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Our recent article (Ballengée and Sessions, 2009) is the first
publication to present experimental evidence supporting the idea
that missing limbs in deformed amphibians can be caused by a
specific predator: in this case, dragonfly nymphs. These insect
larvae (and certain other predators with mouth parts that are too
small to consume an entire tadpole) use sublethal “selective
predation,” attacking or capturing tadpoles and gnawing off their
protruding hind limbs, often causing permanent limb deformities
in frogs that survive to metamorphosis. Earlier research
established that deformed frogs featuring extra limbs are caused
by a parasite, specifically the trematode Ribeiroia ondatrae
(Sessions and Ruth, '90; Johnson et al., '99; Sessions et al., '99;
Stopper et al., 2002). With this study, we think we have identified
the proximate causes for the remaining deformed amphibian
mystery: deformed frogs with missing limbs. Thus, we conclude
that selective predation, together with parasite infection,
accounts for the vast majority of reported deformed frogs, at
least those involving limb deformities.

Skelly and Benard disagree with our conclusions, but their
critique contains distortions and inaccuracies that require
response. First, they claim, or imply, that not enough prior
research has been conducted to elucidate any definitive cause
for deformed amphibians. Although we agree that the causes for
missing limbs have been elusive (which was the motivation for
our study), we find their statement that amphibian deformities
remain poorly understood ‘“despite more than a decade of
research” completely unfounded. In truth, study after study
including numerous articles, book chapters, and two books

(Souder, 2000; Lannoo, 2008), have been produced over the last
decade on this subject. More than 40 articles and book chapters
devoted to this topic have been published just from our lab and
Pieter Johnson'’s lab alone, all confirming the role of parasites in
the induction of supernumerary limbs in amphibians (Johnson
et al., '99, 2001, 2004; Sessions et al., '99; Stopper et al., 2002;
Blaustein and Johnson, 2003; Sessions, 2003, to name a few). We
think this is a pretty good track record, by any standard. On the
other hand, numerous articles have also been published reporting
results of investigations into possible links between chemical
pollution and these same deformities, with negative or, at best,
equivocal results. There is still not a single chemical pollutant
that has been shown to actually cause any of the observed kinds
of limb deformities in natural populations of amphibians (Degitz
et al., 2003; Ankley et al., 2004). Perhaps it would have been
more accurate if Skelly and Benard had instead said that
published research supporting the direct role of chemical pollution
is woefully lacking, a sentiment with which we would whole-
heartedly agree, especially considering that millions of dollars of
research funding have been poured into the effort.
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Skelly and Benard also challenge our use of experimental
simulations to better understand natural scenarios. The advan-
tages and disadvantages of laboratory vs. field experiments in
ecology are well-known (Brower and Zar, '84; Hairston, '89), and
we are aware of the necessary trade-offs. Our approach is
grounded in one of the fundamental concepts of research
biology—that organisms often display natural behaviors in
captive environments (sometimes the only way that they can
be observed), and observing this behavior can provide the basis
for further understanding their behavior in natural conditions.
Also, our experiments were focused not on whether dragonfly
nymphs predate tadpoles in the context of complex natural
ecosystems (there is plenty of research already showing that they
do), but whether they produce injuries in tadpoles that result in
permanent deformities. This is very similar to the recent
experiments done by numerous researchers (Johnson et al., '99;
Stopper et al., 2002; Schotthoefer et al., 2003) showing that
trematode cercariae induce permanent limb deformities in
tadpoles when exposed in isolated containers. Although Skelly
(2002) has challenged this approach, it is still a standard practice
in biology, and such simulations are widely utilized in the
amphibian research community (e.g. captive-breeding programs,
pathogen research, genetic research, etc.). Laboratory simulations
have been widely used to study arthropod predation of anuran
larvae prey (Wassersug, '73; Heyer et al., '75; Brodie et al., '78;
Peckarsky, ’82; Crump, '84; Formanowicz, '84; Manteifel and
Reshetnikov, 2002). Criticism by Skelly and Benard on this point
also seems to us to be somewhat hypocritical, as Skelly himself
has utilized laboratory experiments to investigate interactions
between anuran larvae and their odonate predators (Skelly and
Werner, '90).

Skelly and Benard also criticize our study because we did not
provide a quantitative analysis of the association between limb
deformities and predator densities, even though that was not the
focus of our research. They go on to point out that their own
observations show no clear relationship between rates of limb
deformities in frogs and the distribution and prevalence of
dragonfly nymphs. Based on their surveys of very large numbers
of frogs from dozens of ponds over several years, they claim to
have found extremely low rates of deformities despite an
abundance of dragonfly nymphs. For example, out of 36,151
specimens representing eight anuran species, only 10 deformed
frogs (0.03%) were found. Likewise, in a sample of 22,482 Wood
frogs (Rana sylvatica), they found only 15 individuals (0.07%)
that were deformed. (Our first reaction to these miniscule rates
was “What deformed frogs?”) Their reports are at odds with the
published research on deformed amphibians. A perusal of
multiple surveys of natural populations of frogs over the last
30 years representing nearly 98,000 examined frogs, show rates
of deformities ranging from 0.14 to 26.7% and averaging 4.6%
(Table 1). Furthermore, in a summary of a decade of research on
deformed amphibians, Lannoo (2008) documents that deformities
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have been reported in 51 species, representing 11 genera and
500 of all US species of anurans, and 19 species representing 6
genera and 10% of US species of urodeles. Field data for three of
the most frequently affected species of anurans show average
rates of limb deformities ranging from 6.8% in western toads
(mean of 1.1 deformities per animal) to 11.9% in Pacific treefrogs
(1.4 deformities per animal) to 16.7% in several species of Ranids
(1.2 deformities per animal; Lannoo, 2008).

What could explain these disparities in reported incidences of
deformities, especially in the association between the frequency
of dragonfly nymphs and deformities? First, many researchers
tend to focus on “hotspots,” i.e. sites with deformity rates of at
least 5% (Meteyer et al., 2000; Lannoo, 2008), whereas Skelly and
Benard cite studies that apparently represent more general
surveys of amphibian populations. These, therefore, may not be
relevant to the issue of frequencies of deformed amphibians.
Although the long-term research cited by Skelly and Benard may
be helpful for general baseline studies of frog populations, we are
concerned that they may have used somewhat different methods
of data collection.

One of the most fundamental lessons of deformed frog
research is that little can be learned from examining metamor-
phosed frogs (e.g. via drift fences) representing a single
“snapshot” of time. Because tadpoles with deformities caused
by parasites (e.g. extra limbs) are largely immobile and do
not survive long once they metamorphose and lose their tails,
this kind of deformity is actually almost never seen except
via serendipity. And, because missing limbs are caused by
injuries to tadpoles resulting in a range of healing responses
from complete regeneration to permanent deformities, depending
on the developmental stage of the tadpole (Sessions, '97,
2003; Ballengeé¢ and Sessions, 2009), it is only by monitoring
tadpoles (including the same individual tadpoles) over time
and examining newly metamorphosed individuals that an
accurate picture of what is going on can be developed. It is
little wonder that deformed amphibians have gone largely
unexplained for so long, despite centuries of published reports
of isolated incidences.

Assuming their surveys of 58,633 frogs included examina-
tions that were detailed enough to generate an accurate
assessment of limb deformities (see Ouellet et al., '97), the fact
that Skelly and Benard found only 25 frogs (0.04%) with
deformities despite populations of dragonfly nymphs attaining a
density of more than 1/m? truly does point to the need for more
research. Our recent work (Ballengeé and Sessions, 2009) shows
that dragonfly nymphs can and do cause limb injuries that result
in a range of permanent deformities that match the range of
deformities found in collected anurans. As we point out in our
article, the astonishing thing is not that they do this, but that
there are not more reports of deformed amphibians. Perhaps
tadpoles are not the preferred prey (especially given their skin
toxins), so that nymph-induced limb deformities only occur at
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Table 1. Summary of recent surveys of deformed amphibians (anurans unless otherwise indicated).

No. No. %
Author(s) Year(s) of study Region species® No. examined deformed  deformed
Ouellet et al.,"97 1992-1993 Southern Quebec 4 1,124 108 9.6
Bonin et al.,'97 1993 Southern Quebec 1 410 22 5.4
Burkhart et al.,'98 1997 Minnesota 1 2,254 199 8.8
Hoppe, 2000 1996-1997 Minnesota 1 2,584 58 2.3
Canfield et al., 2000 1997-1999 Minnesota 1 13,859 902 6.5
Gray, 2000 1998 llinois 1 140 3 2.1
Levey et al., 2003 1996-2001 Vermont 1 > 10,000 ~600 6.0
Gillilland et al., 2002 1990-2001 Michigan 6 (4) 2,835 4 0.14
Schoff et al., 2003 1998-2000 Minnesota, Wisconsin, 7 2,605 42 1.6

Illinois
McCallum and Trauth, 1990-2000 Arkansas 1 976 79 8.1
2003
Vandenlangenberg et al., 1997-2000 Minnesota 1 More than 5,100 ~403 7.9
2003
Eaton et al., 2004 1995-1999/ Alberta, Saskatchewan 1 21,050 150 0.71
2000-2002

Hoppe, 2005 1996-1999 Minnesota 7 796 19° 2.4
Hoppe, 2005 1996-1999 Minnesota 1 2,828 756 26.7
Taylor et al., 2005 2002 Vermont 6 5,264 83 1.6
Skelly et al., 2007 2002-2003 Vermont 7 3,420 n7z 3.4
Reeves et al., 2008 2000-2006 Alaska 1 9,268 576 6.2
Bowerman et al., 2009 1988-2008 Oregon 1 13,443 343 2.6
Total 97,956 4,464 4.6
Data from field seasons 1988-2008 from recent articles.
?Anuran species unless otherwise indicated (caudate species in parentheses).

sites where the preferred prey is absent. Our study lays the
foundation for future research focused on this and other
unanswered questions.

Skelly’s research program is focused on the effects of chemical
pollution on amphibians (www.chc.yale.edu/people/skelly/), and
the implications of his recent publications on deformed frogs is
that neither parasites nor predation are sufficient to account for
all deformed amphibians (Skelly et al., 2007). This leaves
chemical pollution as the most likely alternative. Although we
agree that chemical pollution is a threat to amphibians and other
organisms (and we applaud Skelly’s research efforts on that
front), current evidence suggests that chemical pollutants are at
best only indirectly involved in deformed amphibians of the kind
we have been studying (Rohr et al., 2008). The direct role of
chemical pollution as a proximate cause of limb deformities in
wild amphibians is simply not supported by current evidence
(Sessions et al., '99; Ankley et al., 2004). This conclusion is
reinforced by examination of the frogs themselves, which usually
contain important clues about the proximate causes (Sessions
et al., '99; Stopper et al., 2002). First, the abnormalities occur

primarily in the hind limbs in otherwise healthy-looking frogs.
We might expect the reverse if chemicals were directly altering
limb development as anuran forelimbs develop in the tadpole gill
chamber and would be exposed to constant flow-through of any
dissolved chemical pollutants. What we have found instead, in
the case of frogs with extra limbs, are frogs that are often riddled
with parasitic (trematode) cysts, especially in and around the limb
deformities (though not always, as some frogs may lose these
cysts as they develop; Stopper et al., 2002). The extra limbs are
mostly duplicated structures characterized by mirror-image
symmetry (Sessions et al., '99). Mirror-image symmetry in
duplicated limb structures is a tell-tale sign of intercalation, a
powerful developmental pattern forming mechanism triggered by
the disruption of the spatial relationships of signaling cells in
developing limbs (French et al., '76; Bryant et al., '81; Sessions
et al., '99; Stopper et al., 2002). The senior author first described
this parasite-extra limb deformity link almost 20 years ago
(Sessions and Ruth, '90)!

Sessions and Ruth ('90) was the first study to establish a
definitive link between trematode parasites and extra-limb
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deformities in wild-caught amphibians. This relationship between
parasite and host was further established by Johnson et al. ('99)
who induced the entire range of deformities by exposing Pacific
treefrog tadpoles to trematode cercariae in laboratory simula-
tions. Sessions et al. ('99) identified the trematode as a species of
the genus Ribeiroia (later confirmed as R. ondatrae by Johnson
et al., 2001). Similar work by Stopper et al. (2002) elucidated the
precise developmental mechanisms involved, confirming the role
of intercalation. All these studies have pieced together the
fascinating life cycle of a heretofore little understood trematode.
In this life cycle, amphibians serve as the second intermediate
host and the limb deformities seem to be an example of a host-
modification adaptation for which digenetic trematodes are well
known. This is now a familiar and widely accepted story,
summarized in a recent issue of Scientific American (Blaustein
and Johnson, 2003).

Solving the mystery of extra limbs was a significant achieve-
ment, but it left the largest category of deformed frogs (those with
missing limbs) unsolved. Contrary to the assertion by Skelly and
Benard, this problem was pointed out by one of us more than a
decade ago (Sessions, '97, 2003). Although not as dramatic looking
as frogs with multiple extra limbs (which, unfortunately, became
the “poster child” of the “malformed frog” issue early on; e.g.
Lannoo, '98; Souder, 2002), limbless frogs turned out to be much
more difficult to explain. Again, the frogs themselves contain
important clues: the vast majority feature abnormalities in the hind
limbs (and sometimes adjacent pelvic structures) in the otherwise
robust, healthy looking, metamorphosed frogs. Often, they exhibit
little to no obvious sign of earlier trauma (e.g. scars, exposed bone,
inflammation, reddening) on the affected limb structures, although
sometimes, abnormal cartilaginous or other soft-tissue structures
and/or abnormal pigmentation are found at the ends of limb
stumps (Lannoo, 2008). Although these structures may look
“abnormal,” there is little to no evidence to suggest that these
are outside the range of normal regenerative response to
mechanical perturbation of anuran limbs. As it turns out, the
answer to the mystery of deformed frogs with missing limbs has
been in the historic literature the whole time! Numerous studies
have elucidated the broad range of limb deformities associated with
injuries incurred at varied stages of development (e.g. Schotté and
Harland, ’43; Forsyth, '46; Fry, '66; Scadding, '81). Yet, precisely
because of the healing ability of anuran amphibians, earlier injuries
may be missed because they often lack mammalian-like scars,
prolonged reddening, inflammation, exposed bone(s), etc. and this
has led many authors to dismiss or downplay predator-induced
injury as the cause of the abnormalities (Meteyer et al., 2000;
Lannoo et al., 2003; Skelly et al., 2007; Lannoo, 2008). The absence
of evidence of trauma combined with the well-known regenerative
decline that occurs with normal tadpole limb development
(Muneoka et al., '86), readily accounts for the range of peculiar,
idiosyncratic deformities found in the wild. Even among our test
animals in carefully controlled conditions, we found a range of
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abnormal-looking regenerative limbs identical to those we have
observed in the field over the past 10 years of research (Ballengeé
and Sessions, 2009).

Our research sought to find the types of predators that could
induce injuries resulting in missing limb deformities. Our article
(Ballengeé and Sessions, 2009) is the first publication to explicitly
link a known amphibian predator (dragonfly nymphs) to missing
limb deformities in amphibians through carefully controlled
experiments. Odonate larvae are known feeding specialists with a
wide-ranging assortment of foraging behaviors correlated with
adaptive morphologies (for review see Corbet, '99). Some authors
have rejected predation-induced injury as a potential cause of
deformed frogs with missing limbs because, they argue, it is
difficult to imagine how the predators would not either fully
consume whole tadpoles or induce lethal injury (e.g. Lannoo et al.,
2003, 2008). This position ignores an important group of anuran
larval predators including arthropods, annelids (leeches), some
fishes, and even tadpoles themselves that partially consume their
tadpole prey (Formanowicz, '84; Veith and Viertel, '93; Sessions,
’97, 2003; Manteifel and Reshetnikov, 2002). Selective predation
(sometimes referred to as “sublethal” or “predatory grazing”) is a
well-known ecological phenomenon practiced by a variety of
predators generally attacking similar sized prey (Sih, ’80). The
results of our predator/prey experiments again confirmed our
hypothesis: dragonfly nymphs can injure tadpoles resulting in
metamorphic anurans with permanent limb deformities identical
to those we observed in the field. We think we have provided
strong experimental and field evidence in support of selective
predation as a critical piece of the “deformed frog puzzle.”

We stand by our conclusion that the results of our research
provide an important contribution to understanding the origin of
deformities in amphibians; in this case, the most common reported
deformities, missing limbs and limb segments. We think that our
research provides the basis for future work and we anticipate that
additional findings supporting our work will soon be forthcoming.
Our conclusion is that most hind limb deformities in wild-caught
anurans (i.e. missing limbs) are the result of natural regenerative
responses to traumatic injuries from selective predation and, in the
case of extra limbs, parasitic infection. The amazing thing about
deformed amphibians with extra limbs is that it took about a
decade to confirm what we already knew 20 years ago: that the
extra limbs are caused by trematode infection. It is remarkable that
it has taken so long to identify a convincing cause for missing
limbs. Nevertheless, as with parasite-induced deformities, there are
still many unanswered questions, and we agree with Skelly and
Benard that there is much more research to be done.
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