. 
Rohr et al. (2008) recently found evidence that both nutrient runoff and pesticides were contribut-
ing to elevated trematode infections in Minnesota amphibians, underscoring the complexity of the 
relationships between environmental change and host-parasite interactions.

The presence and composition of predators in freshwater ecosystems can also indirectly influence 
trematode infection. Larval amphibians often change their behavior in response to the chemical cues 
from fish or dragonfly predators, spending more time immobile or hiding to avoid detection. Such 
changes may increase their vulnerability to parasite infection. Thiemann and Wassersug (2000) found 
that amphibian larvae exposed to chemical cues from caged predators spent less time moving and 
developed significantly higher trematode infections. In a related example, Johnson et al. (2006) found 
that conspecific attack (i.e., cannibalism) by amphibians can increase the frequency of parasite-induced 
malformations. Larval salamanders frequently attack one another, often causing limb injury or loss 
(e.g., Crump 1983; Walls et al. 1993; Wildy et al. 2001). If injured animals were subsequently exposed to 
Ribeiroia during the regeneration process, the limbs were 3 to 5 times more likely to develop permanent 
malformations than uninjured limbs. Predators, however, also have the potential to reduce infection. By 
consuming trematode cercariae, dragonfly larvae and other predators could indirectly reduce infection 
and malformations in amphibians (Schotthoefer et al. 2007; Thieltges et al. 2008).

Finally, environmental contaminants have enormous potential to interact with factors such as 
UV-B radiation, pH levels, predator cues, and other contaminants (e.g., Relyea and Hoverman 2006). 
For example, Relyea (2005) found that commercial-grade Roundup®, containing the active ingre-
dient glyphosate and a polyethoxylated tallowamine (POEA) surfactant, exposure was far more 
lethal to amphibians when combined with the presence of predators (as would occur in nature) than 
under artificial laboratory conditions. Such interactions underscore the complexity of investigating 
amphibian malformation phenomena in nature. To summarize: 1) amphibian abnormalities can be 
caused by a variety of abiotic and biotic agents, 2) there is frequently more than one causal agent 
present, 3) these agents vary in importance among sites and years, and 4) no single cause is likely 
to explain all high-frequency accounts of amphibian deformities in the wild (Carey et al. 2003). A 
brief overview of the US Fish and Wildlife Service’s Abnormal Amphibian Project illustrates the 
complexities inherent to a causal analysis focused on malformations in amphibians.

16.4  Case study: us FisH and WildliFe serviCe, 
aBnorMal aMPHiBian ProjeCt

In 2000, the US Fish and Wildlife Service (USFWS) began a uniquely large-scale and collaborative 
program focused on understanding the geographic distribution and severity of amphibian abnormali-
ties on US National Wildlife Refuges. The objectives were to 1) determine the prevalence of abnor-
malities in frogs on refuges; 2) evaluate how abnormality frequencies vary among sites, refuges, and 
years; and 3) investigate possible causes of the abnormalities through targeted follow-up studies.

During the first 6 years of the study (2000–2005), a total of 46 530 frogs and toads were collected 
and examined, with the vast majority released after inspection (USFWS 2009). Between 2000 and 
2005, 112 refuges in 46 states were sampled at least once for abnormal frogs, and many refuges were 
sampled on multiple 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 classi-
fied as having skeletal abnormalities.

A subset of the frogs were inspected for parasites and analyzed with radiography. Guderyahn 
(2006) summarized and interpreted the radiographic analysis of 666 abnormal frogs collected dur-
ing the 2003 and 2004 field seasons from refuges within 27 US states. The objectives were to use 
radiography to provide diagnostic information on the nature of the abnormalities and to compare 
types and frequencies across regions. Despite considerable differences in species and ecological fac-
tors (e.g., habitat type, climate, and land use), abnormalities were generally similar across regions of 
the country. The most commonly affected body part was the hind limb (80% of the 861 abnormali-
ties). Hind limb brachydactyly (shortened digits, 27%) and ectromelia (missing limb segments, 23%) 
were the most frequently observed abnormality types, followed by ectrodactyly (missing digit(s), 
7%), hemimelia (shortened limb, 5%), and bony expansions (5%). Other hind limb abnormality 
types comprised <3% of all observed abnormalities.

Research comparing the types of abnormalities in different regions as well as what stressors are 
present is currently under way in an attempt to identify presumptive cause-effect relationships at 
refuges with elevated incidences of abnormalities. In several cases, in-depth studies were conducted 
on individual refuges or on a group of refuges. These studies are summarized below.

16.4.1  Great Bay national Wildlife refuGe

Great Bay National Wildlife Refuge (Newington, New Hampshire) was created on the former Pease 
Air Force Base, listed as an EPA Superfund (CERCLA) hazardous waste site due to high concentra-
tions of trichloroethylene and nitrate in ground water; pesticides, polycyclic aromatic hydrocarbons 
(PAHs), and metals in sediment; and pesticides (including DDE) in fish tissue. The Great Bay in-
depth study (Pinkney et al. 2006) was triggered by observations of abnormalities greater than 9%, 2 
amphibian die-offs, and contaminant concerns. These concerns included the results of 140-day lab-
oratory tests using Xenopus laevis, which exhibited increased mortality and delayed metamorphosis 
when exposed to refuge pond sediment (Turley et al. 2003). Laboratory and in situ toxicity tests with 
wood frogs and northern leopard frogs, chemical sampling of water and sediments, and abnormal-
ity surveys were conducted at 4 ponds. Decreased survival and increased time to metamorphosis 
occurred in wood frogs exposed either in situ or in the laboratory to passive sampler extracts, water, 
or sediments from several refuge ponds. The major observation in the in situ study was the high 
prevalence of a leg abnormality (rounded femurs), which resulted in impaired hopping ability. This 
was observed in 63% of the wood frogs from the refuge’s Beaver Pond, compared with 0 to 1% in 
wood frogs from the 3 other refuge ponds. This leg abnormality was confirmed in x-rays as a prob-
able malformation. There was, however, no evidence of a linkage between adverse effects in the in 
situ study with exposure to DDT or other pesticides. Pinkney et al. (2006) recommended abnormal-
ity and population monitoring, maintenance and monitoring of water levels in frog habitats, and fur-
ther sediment sampling. While present on the refuge, Ribeiroia was extremely rare in field-collected 
frogs and therefore unlikely to significantly contribute to observed malformation patterns.

16.4.2  alaskan national Wildlife refuGes

A study of 5 Alaskan National Wildlife Refuges, conducted in tandem with the national abnormal 
amphibian project, has indicated a pattern in the abnormality frequencies. Reeves et al. (2008) 
examined 9269 metamorphic wood frogs from 86 breeding sites in 2000 through 2006. The preva-
lence of skeletal and eye abnormalities at Alaskan refuges ranged from 1.5% to 7.9% and was as high 
as 20% at individual sites. The most common types of abnormalities were ectromelia, micromelia 
(shrunken limb or limb element), and unpigmented iris. Proximity to roads (as a proxy for human 
development) significantly increased the likelihood of skeletal abnormalities and skeletal malforma-
tions but not eye abnormalities. The authors suggested either chemical contaminants, invertebrate 

64169_C016.indd   529 1/8/10   6:44:02 PM



D
RA

FT
 1

1 
Ja

n 2
01

0 
©

SE
TA

C 

D
o n

ot r
ep

ro
duce

 o
r d

is
tr

ib
ute

530 Ecotoxicology of Amphibians and Reptiles

predators, or an interaction between these factors was causing the abnormalities. Ribeiroia was 
not detected among any of the necropsied frogs from the region, and overall parasite richness and 
abundance were both very low. Their data did not support the UV-B or parasite hypotheses for wood 
frog abnormalities in Alaska.

16.4.3  ParasitoloGical inVestiGations on nWrs

From a subset of refuges sampled across the country, metamorphosing amphibians (normal and 
malformed, if present) were necropsied to identify and quantify their parasites. While the focus was 
on Ribeiroia, data were collected on all encountered helminths (parasitic worms), including other 
trematodes (flatworms), cestodes (tapeworms), nematodes (roundworms), acanthocephalans (spiny-
headed worms), and various protistan (protozoan) parasites (Sutherland 2005). To the best of our 
knowledge, these data comprise one of the largest amphibian parasite databases ever assembled. 
Thus far, we have examined more than 22 species of amphibians from 40 refuges and 28 states. 
More than 200 000 individual parasites have been identified and enumerated.

While this sampling effort is ongoing and much of the data have yet to be analyzed, several inter-
esting patterns have already emerged. Ribeiroia appears to be relatively widespread but is highly vari-
able in abundance, both among refuges and between years within a refuge. Fifteen of the 40 refuges 
sampled for parasites tested positive for Ribeiroia, including infections in 8 different amphibian spe-
cies. Infection within amphibians ranged from 1 to 177 parasites in an individual frog. Ribeiroia also 
exhibited distinctive distributional patterns across the United States. Interestingly, we have recovered 
Ribeiroia only in frogs from the northern half of the United States, with no records below 37° latitude 
(Figure 16.4). This is somewhat surprising given the preponderance of Ribeiroia records in birds from 
Florida (see Johnson et al. 2004). In addition, very few trematodes (and no records of Ribeiroia) have 
been found in Alaska (despite the significant occurrence of abnormalities; see Reeves et al. 2008), pos-
sibly owing to the difficulties inherent in parasite overwintering or to the very short growing season in 
which transmission must occur. More data are needed to understand these intriguing patterns.

Ribeiroia-positive refuges occurred primarily along the West Coast, in the Northeast, and in the 
Midwest along the Mississippi River (Figure 16.4). This pattern likely underscores the importance 
of the major migratory bird flyways, including the Pacific flyway, the Mississippi flyway, and the 
Atlantic flyway, and is therefore consistent with birds acting as the major transport vector for 
Ribeiroia. Why we have not found more records along the southern half of the migratory pathways 
is unclear. Interestingly, however, in a study of helminths in wood ducks (Aix sponsa), Thul et al. 
(1985) found that Ribeiroia was a dominant member of the helminth fauna in migratory ducks in the 
Northeast, with a prevalence of 21%, whereas Ribeiroia was rare (<2% prevalence) among resident 
wood ducks in the Southeast, similar to our current investigations with frogs.

In summary, Ribeiroia infection is widespread but variable among refuges in the United States. 
At high infection levels, Ribeiroia is associated with the occurrence of particular malformation 
types that vary in frequency among species. These malformations are generally dominated by skin 
webbings, bony triangles, and truncated long bones. Extra limbs and limb elements occur in some 
species but not in others. Sites without Ribeiroia often exhibit abnormalities involving primarily 
missing digits, limb elements, or entire limbs. While such abnormalities often occur at low fre-
quencies, within the expected baseline levels, other refuges (such as those in Alaska) exhibit high 
frequencies (>10%) of abnormalities across multiple years. Thus far, however, the causes of these 
abnormalities remain unknown (see Reeves et al. 2008).

16.5   Continued study oF aMPHiBian aBnorMalities

Amphibian abnormalities have been the focus of extensive press and scientific debates since reports 
increased in the late 1990s. The confirmed accounts of abnormal amphibians in more than 30 states 
in the United States have created substantial concern that abnormalities indicate the presence of 
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harmful contaminants in the environment, which has kept the issue in the media spotlight. A care-
ful review of the existing scientific literature reveals that malformations are not new to amphibians, 
and indeed have been recorded for over 300 years (see Ouellet 2000). However, emerging evidence 
suggests that, at least in some regions of the country, the prevalence of abnormal individuals is 
substantially greater than the expected baseline levels and may be increasing. A general lack of 
historical baseline data has often made interpretation of current patterns difficult.

Substantial progress has been made over the last decade in understanding amphibian malforma-
tions. Perhaps foremost among these advances is the growing recognition that multiple causes are 
involved, and that such causes may vary among wetlands and years but have a high potential for 
interaction. Nevertheless, it is imperative to recognize that simply because an agent can produce 
abnormalities in laboratory experiments does not mean that it actually is causing abnormalities in 
nature. Every agent proposed has the capacity to induce abnormalities, but without contextual field 
data on the concentration, intensity, or abundance of that agent in the environment, the significance 
of the agent’s contribution to abnormalities in wild amphibian populations is difficult to determine. 
Because amphibian abnormalities are a series of phenomena, pursuit of a single “smoking gun” is 

Figure 16.4 Geographic distribution of Ribeiroia from amphibians.  Data represent a compilation of sam-
ples from U.S. National Wildlife Refuges and additional sampling on private lands (sites that did not support 
Ribeiroia not depicted here).  The size of each circle reflects the average infection abundance recorded in the 
sample (usually determined from a sample of 10 amphibians).  In total, 16 amphibian species from 107 sites 
distributed across 20 states are included (1999-2007).  Abundance values as follows: low (1-10 metacercariae 
per amphibian), medium (11-30 metacercariae), and high (31-135 metacercariae).  Infection intensity for indi-
vidual frogs ranged form 1 to 960.  
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likely to hinder rather than help the investigation of cause-effect relationships, as it could prevent the 
recognition of different proximate causes for disparate sites or species. Large-scale and long-term 
regional surveys for amphibian abnormalities, such as those currently under way by the USFWS, 
are essential, particularly when accompanied by detailed data on the prevalence, composition, and 
extent of observed abnormalities.

Continued investigation of amphibian abnormalities demands an integrative approach, combin-
ing laboratory studies, field surveys, and large-scale experiments. Collaboration among scientists in 
varied fields — especially ecology, herpetology, developmental biology, and aquatic toxicology — is 
a necessary element in this approach. We emphasize the need for an ecologically relevant approach 
that follows a modified version of Koch’s postulates, which are used to link an agent of disease to the 
pathology it causes by 1) isolating the agent from a diseased individual, 2) culturing it in vitro, and 
then (3) inducing illness by exposing a healthy individual to the agent. However, the narrow focus 
of these postulates requires that they be modified to a broader set of circumstances, as has been 
proposed in several other scientific fields (e.g., Glasgow et al. 2001; Grimes 2006). With respect to 
amphibian malformations, field surveys should be used to identify malformation patterns and the 
environmental factors that correlate with their occurrence. Hypothesized causal factors should then 
be studied experimentally under ecologically relevant conditions, including experiments involving 
environmentally relevant dosages of the candidate agent(s) and the appropriate amphibian species. 
Results of such experiments can reveal whether the proposed factors are capable of inducing types 
and frequencies of malformations similar to those observed in nature. Ideally, experiments should 
begin with laboratory studies and develop into larger-scale, replicated field manipulations, includ-
ing mesocosm studies, in situ enclosures/exclosures, and whole ecosystem manipulations. Field 
experiments offer the greatest potential for demonstrating causal control under realistic conditions 
(e.g., Vredenburg 2004), and may be instrumental in developing control strategies to reduce or 
eliminate malformations in amphibians undergoing declines. Given the potential ethical dilemmas 
intrinsic to adding teratogenic agents to field experiments or entire ecosystems, however, we advo-
cate removal/elimination experiments, but acknowledge that this will be easier for some factors 
than others.

Finally, recognizing the potential for interactions among factors and the importance of indirect 
causes, research should return to the field to examine what underlying factors control or mediate 
the concentrations of a factor that is known to cause malformations. While this begins to deviate 
from Koch’s postulates and the principle of parsimony, it is well founded upon the pillars of epide-
miology (e.g., Lesser et al. 2007). Identifying the proximate cause of a disease (such as amphibian 
malformations) is only the first step; almost all emerging diseases involve environmental co-fac-
tors that influence the levels of pathology. Examples include introduced species, pollution, changes 
in community structure, land use change, and climate shifts (e.g., Ostfeld et al. 2008). This latter 
step is therefore essential in understanding amphibian malformations and mitigating or reversing 
their impacts on already declining amphibian populations. Thus far, none of the proposed causes 
of malformations have fully completed this series of causal demonstrations, and we recognize 
that the formula outlined here will not apply perfectly in all cases. We nevertheless suggest that 
it provides a useful guideline from which to develop an adaptive approach with the same general 
goals.

Whatever causative agents are responsible, the study of amphibian abnormalities may aid 
the ongoing investigation of amphibian decline (e.g., Houlahan et al. 2000; Stuart et al. 2004). 
Amphibians have received international attention and funding as a result of abnormalities and dis-
ease, and broad-scale surveys have been initiated in many affected regions. Baseline data on the 
naturally occurring abnormality rates will help us to better understand the background fluctuations 
of amphibian population dynamics. Information on the role of pathogens and parasites in amphib-
ians, not to mention increased attention to water quality and methods of assaying potentially harm-
ful agents, is being generated in the ongoing study of amphibian abnormalities.
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16.6  ePilogue

Today, more than 13 years after the original reports from this site elevated malformed frogs to 
national and international attention, the Ney Pond in Minnesota has been transformed into a nature 
center devoted to environmental education. The director of the center is one of the former stu-
dents from the middle school class that first stumbled upon the deformed frogs in 1995. While 
Ribeiroia infection has been consistently documented in frogs from the pond, malformation levels 
have varied dramatically over the years, only rarely attaining the high frequency seen in 1995 
(Vandenlangenberg et al. 2003; Johnson and Sutherland unpublished). In many respects, the pat-
terns at this wetland illustrate both the progress we have made and the many questions that still 
surround this issue. Undoubtedly, parasite infection explains some fraction of the malformations 
observed at Ney, but how much remains unknown. Parasite infection is only part of the story. The 
ultimate factors that control variation in abnormalities among wetlands and among years are still 
at large, as are the factors that caused the “outbreak” of malformations at Ney in the 1990s. These 
same questions can be posed for sites that do not support Ribeiroia, often with even fewer answers, 
emphasizing the complexity of interactions among biotic and abiotic factors in controlling amphib-
ian malformations.

The continued study of this issue requires more large-scale and long-term studies that not 
only document the location and frequency of abnormalities, but also examine other factors that 
may influence the number or type of abnormalities, such as hydrologic period (e.g., drought or 
excess precipitation), temperature, changes in landscape (e.g., development, agriculture), intro-
duced predators (e.g., fish), water quality, and disease. Standard operating procedures that address 
collection techniques, frequency of sampling, shipping and handling of animals, and disinfecting 
equipment are required to limit or avoid detrimental impacts to amphibians and their habitats. 
Even today, variation in how abnormalities and “hot spots” are classified affects our ability to 
interpret large-scale patterns. Established standardized protocols and data sheets will help ensure 
that high-quality, objective data are gathered and analyzed to reduce subjectivity and variabil-
ity. Importantly, however, the collection of additional data should be conducted in tandem with 
efforts to reduce or prevent the deleterious effects of malformations on amphibian populations. 
While no study has compellingly demonstrated a link between malformation and population 
losses in amphibians, growing evidence indicates that malformations occur alongside elevated 
levels of direct and indirect mortality, which becomes especially important in amphibian popu-
lations that are already declining due to habitat loss, introduced species, pollution, and other 
diseases. Thus, experimental efforts that strive not only to understand cause-effect relationships 
but also to apply such results toward lessening the impacts of malformations on amphibians are 
deemed particularly valuable.

glossary: ModiFied list FroM ouellet 
(2000) and joHnson et al. (2001B)

Anophthalmia: Absence of one or both eyes.
Brachydactyly: Shorter digit or digits.
Brachymelia: Shorter limb or limbs.
Cutaneous fusion (skin webbing): A layer of skin connecting 2 or more limb segments.
Ectrodactyly (oligodactyly): Absence of one or more digits (adactyly) or parts of digits.
Ectromelia: Absence of one or more limbs or parts of limbs.
Edema: Fluid-filled swelling.
Hemimelia: Absence of all or part of the distal half of a limb.
Kyphosis: Abnormal backward curvature of the spine or “humpback.”
Lordosis: Abnormal forward or concave curvature of the spine.
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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.
Taumelia (bony triangle): Long bone bent at right angles to itself, often forming a triangle or pyramid.
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