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The use of molecular genetic markers is considered in the context of their application to conservation of amphibians and 
reptiles in the British Isles.  Aspects reviewed include population viability, connectivity and origins together with developments 
in molecular identification.  Genetic diversity measures are not in themselves sufficient to identify risks of inbreeding or genetic 
erosion in the absence of direct measures of individual fitness.  Neutral markers are however useful for defining populations, 
the extent of migration between them and the identification of permeable habitat corridors. Phylogeography has resolved 
previously uncertain origins of several populations and species found in the British Isles, including Pelophylax lessonae, Bufo 
calamita and Triturus cristatus. Molecular studies have clarified the species status of toads Bufo bufo, B. spinosus, and grass 
snakes Natrix helvetica in the British Isles and provided methods for species and clade identifications where this is difficult using 
morphology alone.  DNA-based techniques have revealed the distributions of viral and fungal pathogens and environmental 
DNA (eDNA) has proved its worth as a technique for surveying pond-breeding amphibians.
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INTRODUCTION

Wildlife conservation has a long history in the British 
Isles and, until recently, was carried out in the 

virtual absence of genetic considerations. That situation 
has changed markedly in the past 25 years due to the 
development of genetic tools readily applicable to wild 
populations of plants and animals.  A combination of DNA-
based analyses and increasingly powerful computation, 
reviewed by Frankham et al. (2010) and Rowe et al. 
(2017) has brought genetics into the mainstream of 
conservation planning and application. Herpetofauna 
around the world have been among the groups attracting 
conservation genetic investigations, with those on 
amphibians reviewed recently by McCartney-Melsted & 
Shaffer (2015). This global analysis included case studies 
of several species, only one of which (the great crested 
newt Triturus cristatus) occurs in the British Isles. In this 
review, I consider the main contributions that genetic 
analysis has made to amphibian and reptile conservation 
specifically in the British Isles.

GENETIC ANALYSES AND THEIR IMPLICATIONS 
The arrival of molecular markers
Population genetics came of age almost a century ago, at 
a time when variation was expected to be solely the result 
of natural selection. Early field studies were interpreted 
with this in mind and all morphological differences 

among individuals, however trivial, were considered 
to reflect variations in selection pressures over time 
and space. It came as a shock when allozymes, the first 
major family of molecular genetic markers, revealed vast 
amounts of variation that were impossible to explain by 
selection alone.  Neutral theory was the result, proposing 
that many genetic differences were due to changes that 
had little or no effect on individual fitness. Subsequent 
development of DNA markers, primarily mitochondrial 
DNA (mtDNA) and nuclear microsatellites, showed that 
variation among these molecules too was usually neutral 
with respect to selection. Perhaps counter-intuitively, 
neutral markers are of great value in population studies 
but, as we shall see, the distinction between selection 
and neutrality is of more than academic interest to 
genetic applications in conservation. DNA analyses 
require only tiny amounts of tissue which can usually 
be obtained without sacrificing animals because the 
required sequences can be amplified by the polymerase 
chain reaction (PCR). The history of molecular ecology 
including both theoretical and practical developments is 
described in Rowe et al. (2017).  Four main areas relevant 
to conservation biology have been informed by genetic 
analyses, notably: (1) population demography, including 
diversity, viability and inbreeding risk; (2) population size, 
structure and gene flow; (3) phylogeography, the history 
of populations in time and space; and (4) identification 
issues including those relating to species, individuals 
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and hybrids. All of these approaches have been used in 
studies of amphibians and reptiles in the British Isles, as 
described below.

Population demography
Assessing genetic diversity
Conservationists have long recognised the increased 
extinction risk implicit in small or declining population 
sizes. In addition to stochastic factors such as predation, 
disease, adverse weather and imbalanced sex ratios, 
reductions in genetic diversity in small populations could 
predispose inbreeding depression and thus further 
declines not relieved by habitat or species management 
methods.  This concern has been, arguably, the commonest 
reason to use genetic tools in conservation. To this end 
molecular genetic markers, especially microsatellites, 
have been developed to investigate many amphibian 
and reptile species.  Tables 1 and 2 summarise examples 
of genetic diversity estimates based on microsatellites 
for many of the species found in the British Isles.  
Comparisons with populations in mainland Europe are 
provided to demonstrate the extent to which diversity 
has been affected by isolation in the island archipelago. 
In the cases of Lissotriton vulgaris (smooth newt),  
L. helveticus (palate newt), Zootoca vivipara (viviparous 
lizard), Anguis fragilis (slow-worm) and Natrix helvetica 
(grass snake) there was no comparable information, at 
least for British Isles populations, at the time of writing. 
Sixteen Vipera berus (adder) populations in England 
and Wales were also analysed for genetic diversity at 
microsatellite loci and the results, not yet published 
(hence their absence from Table 2), were broadly similar 
to those from north-east France.     
 Expected heterozygosity (He) and allelic richness (Ar) 
are the two main statistics for estimating population 
genetic diversity.  In practice either one will usually suffice. 
Across all the taxa listed in Tables 1 and 2, He and Ar (or 
allele number, An, where Ar was not calculated from An) 
correlated strongly, with rs = 0.925, P<0.0001.  Suites of 
microsatellite loci are unique to each species, so cross-
species comparisons should be treated with caution. 
Nevertheless R. temporaria populations probably are, 
on average, individually more diverse than those of  
B. bufo perhaps for ecological reasons considered later 
(see gene flow section).  Intraspecific comparisons are on 
safer ground, though even here different investigations 
have sometimes used different marker sets. Range-edge 
populations of native species, including those in the 
British Isles, generally had lower levels of diversity than 
those in central or southern Europe. This was apparent 
for R. temporaria (common frog), B. bufo (common toad), 
B. calamita (natterjack toad), C. austriaca (smooth snake) 
and L. agilis (sand lizard).  Non-native introduced species 
in Britain also often showed reductions in diversity 
compared with their populations of origin. This was true 
for P. ridibundus (marsh frog) and especially for P. muralis 
(wall lizard), but the case was different for recently re-
introduced P. lessonae (pool frog) as the source population 
in Sweden was itself genetically depauperate compared 
with central European populations. (see references in 
Table 2). 

Factors influencing genetic diversity
A theoretical expectation is that genetic diversity at 
neutral loci should correlate with population size.  Testing 
this hypothesis is usually impossible because most genetic 
studies on herpetofauna have been with populations of 
unknown size. Bufo calamita in Britain is an exception 
because multiple populations have been studied for 
several decades and spawn string counts used as a proxy 
for population size in many of them. Averaged over 
time, these counts have proved reliable as estimators 
of relative, though not absolute population sizes. 
Microsatellite He correlated significantly with B. calamita 
population sizes across 33 localities in Britain, but equally 
strongly, and independently, with the distance of the 
population from those at the northerly range edges on 
the east and west coasts, as summarised in Table 3 (Rowe 
et al., 1999). Range effects are even stronger at the full 
biogeographical range scale. Microsatellite diversity in  
B. calamita declines continuously from south-west 
Europe, the probable glacial refugium, eastwards to 
Poland and Estonia (Rowe et al., 2006) despite the 
persistence of large toad populations in eastern Europe. 
This, too, is a theoretical expectation. Postglacial 
colonisation is based on successive founder events, each 
involving only a few individuals and thus just a fraction 
of the genetic diversity present in the population of 
origin.  The important consequence of two separate 
factors strongly affecting genetic diversity at neutral 
loci is that diversity estimates cannot be taken simply 
to reflect population size.  Many European species in 
various taxonomic groups exhibit this pattern of genetic 
depauperisation following postglacial recolonisation 
(Ibrahim et al., 1996). 

Genetic diversity and fitness
Particularly important for conservation are the 
implications of genetic measurements for assessing 
population viability. Amphibians are good subjects 
for studies on fitness because larval growth and 
development rates are important survival factors and 
are easily quantified. In many species, rapid growth 
predicates high survival to metamorphosis, especially 
where animals breed in small or temporary ponds. 
Laboratory investigations comparing larval growth and 
survival of R. temporaria and B. bufo from populations 
breeding in garden ponds with larger ones in rural 
habitats showed, for both species, elevated numbers 
of developmental abnormalities together with reduced 
survival and heterozygosity at multiple allozyme loci 
in the urban sites (Hitchings & Beebee, 1997; 1998).  
Growth rates of B. calamita larvae from six populations of 
widely differing microsatellite diversities also correlated 
with He (Rowe et al., 1999). However, a study using 
microsatellites found no differences in genetic diversity 
between urban and rural populations of R. temporaria 
and higher larval growth rates in urban relative to rural 
populations (Zeisset & Beebee, 2010). This discrepancy 
is rather typical of variable reports on the relationship 
between neutral loci and fitness attributes. Perhaps it 
is not too surprising that correlations are often weak 
or inconsistent. An alternative is to look at loci likely to 
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be under selection, and which might therefore better 
reflect population genetic health. Such loci are harder 
to find and to analyse than microsatellites, but one set 
that has attracted widespread attention is the Major 
Histocompatibility (MHC) Complex. These genes are 
vital components of the immune system and vertebrates 
usually have a highly diverse array of MHC alleles. MHC 
class II loci have been analysed at the population level 
for T. cristatus, R. temporaria and B. calamita.  For 
those hoping these genes might provide a window into 
the genetics of population viability, the results have 
been somewhat disappointing.  In both T. cristatus and  
B. calamita, MHC diversity varied at the biogeographical 
range level in a way that largely mirrored microsatellite 
diversity, declining as a function of distance from their 
glacial refugia. It seems that random genetic drift has 
been more important than selection for MHC diversity 
in these species, a result that implies disease resistance 
may not have played a major role in determining their 
current status (Babik et al., 2009; Zeisset & Beebee, 

2014). Similarly, among urban and rural R. temporaria 
populations there were no indications that MHC alleles 
or diversity levels related substantially to larval fitness 
attributes (Zeisset & Beebee, 2010).
 Is there, then, any reliable way of detecting genetic 
problems in herpetofauna populations? Events at 
Saltfleetby, in Lincolnshire, suggest that the task is not 
impossible. The small B. calamita population on this 
nature reserve is at the species’ northerly range edge 
on England’s east coast. In the early 1970s it was on the 
verge of extinction and subsequently responded only 
slowly to extensive conservation management. Diversity 
at microsatellite loci was very low in the 1990s, with 
average He = 0.189, though two other populations in 
Cumbria had similarly low diversities but were apparently 
thriving. In laboratory trials, Saltfleetby larvae had by far 
the slowest growth rate of any B. calamita population 
tested (Rowe et al., 1999).  Given the unreliability of lab 
fitness trials described earlier, experiments were also 
carried out in the field at Saltfleetby comparing growth 

Species and sample location Number of microsatellite loci analysed He An Ar References
Triturus cristatus:  
Gaddesby, UK 
Krefeld, Germany

 
5 
5

 
0.73 
0.76

 
5.0 
4.5

Babik et al. (2009)

Rana temporaria 
Ainsdale, UK 
Bonn, Germany

 
8 
8

 
0.60 
0.62

 
4.56 
5.21

Brede & Beebee (2006a)

Bufo bufo 
Ainsdale, UK 
Bonn, Germany

 
8 
8

 
0.57 
0.66

 
3.27 
4.05

Brede & Beebee (2006a)

Bufo (Epidalea) calamita 
Ainsdale, UK 
Coto Donana, Spain 
Parnu, Estonia

 
8 
8 
8

 
0.31 
0.80 
0.28

 
3.0 
7.2 
1.5

 Rowe et al. (2006)

Pelophylax lessonae 
Thetford, UK 
Uppsala, Sweden 
Paris, France

 
6 
6 
6

 
0.00 
0.00 
0.49

 
1.0 
1.0 
3.3

Zeisset & Beebee (2001)

Pelophylax ridibundus 
Romney, UK 
Balaton, Hungary

 
5 
5

 
0.48 
0.52

 
2.2 
3.2

Zeisset & Beebee (2003)

Table 1.  Genetic diversity estimates for amphibian populations. He, expected heterozygosity; An, mean number of alleles per 
locus; Ar, allelic richness (= An adjusted for sample size. Not always estimated).

Species and sample location Number of microsatellite loci analysed He An Ar References
Vipera berus  
NE France, Belgium & Netherlands  
Massif Central, France

 
9 
9

 
0.39 
0.61

 
2.46 
3.62

Ursenbacher et al. (2015)

Coronella austriaca 
Arne, UK 
Pieniny, Poland

 
8 

14

 
0.53 
0.68

 
2.60

 
2.50 
4.06

 
Pernetta (2009)  

Sztencel-Jablonka et al. (2015)
Lacerta agilis 
Dorset, UK 
Asketunnan, Sweden 
‘Continuum’, Hungary 

 
15 
15 
15

 
0.75 
0.54 
0.83

 
 

4.3 
11.2

 
5.32

 
Russell (2012) 

Schwartz & Olsson (2008) 
Schwartz & Olsson (2008)

Podarcis muralis 
23 populations, UK 
21 populations,  Italy 
13 populations, France 

 
16 
16 
16

 
0.62 
0.77 
0.69

 
3.9 
6.5 
5.0

Michaelides et al. (2016)

Table 2.  Genetic diversity estimates for reptile populations. He, expected heterozygosity; An, mean number of alleles per 
locus; Ar, allelic richness (= An adjusted for sample size. Not always estimated).
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rates and survival of larvae from Saltfleetby with those 
from a large population at Ainsdale on the Merseyside 
coast. These trials confirmed the lab results; Saltfleetby 
larvae were much less fit for survival in an ephemeral 
pond environment than those from the large population, 
even on their home ground (Rowe & Beebee, 2003). 
However, the Fis statistic (an indicator of local inbreeding) 
of Saltfleetby toads did not differ significantly from zero. 
This implies that inbreeding was not the primary cause of 
the genetic problem. Fis varies from zero (no inbreeding) 
to one (highly inbred) so an alternative reason for the lack 
of fitness must be responsible. It seems that progressive 
fixation of deleterious alleles, consequent upon genetic 
drift in the rapid decline of this small population, led to a 
damaging genetic load that put the population’s viability 
at risk. 
 Starting in 2003, Saltfleetby B. calamita were subject 
to an attempted genetic restoration by introducing 
larvae (accidentally, as escapes during a replicated 

pond experiment) from Ainsdale and, later, deliberately 
from East Anglia. Spawn string counts, metamorph 
success and genetic diversity subsequently increased 
at Saltfleetby, indicating that the restoration may have 
made a positive contribution to population viability 
(Beebee, 2014). Average numbers of spawn strings per 
year increased significantly (Median Test P = 0.046), by 
about 45%, between 2009 and 2017, compared with the 
preceding nine years for which data were available. 2009 
was the first year in which substantial numbers of post-
restoration adults would have been sexually mature, 
However, direct measurements of larval growth rates 
in recent years are lacking, but necessary, to confirm a 
fitness effect of the restoration.
 Investigations into the genetics and viability of 
non-native P. muralis showed that diversity was 
lower in England than in the French and Italian source 
populations, and that embryonic mortality was highest 
in the introduced British populations (Michaelides et al., 
2016).  Inbreeding may put the long-term future of these 
lizards at risk. As with Saltfleetby B. calamita, there was 
no simple correlation between microsatellite diversity 
and any fitness measure at the population or individual 
level.  A V. berus population in Sweden exhibited both 
low genetic diversity and evidence of inbreeding 
depression, manifest as high incidences of stillborn and 
malformed offspring. A successful genetic rescue was 
accomplished by the addition of several males from an 
outbred population, leading to both increased offspring 
survival and genetic diversity (Madsen et al., 1999). The 
unpublished British V. berus study mentioned earlier was 
also intended to assess risks from inbreeding in British 
populations but looked only at genetic diversity. Based 
on the experiences outlined above, molecular studies 
alone are unlikely to identify genetic risks to British 
adders in the absence of quantitative information about 
fitness characters.

Assessing population size
Another prediction from genetic theory is the ‘50/500 
rule’ (Franklin, 1980). This infers that populations 
averaging 50 or fewer individuals over several generations 
will become subject to inbreeding effects, while in those 
with fewer than 500 genetic diversity will gradually erode 
over time. These numbers seem unrealistically large for 
most amphibian and reptile populations in the British 
Isles, especially for the rare species in restricted habitat 
areas. Furthermore, the theory relates to ‘effective’ 
population size, Ne, and not census size, Nc. Ecologists 
typically measure Nc using methods such as capture-
mark-recapture, but Ne approximates to the number of 
individuals that successfully reproduce and is of greater 
relevance to population viability. Ne is typically much 
smaller than Nc (Frankham, 1995).  
 Neutral genetic markers provide methods for 
estimating Ne, which is difficult to do by standard 
ecological approaches.  Because neutral genetic diversity 
is affected by random genetic drift, allele frequencies 
change more quickly in small than in large populations. 
It is therefore possible to compare allele frequencies 
across generations and thence obtain estimates of Ne. 

Comparison No.  
comparisons

Correlation 
coefficient (r)

Probability of 
no correlation

He x Mean 
population size

28 0.46 <0.02

He x distance to 
range edge

33 0.51 <0.01

Mean population 
size x distance to 
range edge

28 0.25 0.15

Table 3.  Genetic diversity and demography in B. calamita. 
Data were from 33 British natterjack toad populations and 
subpopulations. Population sizes were each the averages of 
spawn string counts over 5-10 years between 1986 and1995 
(derived from Rowe et al., 1999).

Species Site name Mean Nc 
estimate

Mean Nb 
estimate

Nb:Nc

Bufo bufo Pells 
Whitelands

1,200 
1,022

49 
34

0.04 
0.03

Rana temporaria Pells 
Whitelands

236 
36

86 
12

0.36 
0.33

Table 4.  Census (Nc)  and effective breeding (Nb) population 
size estimates for two widespread anurans. Both populations 
of both species bred in the same ponds in Sussex (derived 
from Brede & Beebee, 2006b).

Method Mean no. of successful 
detections (range)

Mean percentages of 
successful detections

eDNA 34.75 (34-35) >99
Bottle trapping 27.50 (26-30) 79
Torch searching 26.25 (20-34) 75
Bottle trapping + 
torch searching

34.00 (33-35) >97

Table 5.  Comparative survey results for T. cristatus using 
conventional and eDNA methods.Results are from four 
surveys of each of 35 ponds, and are derived from Biggs et 
al. (2015).

T.  Beebee
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In amphibians, this has been attempted by genotyping 
adults and larvae in the same year. Because many 
amphibians survive to breed more than once, these 
estimates are referred to as Nb, the effective breeding 
population size, which will be smaller than Ne but often 
not by much.
 Estimates of Nb and Nc in several British B. bufo 
populations resulted in very small Nb:Nc ratios, varying 
from around 0.01 to 0.04; by contrast, ratios for multiple 
R. temporaria populations averaged around 0.3 (Scribner 
et al., 1997; Brede & Beebee, 2006b; Table 4). More 
recently, methods for determining Nb based on a single 
generation sample have been developed and applied 
to multiple British B. calamita populations yielding an 
average Nb:Nc ratio of around 0.15 (Beebee, 2009).  
These estimates are typical of those found in many other 
species and imply a need for census population sizes in 
the hundreds to avoid inbreeding risks and an order of 
magnitude higher to minimise genetic deterioration. 
These unrealistic aspirations are moderated to some 
extent by the discovery of genetic compensation. In both 
T. cristatus and B. calamita the Nb:Nc ratio increases 
markedly when population sizes are low (Jehle et al., 2005; 
Beebee, 2009) but nevertheless very few amphibian and 
reptile populations will ever be large enough to comply 
with these theoretical requirements to maintain long-
term genetic health. There seems no straightforward way 
of relating theory and practice in this situation, though a 
lot hinges on the definition of a population and whether 
high gene flow can be interpreted as reflecting large 
metapopulations. This certainly could apply to relatively 
widespread species, but hardly to rare and geographically 
isolated ones.  
 Neutral genetic markers also provide a method for 
determining recent trends in population size. This is based 
on the theoretical expectation that He will change more 
slowly than Ar when populations increase or decrease. 
The method should reveal bottlenecks or expansions 
that occurred within the past 50 or so years, depending 
on species generation time and current population 
size.  For B. calamita this approach was tested by 
comparing genetic inferences with known demographic 
histories, based on spawn string counts, for 15 British 
populations. The bottlenecks indicated by genetic 
analysis from samples taken in the 1990s corresponded 
almost completely with those known to have happened 
during the 20th century (Beebee & Rowe, 2001). Vibrant 
populations showed no bottleneck effects whereas some 
others, including recent translocations yielded significant 
bottleneck signatures. No recent population increases 
were implied. The R. ridibundus population at Romney in 
Sussex, established from just 12 founding individuals in 
1935, also showed genetic confirmation of a bottleneck 
(Zeisset & Beebee, 2003).

Population structure and gene flow
Detecting gene flow and migration between populations
It is often useful to know the extent to which populations 
are interconnected by migration. Even occasional 
movements of individuals can help maintain genetic 
diversity and reduce extinction risks. This is hard to 

determine by standard ecological methods, especially 
when migrants are infrequent, as is often the case. 
Molecular markers offer solutions to this problem.  The Fst 
statistic (Rowe et al., 2017) is a measure of how distinct two 
populations are with respect to their genetic diversities, 
and varies from zero (populations identical) to one 
(totally distinct, with no recent migration).  Intermediate 
Fst values indicate the degree of differentiation, and thus 
the number of migrants moving between populations 
averaged over recent time; the lower the Fst, the higher 
the number of migrants per generation. Fst values 
indicate ‘effective’ migration, meaning the numbers of 
individuals that reproduced successfully in their new 
location, but cannot easily distinguish the directions of 
movement. Wherever migration is possible, a theoretical 
expectation is that pairwise Fst estimates will increase 
as a function of distance between multiple population 
pairs. This is a useful basis for identifying barriers to 
movement, as shown when a pairwise Fst is higher than 
expected under this ‘isolation by distance’ model.
 Allozyme-based Fst estimates among R. temporaria 
and B. bufo populations in Sussex were more than twice 
as high among urban compared with rural breeding 
ponds (Hitchings & Beebee, 1997; 1998) despite the fact 
that distances between urban ponds were much smaller, 
averaging just over 2 km, than those between rural sites 
averaging > 40 km. However, this distinction was not 
seen in a similar study with R. temporaria in the same 
area using microsatellites, but did occur at an MHC locus 
(Zeisset & Beebee, 2010). Possibly the allozyme and 
MHC results reflected the fact that these markers can 
be subject to local selection. There was no correlation 
between Fst and intersite distances for microsatellites 
or MHC markers, indicating the existence of substantial 
barriers to movement between the Sussex ponds in both 
rural and urban habitats.  Further comparisons using 
microsatellites with rural Sussex populations separated 
by an average of just 8 km produced Fst estimates 
for B. bufo averaging five-fold higher than those for  
R. temporaria using the same ponds. In this instance, 
with relatively close ponds, R. temporaria showed 
significant isolation by distance but B. bufo did not 
(Brede & Beebee, 2004). These results imply that  
R. temporaria is genetically a more mobile species than 
B. bufo, probably because the frog typically utilises more 
ponds in a landscape than does the toad. Taken together 
the relatively high diversity, mobility and Nb/Nc ratios of 
R. temporaria populations relative to those of B. bufo are 
in accord with differences in densities of breeding sites 
and operational sex ratios between these species. 
 Recognition that many amphibians persist as 
metapopulations was the basis of migration estimates, 
based on microsatellite analyses, in three areas of Britain 
with semi-continuous coastal habitat occupied by B. 
calamita (Rowe et al., 2000).  Mean Fst estimates between 
pond clusters, essentially sub-populations in each region 
increased as a function of distances within suitable 
habitat between them.  It was possible from this study to 
infer barrier effects of a river and of an intervening urban 
development, and also which subpopulations were the 
main sources or recipients of intersite migrants. At the 
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level of entire biogeographical range both microsatellites 
and MHC markers exhibited isolation by distance among 
B. calamita populations across Europe, but the gradient 
was significantly steeper for MHC than microsatellites 
indicating that selection has operated on the functional 
gene even though random drift was the most important 
structuring force (Zeisset & Beebee, 2014). 

Defining populations
Assessing migration rates between populations 
requires, in the first instance, defining the populations 
in question. Even for pond-breeding amphibians this 
is often problematic because many species exist as 
metapopulations, with individuals moving among groups 
of ponds. For reptiles, there is even greater uncertainty. 
Are animals on one hillside really quite separate from 
those on the next one along the ridge?  Sophisticated 
methods, mostly based on assignment tests, have been 
developed to address this issue using genetic data. In 
a discrete, isolated population there is a theoretical 
expectation that the genotypes of all the individuals 
present should occur at frequencies predicted by the 
Hardy-Weinberg equilibrium (HWE).  Computer programs 
can analyse all the genotypes from a sample of individuals 
and assess whether they fall into one HWE group, or 
into more, in which case several different populations 
are implied.  These groups can then be examined to see 
whether they are constituted by animals sampled in (say) 
a corresponding set of ponds or hillsides.  
 Applying this approach to B. calamita microsatellite 
data from all the localities in Britain where the toad 
occurred resulted in 38 previously defined populations 
contracting to about 15 metapopulations, the final 
number varying slightly according the exact method 
used (Rowe & Beebee, 2007). This result provided more 
clarity about ‘actual’ population size, which could often 
be considered as the totals of several sub-populations, 
and demonstrated where it will be important to maintain 
connectivity by habitat management.  Assignment 
methods can also identify individual migrants if an animal 
ascribed to one HWE group was actually found at a 
location where the population was defined by a different 
HWE group. This does not reveal whether the migrant 
bred successfully in its new home, but merely establishes 
its presence.  An extended type of assignment analysis 
can identify larvae in a pond that have mixed parentage 
via individuals from two separate ponds (Jehle et al., 
2005) but no evidence of that was found among the 
British B. calamita populations.  Fst analysis therefore 
remains a useful method for identifying effective 
migration between populations defined by assignment 
approaches.
 Investigations of R. temporaria in Scotland added 
another dimension to understanding population 
structure.  Microsatellite analyses of frogs from sites in 
central Scotland up to tens of km apart and at altitudes 
from <80 m to 900 m above sea level mostly failed to 
resolve into discrete populations, and low Fst estimates 
indicated universally high levels of intersite migration 
(Muir et al., 2013). However, larval period and growth 
rates did vary, with larvae from populations at the 

highest altitudes growing faster and metamorphosing 
more quickly than those from lower down the mountains 
(Muir et al., 2014). Differentiation of these heritable 
quantitative traits, quantified as Qst, was fivefold 
stronger than microsatellite Fst differentiation. Evidently 
this adaptive variation was maintained in the face of 
high rates of intersite migration demonstrated by the 
microsatellite data.  Neutral markers do not tell the 
whole of the story.
  Coronella austriaca is the rarest reptile in Britain and 
of high conservation concern. This snake was the subject 
of a genetic investigation to compare gene flow among 
multiple sites across Dorset, the county in which most 
surviving British populations occur. Smooth snakes were 
genotyped at microsatellite loci but assignment methods 
failed to define specific populations associated with the 
sample sites, despite them being widely dispersed (at 
least several km apart). Fst estimates between sampling 
sites were low, with no indication of isolation by distance 
(Pernetta, 2009). It may be that the patterns of genetic 
diversity seen in this long-lived reptile reflect population 
structures that were present decades ago, before recent 
barriers to movement, especially the expansion of urban 
areas, fragmented the snake populations to their present 
state. However, a study within a single area of smooth 
snake habitat proved more informative. In Wareham 
Forest, an area of mixed heath and woodland, C. austriaca 
was sampled at 10 locations separated from one another 
by distances between about 0.5 and 5.5 km.  There was 
a significant isolation by distance effect (Pernetta et 
al., 2011) and attempts to improve the Fst – distance 
correlation using hypothesised habitat corridors such 
as forest rides failed to improve on the correlation with 
direct-line distances, inferring that all the habitat was 
available for migration by C. austriaca.  This microsatellite 
study made other interesting revelations, demonstrating 
that males tend to move further than females and that 
multiple paternity of clutches is commonplace.  
 Populations of Britain’s other rare reptile, L. agilis, 
were the subject of an extensive genetic study based on 
diversity at multiple microsatellite loci (Russell, 2012). 
Assignment methods clearly identified distinct groups 
in the main British distribution zones of this species in 
Dorset, the Weald and Merseyside.  Some clusters of 
populations within Dorset were also resolved. However, 
at the finest scale investigated, within Wareham Forest, 
there was no population differentiation indicating 
substantial mobility of lizards within the Forest.  An 
important element of the L. aglis study within Dorset 
was progression from isolation-by-distance analysis to a 
landscape scale investigation identifying habitat features 
likely to influence the movement of individuals (Fig. 1). 
This approach revealed probable ‘least cost paths’ and 
‘resistance surfaces’ for lizards around Bournemouth. 
Rivers were substantial barriers to sand lizard movement 
and major roads were probably similar, but because 
some roads were relatively new their impact on genetic 
differentiation was not yet strong.  Some agricultural 
land looked permeable to lizards and might become 
increasingly suitable as climate warming continues. This 
kind of investigation is valuable for the identification 

T.  Beebee



57

Figure 1. Landscape permeability surfaces for sand lizards in Dorset.  The figure shows a resistance surface for L. agilis around 
the Bournemouth-Poole connurbation. Palest (yellow) areas are the most permeable, grading through to deep orange, the 
least permeable to sand lizard movement. Blue stars represent the lizard sampling sites. After Russell (2012). 

Genet ics  and herpetofauna conservat ion

Figure 2.  The pool frog in Europe. Blue = approximate distribution limits for northern clade frogs. Pink = approximate 
distribution of central European pool frogs.
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and improvement of corridors to maintain connectivity 
between increasingly fragmented lizard populations 
and could usefully be extended to other herpetofauna 
species in Britain.

Phylogeography
From a conservation perspective, it can be important to 
know the origins of specific populations, and in particular 
whether they are likely to be longstanding components 
of a natural range or recent introductions at the hand 
of man. This information can be critical at the policy 
level for determining whether a population should 
be conserved or, at worst, eliminated.  Comparing the 
genetic profiles of reference populations can provide 
convincing evidence to distinguish these scenarios and, 
in the most favourable situations, indicate both the 
pathways of historical colonisation and likely timing of 
events. 
 Mitochondrial DNA is a popular marker for 
phylogeographical analysis but for herpetofauna in the 
British Isles it has usually shown too little variation to 
work well. Fortunately, microsatellites have frequently 
come to the rescue. A phylogeographic study of  
B. calamita indicated that populations on the north-west 
coast of England were genetically distinct from those in 
southern and eastern England, and that the postglacial 
colonisation of the British Isles by this toad from 
mainland Europe probably followed separate western 
and eastern routes. It also showed that B. calamita 
populations in Ireland were very similar genetically to 
those on the British west coast but must have separated 
from them during a common original colonisation event 
several thousand years ago (Rowe et al., 2006).  This 
genetic evidence ran counter to previous speculations 
that natterjacks were introduced to Ireland by humans, 
and thus confirmed the importance of conserving these 
isolated toad populations.  A finer-scale study attempted 
to determine whether recently discovered large 
populations of B. calamita in a geographically separate 
dune system in Ireland were longstanding, or a result 
of recent translocation from the well-known colonies.  
On balance the results indicated that the newly found 
populations were probably not of recent origin, but 
this inference was weakly supported and highlighted 
difficulties of using genetic methods at the limits of 
distribution where diversity is low (May & Beebee, 
2010). A similar picture to that of B. calamita emerged 
for the history of R. temporaria in Ireland. Populations 
in much of the country had west European mtDNA 
haplotypes like those found in mainland Britain but some 
in the south-west had unique sequences suggesting that, 
like natterjack toads, they may have survived in and 
colonised Ireland from a distinct and separate glacial 
refugium (Teacher et al., 2009). 
 Phylogeographical analysis with microsatellite and 
‘RAPD’ genetic markers provided contributory evidence 
that P. lessonae was native to eastern England until the 
last population went extinct there in the 1990s (Beebee 
et al., 2005).  The East Anglian frogs formed part of a 
distinct ‘northern clade’ of P. lessonae, only otherwise 
found in Scandinavia, and distinctly different from 

introduced populations of this frog in England originating 
from elsewhere in Europe (Fig 2). The genetic evidence 
together with that of archaeological remains and male 
call signatures led to formal recognition of northern 
clade pool frogs as a native British species and thence 
to a so-far successful attempt to reintroduce them from 
Sweden.  
 Great crested newts T. cristatus are widespread 
in Britain but there was speculation that an isolated 
group of populations in the far north of Scotland may 
have originated via human translocation. However, 
microsatellite-based analyses of genetic diversity 
patterns indicated that the northern Scottish populations 
are most probably of natural origin (O’Brien et al., 2015). 
There were no signs of recent genetic bottlenecks and the 
observed diversity patterns would have required multiple 
separate translocations to generate the situation seen 
today. Once gain the conclusion was that the populations 
merit continued conservation measures.   
 An exception to confirmation of native status 
followed microsatellite analysis of a L. agilis population 
at Aberffraw dunes in Anglesey (Russell, 2012). This study 
pointed very clearly to a recent introduction, mostly 
with animals originating from Merseyside but possibly 
‘contaminated’ with some input from Dorset lizards, 
perhaps following captive breeding. Nevertheless, 
because this is a rare species that has declined severely in 
the UK the sand lizards certainly warrant protection both 
there and at nearby Newborough Warren where another 
illicit translocation must have taken place. 
 Podarcis muralis is by far the most successful non-
native reptile in Britain. Using a combination of mtDNA 
and microsatellite markers, Michaelides et al. (2015) 
sought to identify the origins of 23 English populations of 
this lizard by comparison with potential sources in France 
and Italy. For at least nine of the British populations the 
results suggested separate introduction events from 
mainland Europe, while eleven probably originated as 
secondary translocations from the primary colonies. 
Some of the British wall lizard sites probably have animals 
hailing from more than one European locality while most 
British populations apparently originated from Tuscany. 
English wall lizard colonies are thriving and adapting to 
the country’s relatively cool temperatures, and in some 
areas, could pose a threat to native L. agilis. However, 
eradication of P. muralis from Britain is hardly feasible 
and, probably not sufficiently warranted to be desirable. 
Wall lizards are surely in Britain to stay.

Identification issues
Species
Among the most striking recent developments have 
been the recognition of two new species identities in the 
British Isles. The taxonomic separation of toads B. bufo 
and B. spinosus (previously designated as the subspecies 
B. bufo spinosus) was achieved primarily on the basis of 
mtDNA and a nuclear DNA marker. Bufo spinosus occurs 
in Iberia and much of western France, while B. bufo is 
widespread in other parts of France, and further east, 
as well as in mainland Britain. However, it turns out 
that bufonid toads on the Channel Island of Jersey are 
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B. spinosus (Arntzen et al., 2014). This discovery added 
a new species to the British list (Fig 3).  Then came a 
revelation about grass snakes (Natrix species), long 
known to exhibit substantial phenotypic variation across 
their wide European range.  Based on results from both 
mtDNA and microsatellite studies, a strong morphological 
and genetic divide between grass snake populations 
runs north-south, more or less along the Rhine valley, 
in western Germany. Snakes east of this divide are 
now classified as Natrix natrix while those in France 
and Britain have been elevated from subspecies to full 
species status, becoming N. helvetica instead of N. natrix 
helvetica (Kindler et al., 2017). Contrary to some press 
reports this is a reclassification and not a ‘new’ species in 
Britain, but in a few areas, there are populations of non-
native grass snakes originating in mainland Europe, and 
which are not N. helvetica (e.g. Nash, 2011).  
 For the most part, the few species of amphibians and 
reptiles found in the British Isle are easy to distinguish 
morphologically, though there are a few exceptions. 
In these cases diagnostic molecular markers can come 
to the rescue.  Larvae of B. bufo and B. calamita are 
morphologically indistinguishable when small but 
can be separated by either protein or species-specific 
microsatellite analysis. Visual identification of some 
water frogs (Pelophylax species) is difficult and often 
unreliable. Larvae cannot be separated morphologically 
and the hybrid edible frog P. esculentus can be hard to 
distinguish from P. lessonae. Even more problematic is 
differentiating between central European and northern 
clade P. lessonae. Microsatellite markers are available for 
separating P. lessonae from P. esculentus, and from the 
marsh frog P. ridibundus, providing reference material is 
available from frogs of known provenance for assignment 
tests (Holsbeek et al., 2009). There are also RAPD primers 
that can distinguish northern clade P. lesssonae from non-
native central European pool frogs (Snell et al., 2005).  

 The newts L. vulgaris and L. helveticus occasionally 
hybridise in the wild.  Male hybrids are readily recognised 
by their intermediate morphology but, probably because 
females of these species look very similar, no female 

hybrids have yet come to light. A mixture of RAPD and 
mtDNA sequences can not only identify hybrids but, 
because mtDNA has an exclusively female inheritance, 
can also reveal the direction of the cross (Beebee et 
al., 1999). Evidently hybrids can result from pairings of 
either type, i.e. with either L. vulgaris or L. helveticus 
mothers. Larvae of these two newts are morphologically 
indistinguishable but can also be identified non-lethally 
using the molecular tools appropriate for hybrids.

Disease diagnosis
Infectious diseases have caused mass mortalities of 
amphibians around the world in recent decades.  In Britain, 
ranavirus outbreaks regularly decimate populations of  
R. temporaria and, to a lesser extent, B. bufo (Teacher et 
al., 2010). Although the pathology of ranavirus in dead 
or dying frogs is usually obvious, it may sometimes be 
important to make a definitive identification. This can 
be achieved by PCR amplification of part of the major 
viral capsid protein gene in DNA extracted from infected 
tissue. The fungus Batrachochytrium dendrobatidis 
(Bd) has caused widespread declines and extinctions 
of amphibians, mostly in tropical regions, and in an 
unpublished citizen science project (Cunningham & 
Minting, 2008) was found to be widespread in several 
British species. Fortunately, this infection seems to be 
benign in the UK and the fungus was only detectable by 
PCR amplification of a short section of chytrid-specific 
DNA in swabs obtained from skin surfaces. In B. calamita 
some mortality due to Bd was seen in captivity but there 
were no detectable consequences even for heavily 
infected wild populations (Minting, 2012). Essentially 
similar molecular analyses have been used to identify 
the newly emerged B. salamandrivorans, the causative 
agent of a usually fatal disease of some newts and 
salamanders in parts of north-west Europe (Martel et al., 
2014). The effects of this fungus, with the potential to 
kill T. cristatus, look set to be anything but benign if it 
spreads extensively in Britain.    
 A fungal snake pathogen, Ophidiomyces ophiodiicola, 
has recently been found in British snakes. First detected 
in North America, this organism is of a different variety in 
Europe and can be detected in carcasses and skin sloughs 
by a specific PCR amplification of part of a ribosomal 
RNA gene. Skin lesions caused by O. Ophiodiicola can 
be fatal but so far, at least in Britain, seem not to be. In 
the UK Grass snakes were the species most commonly 
infected, although the fungus was detected on one adder 
(Franklinos et al., 2017).

Environmental DNA
The discovery that ponds contain DNA released into 
the water by animals living in them has the potential 
to revolutionise survey methods for amphibians. This 
environmental DNA, ‘eDNA’, can be amplified from water 
samples using the PCR and its subsequent analysis can 
identify the presence of particular species without ever 
seeing them.  In Britain, the method has been extensively 
characterised for T. cristatus and is as or more reliable 
than conventional techniques such as night torching and 
bottle trapping for determining whether great crested 

Figure 3.  Bufo spinosus, a new species for the British Isles. 
Photo: John Wilkinson
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newts are present (Table 5, Biggs et al., 2015). False 
negatives were rare and false positives non-existent in 
that study.  Newts were very rarely found at sites where 
no eDNA was detected and newts were located at every 
site containing their eDNA. These controls were essential 
to validate widespread use of the eDNA method.  Because 
T. cristatus is widespread but strictly protected in Britain 
there is a need for a wide survey efforts to find as many 
newt populations as possible.  Environmental DNA 
sampling might prove effective for achieving this goal 
and thus improve the long-term conservation prospects 
of this charismatic species.  The next step in eDNA-based 
surveys has already been taken. Using universal primers 
for amplifying part of amphibian mtDNA, it proved 
possible to identify every species of amphibian present in 
a pond from a single water sample. This was achieved by 
‘next generation’ simultaneous sequencing of all the DNA 
molecules produced in the PCR, generating detection 
probabilities close to one for all species in all the ponds 
sampled (Valentini et al., 2016).  Environmental DNA 
surveys have advantages of minimal disturbance and 
a need for fewer site visits than standard surveys, but 
there are disadvantages too. DNA analyses are expensive 
and require dedicated lab facilities to minimise cross-
contamination risks among samples. Even so, eDNA 
seems set to become increasingly important as a survey 
method in future though like any other survey method, 
DNA concentrations can be affected by environmental 
factors including in this case UV exposure, temperature 
and pond substrate.

DISCUSSION

Genetic investigations of amphibians and reptiles in the 
British Isles have generated some insights relevant to 
their ongoing conservation. Specifically:
 (1) Simply measuring genetic diversity with neutral 
markers is inadequate as a reliable indicator of 
population genetic health and viability. This has been 
known for many years, but not always appreciated by 
conservationists. A wide-ranging meta-analysis showed 
that there was no significant correlation between neutral 
marker and adaptive variation in life history traits (Reed 
& Frankham, 2001).  Low diversity at neutral loci can be 
a consequence of factors other than reduced fitness, and 
in particular can occur in large populations near range 
edges. Investigation of suspected genetic problems 
such as inbreeding or loss of adaptive variation requires 
measurements of fitness attributes directly, as shown for 
natterjack toads and wall lizards in Britain, and for adders 
in Sweden.  
 (2) Neutral markers are valuable for defining 
genetically discrete populations, and for assessing 
the extent of migration between them. This approach 
becomes all the more interesting if, as with the studies 
of Scottish common frogs, it can be related to selective 
effects on adaptive variation.  More applications of 
landscape genetics to species other than sand lizards 
will surely be a valuable next step, identifying habitat 
permeability and putative corridors facilitating movement 
between populations.  Climate change may make the 

identification of such corridors ever more important.
 (3)  Phylogeography has proved successful in 
confirming native status, in various sites, of natterjack 
toads, pool frogs and great crested newts. These results 
have informed decisions about conservation priorities 
and, in one case (sand lizards in Anglesey) brought to light 
a recent, unlicensed introduction.  
 (4) Molecular analysis has convincingly split two 
species that were previously one (each with subspecies) 
into two. Bufo spinosus as well as B. bufo, and Natrix 
helvetica rather than N.n. helvetica are, as we now 
know, native to the British Isles. Molecular tools are also 
available to aid identification in the rather few instances 
where this can be problematic with British species though 
it seems likely that, in practice, they will rarely be needed.  
 (5) Molecular identification is standard practise for 
the viral and fungal causative agents of disease in British 
herpetofauna. The technology involved in this work 
is impressive but has not, and perhaps cannot lead to 
ways of controlling disease outbreaks. Its value lies in 
demonstrating the origins, extent and spread of these 
unwelcome pathogens.
 (6) Environmental DNA is an important new tool in 
the armoury of amphibian surveyors. Its reliability has 
been well validated as an alternative to standard survey 
protocols but it remains to be seen as to what degree the 
costs and demanding lab facilities required will limit its 
future use. 
 Inevitably there will be further developments of 
genetic methods in ecology and their applications to 
conservation are bound to increase concordantly.  High 
throughput DNA sequencing and the ability to compare 
rapidly large sections of genomes will surely increase 
our understanding of genetic diversity and the role of 
selection on wild populations. DNA editing protocols may 
make it possible to engineer disease resistance in the face 
of increasing threats from the spread of novel pathogens. 
The future is notoriously difficult to predict but certain to 
be interesting. 
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Distinguishing between native and introduced species can be difficult, particularly at range borders where patchily distributed 
populations may occur away from a species’ natural core range.  The case of native pool frog (Pelophylax lessonae) populations 
at their northern range limit in Europe is particularly interesting.  These are morphologically and genetically distinct populations 
that are patchily distributed and have been reported from the UK, Sweden and Norway, but up until 2013 were thought to 
be absent from Finland.  When pool frog populations were discovered in south-western Finland they were morphologically 
classified as belonging to this northern clade.  However, the origin of these populations has been unclear and it is possible 
that the Finnish populations originated through human aided introductions, established themselves recently through natural 
migration, or are indeed previously undiscovered relic populations.  To establish the origin and relationship of these frogs to 
other populations across Europe we used phylogeographical analysis based on microsatellite and mitochondrial DNA markers. 
Our results indicate that the Finnish, Norwegian, Swedish, UK, as well as Estonian populations belong to the northern clade. 
The Finnish frogs are most closely related to Swedish northern pool frogs, but are genetically more diverse.  This suggests that 
the Finnish pool frogs are most likely a relic from postglacial migration, though we could not entirely rule out the possibility of 
a recent natural or human aided colonisation from Sweden.  This has implications for the conservation status of the pool frog 
in Finland, where it thus far has been considered an invasive alien species.

Key words: Pelophylax lessonae, microsatellites, phylogeography, northern clade, pool frogs

INTRODUCTION

Determining natural biogeographic ranges, particularly 
at range borders, is central to conservation biology 

and important for establishing local conservation 
priorities, often deciding between conservation and 
eradication (Simberloff, 2003). Where populations 
occur away from a species’ continuous range and 
beyond their natural dispersal abilities, their origin can 
be particularly difficult to establish. Such populations 
may be the result of natural demographic processes, 
e.g. relics from a previously larger range, or the result 
of human activities that have caused the translocation 
and global movement of many species.  For conservation 
purposes, it is important to distinguish between native 
and introduced populations, as the former is usually 
deemed more valuable in terms of conservation.  Today, 
genetic tools can be used to investigate the origin 
of such populations, distinguish between native and 
introduced populations, and sometimes even pinpoint 
the source of introductions. Genetic markers have, for 
example, been used successfully to establish the origin 
and species identity of water frogs on Cyprus (Plötner 
et al., 2015), as well as the likely origin of a non-native 
population of crested newts in Geneva (Arntzen, 2001). 

They have also been used to determine that potentially 
native populations of water frogs in Switzerland stem 
from human introductions (Dubey et al., 2014), as well 
as establishing the likely number of translocations giving 
rise to non-native populations in the case of American 
bull frogs in Europe (Ficetola et al., 2008).  Recently, 
molecular tools have also been used to establish that 
great crested newt (Triturus cristatus) populations in 
Scotland were native to the Scottish Highlands and 
not the result of a human translocation, as previously 
assumed (O’Brien et al., 2015). 
 Pool frogs (Pelophylax lessonae; previously Rana 
lessonae) are another good example of the importance 
of distinguishing between native and introduced 
populations. These members of the western Palearctic 
water frog complex have a European-wide distribution 
and for most of their range they are found in a 
hybridogenetic complex with the hybrid edible frogs 
(Pelophylax kl. esculentus). Edible frogs are hybrids 
between the pool frog and the marsh frog (Pelophylax 
ridibundus) and reproduce by hybridogenesis with either 
parental species, discarding one parental genome during 
gametogenesis (Graf & Polls-Pelaz, 1989). This system 
allows the hybrids to coexist with only one parental 
species, which in most cases is the pool frog (Berger, 
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1973; Ragghianti et al., 2007). Hybrid edible frogs can 
also reproduce without either of the parental species if 
there are triploid individuals in the population. Such all-
hybrid populations are common in northern Germany, 
Denmark and southern Sweden (Fog et al., 2001; 
Christiansen & Reyer, 2011).  The distribution of pool 
frogs and the hybrid edible frog extends from France and 
Italy to Estonia and the western parts of Russia (Sillero et 
al., 2014) and partially overlaps with that of other water 
frogs, such as the marsh frog. 
 Only at the northernmost edge of the species’ range 
do isolated populations of P. lessonae occur without 
any other water frog species or hybrids present (e.g. 
Sjögren, 1991a). These northern pool frogs form a 
distinct clade, which differs genetically, morphologically 
and behaviourally from central European populations 
(Zeisset & Beebee, 2001; Buckley & Foster, 2005; Snell et 
al., 2005; Snell, 1994; Sjögren, 1991b, Fog et al., 2001). 
The northern pool frog is currently known to naturally 
occur along to the Baltic coast of Uppland, central 
Sweden (Sjögren, 1991a; Edenhamn & Sjögren-Gulve, 
2000; Nilsson, 2013; Lindgren et al., 2014) and in three 
ponds in southern Norway, which were first discovered 
in 1986 (Dolmen, 1997;  Dolmen, 2012). It was present 
in the UK until the 1990s, when it went extinct due to 
habitat degradation and lack of conservation efforts. At 
the time it was tragically assumed to be an introduced 
species, and only after its disappearance genetic data 
established native species status for this species in the 
UK (Zeisset & Beebee, 2001; Snell et al., 2005; Beebee 
et al., 2005). A species recovery program has since 
helped to re-establish this species in the UK through 
the translocation of individuals from Sweden (Buckley 
& Foster, 2005). In Estonia pool frogs are often found in 
mixed populations, together with the hybrid edible frog, 
but pure pool frog populations have been recorded in 
the northern parts of the country (Talvi, 1992; Kuzmin, 
1995). A study considering vocalisation patterns in pool 
frogs across Europe indicated that the Estonian frogs also 
belong to the northern clade of pool frogs (Wycherley et 
al., 2002), but so far genetic evidence has been lacking. 
 The northern clade populations are now recognised 
as being distinct conservation units of evolutionary 
importance and the pool frog is now a UK priority species 
(Joint Nature Conservation Committee, 2010), red-
listed as vulnerable in Sweden (Nilsson, 2013), critically 
endangered in Norway (Direktoratet for naturforvaltning, 
2006) and protected under EU legislation as a European 
Protected Species (EPS, schedule 2 of the Conservation 
of Habitats and Species Regulations, 2010). 
 In Finland, water frogs are not known to occur 
naturally. Apparently introduced populations of marsh 
frogs (P. ridibundus) occurred in the estuaries of the 
rivers Vantaa and Porvoo in the 1930s-1950s but had 
gone extinct by the 1960s (Terhivuo, 1993). However, 
since 2008 water frogs have been reported from several 
locations near Turku in south-western Finland. On the 
basis of their morphology these have been identified as 
hybrid edible frogs (P. kl. esculentus) in most locations. 
No parental species (e.g. pool frogs or marsh frogs) have 
been found in these populations, indicating the likely 
presence of polyploid edible frogs.  However, populations 

of pool frogs were more recently reported from at least 
two locations (Hoogesteger et al., 2013, 2014). These 
pool frogs closely resemble the northern clade pool 
frogs in Sweden and have been assumed to belong the 
northern clade based on morphology (Hoogesteger et 
al., 2013, 2014). The Finnish pool frog populations are 
within the natural range of northern clade pool frogs, 
but the edible frogs are outside of their normal range, 
indicating possibly different origins of these two species 
in Finland. 
 Considering the rarity and precarious status of the 
few isolated populations of northern clade pool frogs in 
Europe, the question of whether the Finnish populations 
present a valuable addition to the northern clade is 
of great importance. Like many temperate species, P. 
lessonae survived the last glacial maximum in warmer 
refugia, such as in Italy, where climatic conditions were 
less extreme (Hewitt, 1999; Zeisset & Beebee, 2001; Snell 
et al., 2005). As a result of postglacial recolonisation 
processes pool frog populations at northern range edges 
have reduced genetic diversity but also carry distinct 
microsatellite alleles in some populations (Hewitt, 1996; 
Zeisset & Beebee, 2001).  Mitochondrial DNA, the protein-
coding gene for cytochrome b in particular, is frequently 
used to establish phylogeographic relationships and a 
number of partial cytochrome b haplotypes have been 
identified in pool frogs (e.g. Canestrelli & Nascetti, 2008; 
Hofman et al., 2012; Dufresnes et al., 2017). Here we 
present data on the phylogeography and genetic diversity 
of pool frog populations across Europe (using mtDNA and 
microsatellites), with a particular focus on the northern 
clade populations. We were particularly interested in 
the question of whether the Finnish pool frogs belong to 
the northern clade and if their presence in Finland can 
be explained by recent human translocations, natural 
colonisation from nearby populations, or whether 
they may indeed be previously undiscovered, relic 
populations, which reached Finland through postglacial 
colonisation processes. We also collected, for the first 
time, genetic data on Estonian pool frogs to establish 
their genetic relationship to the northern clade.

MATERIALS AND METHODS

Samples
Tissue samples from adult and juvenile frogs were taken 
from eight Finnish pool frogs (three from Kaarina and 
five from Raisio), as well as from nine edible frogs from 
nearby locations (six from Piikkiö, two from Rusko and 
one from Kaarina; all museum specimens collected 
between 2008 and 2015 and preserved in 95% ethanol). 
Morphological characteristics that distinguish pool frogs 
and edible frogs, as described in Hoogesteger et al. 
(2013), were used to separate the two. DNA extraction 
was subsequently carried out using a Qiagen DNeasy 
Blood and Tissue kit according to the manufacturer’s 
instructions. 
 We verified morphological species identification 
using molecular markers as follows: the hybrid 
edible frogs (P. kl. esculentus) contain the marsh frog 
(P. ridibundus) genome and P. ridibundus specific 
markers can be expected to amplify in hybrids. We 
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used two molecular markers to test for the presence 
of P. ridibundus DNA in all Finnish individuals: one P. 
ridibundus specific microsatellite marker, res22 (Zeisset 
et al., 2000) and a primer pair designed to amplify part of 
the serum albumin intron in P. ridibundus (458bp; Psai1F: 
TGTGCTAAGTAGGTTTGAGTGT (as in Hauswaldt et al., 
2012); Psai1ridR: GTTTTAGTGAGTGGCCCGTG based on 
GenBank sequence MF667646). PCR reaction mixtures 
(20µl total) contained 1x standard reaction buffer (NEB), 
0.2µM of each primer, 100µM of each dNTP and 0.5 units 
of Taq DNA polymerase (NEB).  All PCRs started with 3 
min denaturation at 94 ̊ C, then 35 cycles of denaturation 
at 94 ̊ C for 30 sec, annealing (with a touchdown protocol 
starting with two cycles at 62 ˚C reducing in 2 ˚C steps to 
50 ̊ C) for 30 sec and elongation at 72 ̊ C for 30 sec, with a 
final elongation of 3 min.  We used two P. ridibundus and 
two P. lessonae DNA samples as controls. PCR products 
were visualised using agarose gel electrophoresis. 
 Pool frog samples from across Europe stemmed from 
an earlier microsatellite study (Figure 1; Zeisset & Beebee, 
2001). The following European countries represented in 
that study were used: France (N=19), Switzerland (N=40), 
Netherlands (N=34), Italy (N=18), Hungary (N=31), 
Poland (N=41), Sweden (N=12), Norway (N=5), UK native 
(prior to re-introduction), including museum specimens 

(N=5). Additionally, tissue samples from eight Estonian 
pool frogs (from Karula national park) were collected and 
analysed in 2003 (unpublished data).  

Microsatellite DNA analysis
Microsatellite genotype data for populations across 
Europe were obtained from a previous study (Zeisset 
& Beebee, 2001). Individuals from Estonia and Finland 
were genotyped at five microsatellite loci using PCR 
conditions as in Zeisset et al. (2000) for res3, res5, 
res16 and res20 and Garner et al. (2000) for RlCA18 and 
RlCA19, and fluorescently labelled primers. Fragments 
were genotyped using an ABI Prism 377 sequencer 
(Applied Biosystems) and GENESCAN 3.1.2 software 
(Estonian samples) or using an automated capillary 
DNA sequencer (Applied Biosystems, model 3730) at 
DNA Sequencing and Services (University of Dundee) 
and scored using Peak Scanner 1v.0 software (Finnish 
samples). Due to the different allele sizing methods in 
the current study, we adjusted the sizing of alleles to 
previously obtained genotypes by including DNA samples 
with known genotypes from Zeisset & Beebee (2001). 
One locus (res3) failed to amplify consistently and was 
excluded from this study. As the hybrid P. kl. esculentus 
contains the marsh frog and pool frog genome, some 

Figure 1.  Sampling sites and approximate distribution of P. lessonae and P. kl. esculentus in Europe. Light grey shading 
indicates the approximate extent of the European range of both species, dark grey shading indicates pure P. kl. esculentus 
populations and pure P. lessonae populations are indicated in black (based on Sillero et al., 2014 & Arioli et al., 2010). 
Sampling sites are indicated as grey dots; the UK sample was based on historic (native) samples. Details of Finnish 
populations sampled are presented in map insert.
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of the microsatellite loci can be amplified from both 
genomes (e.g. res16) whilst others cannot (Zeisset et al., 
2000, Garner et al., 2000). Therefore the data from P. kl. 
esculentus do not represent the actual genetic makeup 
of these individuals, but do provide some information on 
the P. lessonae part of their genome.
 Microsatellite polymorphism was quantified by the 
mean number of alleles per locus (Na), number of private 
alleles (Np), allelic richness R, observed (Ho) and expected 
(He) heterozygosities for each of the populations studied 
using GenAlEx vs. 6.4 (Peakall & Smouse, 2006; 2012), 
Genepop on the web (Raymond & Rousset, 1995; Rousset, 
2008) and FSTAT vs. 2.93 (Goudet, 2001). Calculation 
of genetic distance estimates (DA, Nei et al., 1983) and 
neighbour-joining tree construction were carried out in 
POPTREE2 (Takezaki et al., 2010).
 The population affinities of the Finnish P. lessonae 
and P. kl. esculentus to other European populations 
were also tested using STRUCTURE v2.3.4 (Pritchard et 
al., 2000) with a model that assumed admixture and 
correlated allele frequencies. We tested from 1 to 12 
groups (K), with five replicate runs per K, a 50 000 burn-
in period and 10 0000 iterations. The ΔK test was used 
to determine the most likely number of groups (Evanno 

et al., 2005) and CLUMPAK (Kopelman et al., 2015) was 
used to generate a consensus solution and compare the 
clustering results across different K values. 

Mitochondrial DNA
To investigate mtDNA sequence diversity in pool frogs we 
sequenced 552bp (excluding primer sequences) of the 
cytochrome b gene corresponding to positions 129-680, 
encoding amino acids 44 to 226 (based on P. lessonae 
mtDNA sequence JN627426) from a total of 18 P. lessonae 
individuals from Finland (N=8), Sweden (N=4), Norway 
(N=1), France (N=3), Italy (N=1) and Hungary (N=1), using 
primer cytbPelophylax F1 (CTCCTGGGAGTCTGCCTAAT) 
and cytbPelophylaxR1 (CGAAGCCTAGAAGATCTTTG) 
as described in Dubey et al. (2014). This represents a 
larger section of the cytochrome b gene sequenced 
in a previous cross-European study (based on 410bp, 
corresponding to positions 129-539; Zeisset & Beebee, 
2007). Sequencing was carried out at DNA Sequencing 
and Services, University of Dundee (https://www.
dnaseq.co.uk). Native British and Estonian samples were 
no longer available. However, we additionally used the 
haplotypes we obtained to carry out a nucleotide BLAST  
search on the genetic sequence database GenBank 

N Nl Na Np R Ho He Nmt hap

Netherlands 34 5 2.6 1 1.9 0.33 0.36

France 19 5 3.4 1 2.2 0.30 0.47 3 CC-01 (2x)
CC-03 (1x)

Switzerland 40 5 3 0 2.0 0.29 0.39

Italy 18 4 5.6 6 3.1 0.40 0.58 1 NC-01

Hungary 31 5 8 15 3.1 0.47 0.58 1 CC-02

Poland 41 3 5 1 2.3 0.24 0.36

UK 5 0 1 0 1.0 0.00 0.00

Estonia 8 1 1.2 1 1.1 0.05 0.05

Norway 5 0 1 0 1.0 0.00 0.00 1 NC-01

Sweden 12 0 1 0 1.0 0.00 0.00 4 NC-01

Finland 8 3 1.6 0 1.4 0.05 0.20 8 NC-01

(P.kl.esculentus) 9 3 1.6 0 1.5 0.18 0.22

Origin res16 res5 res20 RICA18 RICA19

UK (native) (N=5) 108 131 92 168 92

Norway (N=5) 108 131 92 174 92

Sweden (N=12) 108 131 92 176 92

Estonia (N=8) 108 131 92 172 (0.875) 
186 (0.125)

92

Finland (N=8) 108 (0.937) 
114 (0.063)

131 92 (0.750) 
102 (0.250)

172 (0.313) 
176 (0.687)

92

Finland P.kl. esculentus (N=9) 108 (0.556) 
114 (0.444)

131 92 (0.111) 
102 (0.889)

172 (0.778) 
176 (0.222)

92

Table 1.  Microsatellite diversity and mtDNA haplotypes of P. lessonae populations (and P. kl. esculentus). N= number of 
individuals, Nl= number of polymorphic loci, Na= mean number of alleles, Np= number of private alleles, R=allelic richness 
based on three individuals, Ho= observed heterozygosity; He=expected heterozygosity, Nmt= number of individuals sequenced 
for mtDNA haplotype, hap= name of haplotype obtained.

Table 2. Northern clade pool frog microsatellite genotypes and frequencies. The numbers represent allele sizes in base pairs, 
with allele frequency given in brackets where more than one allele was present; N=number of individuals genotyped from 
each country.

I. Zeisset & T. Hoogesteger
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in order to identify further pool frog cytochrome b 
sequences from across Europe.

RESULTS

Verification of species identification
The marsh frog (P. ridibundus) specific markers (res22 
and the serum albumin intron marker) verified that all 
pool frog (P. lessonae) individuals had been correctly 
identified using morphological characters. In the hybrid 
edible frogs (P. kl. esculentus) the two markers failed to 
amplify any marsh frog DNA in one sample (a female from 
Piikkiö) and this is most likely a case of a misidentified 
pool frog. This result was supported by the microsatellite 
genotype for this individual, which was identical to that 
of the Swedish pool frogs.

Microsatellite DNA
Microsatellite diversity estimates for P. lessonae are 
presented in Table 1. Central and southern populations 
(e.g. Italy, Hungary, France, Poland, Netherlands and 
Switzerland) were all more polymorphic as measured by 
allelic richness (R), mean number of alleles (Na), number 
of polymorphic loci as well as having higher observed and 
expected heterozygosities, than the northern populations 
(UK, Norway, Sweden, Finland and Estonia). All individuals 
from Norway, Sweden and UK (native) were invariant 
at all five loci and fixed for the same allele at four loci. 
Only the allele at locus RlCA18 distinguished these three 
populations (see also Zeisset & Beebee, 2001). Six of the 
Finnish pool frogs, as well as two edible frogs, had the same 
allele at this locus as the Swedish population. However, 
the Estonian and Finnish pool frogs also showed slightly 
more variation, RlCA18 was polymorphic in Estonia and 
three loci (RlCA18, res16 and res20) were polymorphic 
in Finland (in individuals from Raisio). The alleles found 
in the Finnish pool frogs generally also occurred in the 
Finnish P. kl. esculentus. For details of allele sizes and 
frequencies in northern clade pool frogs see Table 2.
 We used allele frequencies from the five microsatellite 
loci to construct a phylogeographical tree for P. lessonae. 
The neighbour-joining tree (Saitou & Nei, 1987) in Figure 
2 is based on Nei’s DA distance (Nei et al., 1983). DA 
is generally considered best for correct tree topology 
(Takezaki & Nei, 2008), but similar tree topologies were 
obtained using Nei’s standard genetic distance (DST), with 
or without sample size bias correction (Nei, 1972), as well 
as when using the UPGMA method for tree construction 
(Sneath & Sokal, 1973). There was strong support for 
the ‘northern clade’ group, previously consisting of 
UK, Sweden and Norway (see also Zeisset & Beebee, 
2001) and now including the populations from Estonia 
and Finland with a bootstrap value of 83%. Due to the 
relatively small number of loci used not all relationships 
could be resolved, but there was strong support for two 
larger groups,  a ‘north-eastern’ group consisting of 
UK, Sweden, Norway, Estonia, Finland, Hungary, Poland 
and Italy as well as another ‘western’ group, consisting 
Switzerland, the Netherlands and France (bootstrap value 
of 92%). 

Clustering of microsatellite genotypes
Bayesian clustering assignment of all European P. lessonae 
populations, including the Finnish P. kl. esculentus, 
using STRUCTURE, indicated highest support for the 
same two larger groups as the phylogeographical tree 
(ΔK= 429.4; Figure 3). Group one consisted of Norway, 
Sweden, native UK (prior to re-introduction), Estonia, 
Finland (P. lessonae; PL), Italy, Hungary and Poland (the 
‘north-eastern’ group); group two encompassed the 
Netherlands, France and Switzerland (the ‘western’ 
group), as well as the Finnish P. kl. esculentus (PE). There 
were two individuals within the Finnish P. lessonae (both 
from Raisio) which were assigned to group two and two 
P. kl. esculentus (one from Rusko and one from Piikkiö), 
which were assigned to group one. One of these was 
most likely a misidentified pool frog (see ‘verification of 
species identification’ above).

Mitochondrial DNA sequences
We sequenced a fragment of 552bp of the mitochondrial 
DNA (mtDNA) cytochrome b gene of 18 individuals. We 
identified four haplotypes, NC-01 (MG214959), CC-01 
(MG214960) and CC-02 (MG214961), which all differed 
between 1 and 3bp, and CC-03 (MG214962), which 
differed in 28 to 30bp from the other three.  All individuals 
from northern clade populations (Finland (N=8), Sweden 
(N=4) and Norway (N=1)), as well as the Italian sample 
consisted of one genetic lineage (haplotype NC-01).  In 

Figure 2.  Phylogeographical tree of European P. lessonae 
populations based on DA distances and the neighbour-
joining method. The numbers are percentages of 
bootstraps (out of 1000); only bootstrap values >50% are 
shown.

Biogeographic  range of  northern pool  c lade frogs
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France we detected two haplotypes (two individuals 
with haplotype CC-01 and one with haplotype CC-
03; 534bp sequenced) and a fourth haplotype was 
found in the Hungarian sample (haplotype CC-02). A 
BLAST nucleotide search of GenBank revealed that the 
northern clade haplotype NC-01 is widely distributed in 
Europe and can be also found in central Sweden (LES17, 
MF094344), South Sweden (LES25, MF094352), Germany 
(LES25, MF094352), Italy (LES25, MF094352; LES21, 
MF094348), Ukraine (LES25, MF094352), Czech Republic 
(LES20, MF094347) , France (LES25, MF094352; LES23, 
MF094350), Austria (LES25, MF094352), and Switzerland 
(LES22, MF094349; LES20, MF094347) (Dufresnes et al., 
2017). Haplotype CC-02, which we found in Hungary, 
can also be found in other central/eastern European 
countries, such as Poland (LES26, MF094353), the Czech 
Republic, Romania and the Ukraine (LES04, MF094331) 
and haplotype CC-01, which we detected in France, has 
been found in northern Germany (LES11, MF094338).  
Haplotype CC-03 differed greatly from the other three 
haplotypes, but only in 1 base pair to sequences identified 
by others as belonging to the Italian pool frog P. bergeri 
(e.g. BER21, MF94325; Dufresnes et al., 2017). 

DISCUSSION

The molecular phylogeographical analysis based on 
five microsatellite loci strongly inferred that both the 
Finnish and Estonian P. lessonae belong to the distinct 
northern clade of pool frogs, which include populations 
in Norway, Sweden and the UK (Zeisset & Beebee, 2001). 
Although sample sizes were low, the similarity in the 
genetic profile between the Swedish and Finnish pool 
frog populations was notable. The five microsatellite loci 
are invariant within populations in Norway, Sweden and 
the UK and only one of the five (RlCA18) is polymorphic 
across these populations (Zeisset & Beebee, 2001). 
Many of the Finnish pool frogs, as well as some of the 
edible frogs, had an allele at locus RlCA18 which is found 
in Swedish pool frogs and only at very low frequency 
elsewhere (i.e. at a frequency of 0.013 in Poland). As per 
theoretical expectations the northern clade populations 
have markedly lower genetic diversity indices than other 
European populations. Although based on small sample 
sizes, the Estonian as well as the Finnish population both 
exhibited slightly higher diversity values than those from 
Norway, Sweden and UK (historic samples). 

 The phylogeographical analysis and the inclusion of 
the Estonian pool frogs in the northern clade supports 
the notion that the northern clade pool frogs originated 
from an easterly postglacial colonisation route (Zeisset 
& Beebee, 2001; Snell et al., 2005). Northward range 
expansion was generally faster along eastern routes than 
in western Europe for many species (Hewitt, 2000). There 
is also mounting evidence of more northerly 'cryptic' 
refugia for many species (Provan & Bennett, 2008; Schmitt 
& Varga, 2012; Stewart & Lister, 2001) and the moor frog 
Rana arvalis, for example, is thought to have survived 
several glacial cycles in a refugium in the Carpathian 
basin (Babik et al., 2004). The discovery of isolated pool 
frog populations in Romania, and higher genetic diversity 
in pool frogs in central and eastern Europe, also point 
towards the possibility of secondary glacial refugia in 
this geographic region, which may have been the main 
contributors during the northward colonisation after the 
last ice age (Covaciu-Marcov et al., 2008; Hoffmann et al., 
2015; Dufresnes et al., 2017). 
 Intraspecific nucleotide polymorphism for 
mitochondrial DNA in pool frogs in the post-glacial 
expansion area of Europe is low, with for example four 
sequenced P. lessonae mtDNA genomes (15,376-78 bp 
without control region) differing on average by only 19 
nucleotides in central and western Poland (Hofman et 
al., 2012). A recent study which sequenced 974bp of the 
cytochrome b in pool frogs across Europe identified 27 
haplotypes, although many of these haplotypes differed in 
only 1bp and northern clade populations were not included 
(Dufresnes et al., 2017). In our study, all eastern and 
northern European P. lessonae had one of two haplotypes 
(NC-01 or CC-02) and all northern clade populations in 
this study had the same haplotype (NC-01), exhibiting no 
diversity at the section of cytochrome b we investigated. 
Haplotype NC-01 was the most wide-spread haplotype 
in Europe, found across much of central, eastern and 
northern Europe, as well as in northern Italy. Additionally 
we identified a haplotype (CC-03) in France which was 
highly similar to those commonly found in central Italy and 
markedly different from the other haplotypes. Pool frogs in 
Italy may in fact be comprised of two species or subspecies, 
the pool frog (P. lessonae) in the north, and the Italian pool 
frog (P. bergeri) in central and southern Italy. Central Italian 
mtDNA haplotypes have been documented by others in 
French and Swiss water frog populations (Dubey et al., 
2014; Dufresnes et al., 2017). 

Figure 3.  Assignment of European P. lessonae populations to genetic clusters using the STRUCTURE algorithm (K=2), 
assuming admixture and correlated allele frequencies. Vertical lines represent individuals, black lines separate different 
populations. Finland (PE) consist of P. kl. esculentus individuals.
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 There was clear evidence that the Finnish pool frog 
population was most closely related to the Swedish frogs 
and there are three possible explanations for this: the 
population could be (1) a longstanding relic of post-glacial 
migration patterns, (2) a recent natural colonisation from 
Sweden or (3) the result of a recent introduction.  
 Although there are no historical records of the 
species in Finland, the first explanation seems, according 
to our results and previously published work, the most 
likely. The Finnish population is within the natural range 
limit for northern clade pool frogs and the existence of 
a natural population in south-western Finland would 
concord with proposed postglacial recolonisation routes 
(see Zeisset & Beebee, 2001; Snell et al., 2005). The 
species is much harder to detect than other water frogs, 
and populations can easily remain unnoticed for long 
times. The population in Uppland, Sweden for example 
was only discovered in the 1940s (Gislén & Kauri 1959), 
the Norwegian population as late as 1986 (Dolmen, 
1997; Dolmen, 2012) and the now extinct population 
near Norfolk, UK, had gone unnoticed for over a century 
before being rediscovered in the 1960s (Buckley & Foster, 
2005). Moreover, according to some local residents 
in south-western Finland, water frogs had in fact been 
present in the area long before they were first reported 
in 2008 (Ari Karhilahti, pers. comm.).  There has been a 
longstanding lack of records of the Finnish herpetofauna 
and for example the moor frog (Rana arvalis), which 
is a widespread and common species in Finland, was 
only known from very few locations before the 1960s 
(Haapanen & Salkio, 1966). The inland populations of 
the great crested newt (Triturus cristatus) also remained 
undiscovered until the 1990s (Terhivuo, 1993). The higher 
level of genetic variation in the Finnish and Estonian pool 
frogs, compared to the Swedish populations, indicates a 
possible expansion westwards from Finland and Estonia 
towards Sweden during postglacial recolonisation. The 
Swedish population would have lost diversity further 
during the postglacial colonisation process due to serial 
bottlenecking and random genetic drift, whilst the 
Finnish populations would have retained more.
 However, a recent or indeed historic natural 
colonisation from Sweden is possible. We did not 
find any ‘Finnish-specific’ alleles at the microsatellite 
locus RlCA18, as can be found in other northern clade 
populations and the Swedish population is located on 
the coast of Uppland on the other side of the Baltic Sea 
at the same latitude as the Finnish population. The total 
distance between the populations is about 200 km, but 
the Åland islands and Turku archipelago form a continuum 
of islands between Sweden and Finland, with a maximum 
of about 12 km between islands. This has been a known 
colonisation route for several species, such as the adder 
(Vipera berus), smooth snake (Coronella austriaca) and 
grass snake (Natrix natrix) (Galarza et al., 2014; Kindler 
et al., 2014). Water frogs are known to be tolerant of 
brackish water (e.g. Milto, 2008; Litvinchuk et al., 2015) 
and pool frogs have been found even on distant islets off 
the Swedish coast in the Baltic Sea (Lindgren et al., 2014; 
Sjögren-Gulve, 1994). The possible natural expansion of 
the pool frog from Sweden to Finland via the archipelago 
has been suggested already by Kaisila (1949). There have 

been no records from the Åland islands and the Turku 
archipelago so far, but the presence of undiscovered 
populations here is possible. 
 A recent introduction by humans is another possible 
explanation that cannot be entirely eliminated. A couple 
of amphibian species traditionally not belonging to the 
Finnish fauna have been found near Turku in south-
western Finland since 2008. Apart from P. lessonae and 
P. kl. esculentus, there is an established population of 
alpine newts (Ichthyosaura alpestris; Finnish Invasive 
Alien Species Portal, vieraslajit.fi) and one confirmed 
observation of yellow bellied toad (Bombina variegata; 
Ari Karhilahti, pers. comm.), which is strong evidence 
that introductions of amphibians have recently taken 
place in Finland. Human aided translocations of water 
frogs across Europe appear to have happened with some 
frequency, for example the existence of central Italian 
lineages of P. bergeri in Switzerland and France have 
been attributed to movement by humans (Dubey et al., 
2014; Dufresnes et al., 2017) and a number of alien water 
frog species have been reported from Belgium (Holsbeek 
et al., 2010). The presence of the edible frog (P. kl. 
esculentus) in Finland can hardly be explained by other 
means than an introduction by humans, because there 
are no known populations within natural colonisation 
range and the occurrence of the edible frog at this 
latitude is highly unusual. 
 However, a recent natural or human aided 
colonisation should result in a loss of diversity, rather 
than a gain, and the higher diversity values, albeit based 
on a small sample size, indicate that the existence of relic 
populations may be a better explanation.
 Our results also suggest that interbreeding between 
P. lessonae and P. kl. esculentus may have taken place 
in Finland, as northern clade specific alleles could be 
found in the edible frogs. Edible frogs are unlikely to 
have contributed to the genome and diversity of the 
Finnish pool frogs, as most matings between hybrids (or 
hybrid and pool frog) produce hybrid offspring. Matings 
between triploid hybrids can occasionally produce 
pool frogs, but these usually die during the larval stage 
(Christiansen et al., 2010; Christiansen & Reyer, 2011). 
However, there is a small possibility that there are some 
pool frogs, produced by hybrid matings, amongst the 
edible frogs in Finland, and they may have contributed 
to the genetic diversity of the northern clade pool frogs.
 The origin of the Finnish hybrid water frogs  
P. kl. esculentus could not be established in this study 
and requires further investigation. In our study, their 
microsatellite genotypes clustered to the ‘western’ 
group along with those from the Netherlands, France 
and Switzerland, but further data from edible frog 
populations across Europe are needed to resolve this 
fully. 
 To conclude, the pool frog populations we investigated 
belong to the rare northern clade of this species. The 
Finnish populations appear to be most likely relicts of 
postglacial migration, but we cannot rule out a recent 
colonisation (natural or human aided) from Sweden, or 
indeed the possibility that more than one of the proposed 
scenarios acted together. The extent of interbreeding 
between the northern clade pool frogs and other water 
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frogs in Finland is currently unclear but warrants further 
investigation. Establishing the presence of northern clade 
pool frogs in Finland and Estonia presents a valuable 
addition to our efforts to preserve this unique clade of 
pool frogs. The protection of the species and its habitats 
in Finland is recommendable, whether these frogs are 
relic populations, or the result of a natural or human 
aided range expansion from Sweden, as currently both 
pool frogs and edible frogs are considered invasive alien 
species in Finland. 
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The Illinois Episode was the most extensive Quaternary glaciation in North America and extended deep into the central USA, 
further south than any other glacial episodes.  It was followed by a period of mild climate termed the Sangamon Interglacial 
Episode.  Relatively few reptile fossil sites have been found along the Illinois-Sangamon boundary.  Thus, the 1986 report of 
isolated fossil remains of a giant tortoise (Hesperotestudo) near the boundary is of particular significance.  We re-examined this 
important fossil because of inconsistencies and misinterpretations of prior researchers.  The three morphological characters 
used for prior species identification of the tortoise are faulty and unreliable.  Lack of additional, pertinent, diagnostic fossil 
elements presently prevents positive species identification.  We critically appraised the pollen-based analysis of climate and 
environment at the tortoise strata by prior researchers.  Their data suggest a transitional area between forest and prairie, 
or savannah, but the prior researchers misinterpreted their own data, concluding the vegetation was “relatively xeric 
grassland”.  Consequently, the climate and environment at the tortoise stratum are yet to be determined.  We present several 
zoogeographical scenarios pertaining to the origin and movement of the tortoise to the collection site.  The most likely is 
perhaps northward movement from the central Gulf Coast along the Mississippi River floodplain before the major meltdown 
of the Illinois glaciation.  East of St. Louis, the glacier met the Mississippi River floodplain and as the meltdown progressed, 
the tortoise could have travelled on the till plain north-east to the collection site.  Hesperotestudo likely had considerable cold 
adaptation and thus may have tracked the Illinois glacier relatively closely as it melted northward.

Key words: giant fossil tortoises, Hesperotestudo, climate, zoogeography

INTRODUCTION

The Quaternary of North America (ca. 2.6 million 
years before present [YBP]) was a period of repeated 

climatic changes, alternating between cold glacial 
episodes and warmer interglacial episodes (Hansel & 
McKay, 2010).  During every major glaciation (at least six), 
the southern margin of the ice sheet extended into Illinois 
in the central USA.  The most recent was the Wisconsin 
Glacial Episode, which was preceded by the Sangamon 
Interglacial Episode, which followed the Illinois Glacial 
Episode.  The geology of the Wisconsin Episode in Illinois 
has been heavily researched (Willman & Frye, 1970; 
Hansel & Johnson, 1996; Hansel & McKay, 2010), but the 
Illinois Glacial Episode is not as well-known.
 Among the most prominent reptiles of the 
Quaternary in North America were the giant fossil 
tortoises of the genus Hesperotestudo Williams (1950).  
These magnificent animals became extinct by the Late 
Wisconsin Glacial - Early Holocene Interglacial Episodes 
(Moodie & Van Devender, 1979; Holman & Clausen, 
1984).  The consensus as to the causes (Turtle Extinction 
Working Group, 2015) are primarily human exploitation 

for consumption as well as habitat and climate change.
 The genus Hesperotestudo (Figure 1) has been 
found at many localities across North America from 
Pennsylvania (H. percrassa) and Delaware (H. ducatelli 
[probably]) in the east, to California (H. dehiscus) on the 
west coast, and from Texas (H. turgida), Baja California 
Sur, Mexico (H. turgida group), and Florida (H. incisa) in 
the south, to Saskatchewan, Canada (H. exornata) in the 
north (Lambe, 1906; Des Lauriers, 1965; Bramble, 1971; 
Auffenberg, 1974; Miller, 1980; Parris & Daeschler, 1995; 
Holman, 1998).
 Meylan & Sterrer (2000) suggested the existence of 
32 species in the genus Hesperotestudo in North America 
based on Auffenberg's (1974) checklist.  However, 
since 1974 there have been a number of new species 
described.  Comparison of species is difficult because:  
1. the sample size for many of the species is quite small 
(often only one individual); 2. it is rare to find a specimen 
with a complete skeleton (often there are only a few or 
sometimes one plate or fragment of the shell available); 
3. sexually dimorphic characters are often unknown; 4. 
geographic and ontogenetic variation of characters are 
unknown; and 5. no indication of reproductive isolating 
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mechanisms has been discovered (except for body size 
in a few cases).  Thus, in the future we can expect the 
lumping of some species and the continuing description 
of new species as more specimens are acquired and 
more research conducted.  Consequently, it may be some 
time before a comprehensive revision of Hesperotestudo 
is undertaken because of the problems heretofore 
mentioned, and the true number of biologically valid 
species may remain an enigma for the foreseeable future.
 Research on Hesperotestudo has focused primarily 
on taxonomy and phylogeny.  An exception was that of 
Hibbard (1960).  He used imported extant Galápagos 
tortoises as a proxy to create a theory that suggested 
adaptations of Cenozoic giant fossil tortoises were for 
subtropical or tropical climates across North America.  
Subsequently, Hibbard (1960) was widely cited and his 
interpretation became perhaps the most prominent 
paleoclimatic theory for many groups of organisms (Moll 
& Brown, 2017).
 Moll & Brown (2017) recently provided evidence that 
Hibbard’s (1960)  theory was invalid.  Seven alternative 
concepts were presented by Moll & Brown (2017) that 
suggest North American giant fossil tortoises could 

have evolved the necessary adaptations to survive 
northern winters and in montane areas that could have 
been colder than Hibbard (1960) envisioned:  1. cold-
adaptive morphology; 2. behavioural thermoregulation; 
3. burrowing; 4. use of caves as shelters; 5. tolerance 
of prolonged cessation of food consumption; 6. 
cryoprotection and supercooling; and 7. gigantothermy.  
 Over 30 years ago, an isolated locality record of 
a giant fossil tortoise thought to be Hesperotestudo 
crassiscutata (Leidy, 1889) was reported from southern 
Illinois in the Sangamon not far from the glacial boundary 
of the Illinois (King & Saunders, 1986; Saunders & King, 
1986).  This record is thus of considerable interest.
 Hesperotestudo crassiscutata is known from the 
Middle Pleistocene to the Early Holocene (Turtle 
Extinctions Working Group, 2015).  Its known distribution 
is primarily in the south-eastern USA from Texas eastward 
through Louisiana, Mississippi, and Alabama to Florida, 
and to the north-east through Georgia and South Carolina 
to North Carolina (Slaughter, 1966; Auffenberg, 1974; 
Holman, 1995; Russell et al., 2009; Turtle Extinctions 
Working Group, 2015).  Extra-marginal records occur in 
Illinois and Pennsylvania (King & Saunders, 1986; Holman, 
1995).  The known distribution of H. crassiscutata may 
be one of the largest in the genus.  Because of its wide 
distribution, it clearly evolved adaptations to live in 
numerous environments and climates.  Conant & Collins 
(1998), Stebbins (2003), and Moll & Brown (2017) noted 
this for many extant North American chelonians.  In some 
areas (e.g., Florida), locality records for H. crassiscutata 
are relatively common, whereas in other areas they are 
very rare (only one locality in Illinois).
 There are two records of Hesperotestudo from 
Missouri caves reported by Hawksley (1986).  Holman 
(1995) indicated that these specimens need to be 
confirmed because they do not fit his theory of stability 
of the herpetofauna in the Ozark region.  Moreover, they 
may have considerable zoogeographical significance to 
the origin of Hesperotestudo in the central USA.
 Hesperotestudo contains both giant and moderate to 
smaller species.  Among the largest is H. crassiscutata.  
Leidy (1889) estimated that the shell of the type specimen 
was about five feet (1.52 m) in length and had a very thick 
shell (the plastron varied from 46 - 90 mm in thickness).  
Bentley & Knight (1998) found shell fragments of H. 
crassiscutata 40 mm thick.  A more recent carapace length 
estimate was 120 - 125 cm (Turtle Extinctions Working 
Group, 2015).  However, the plastrons of two specimens 
of giant “Geochelone sp.” (= Hesperotestudo) from Texas 
were reported by Hibbard & Dalquest (1966) to reach six 
feet (1.83 m).  Holman (1969) indicated that these fossils 
are similar to H. crassiscutata.  Due to its huge size, H. 
crassiscutata may have been a keystone herbivore in 
optimal habitats where the species’ densities could have 
been moderate to high.
 Because of inconsistencies, omissions, and 
misinterpretations in King & Saunders (1986) and 
Saunders & King (1986), and the questioned status of 
the Hawksley (1986) specimens, we re-examined the 
fossil fragments of Hesperotestudo from Illinois and 
Missouri and the results of the aforementioned studies.  
The objectives of this paper are to: i) review the geology 

Figure 1.  Reconstructed image of a fossil giant North 
American tortoise (Hesperotestudo).  Drawing by C. Spahn. 
Originally published in The Herpetological Journal Volume 
27, Page 279 (July 2017). (Permission granted by Rachael 
Antwis, Editor.)

Figure 2.  Terminal boundary of the Illinois Glacial Episode 
(heavy dark line) in central North America.  MR designates 
the Mississippi River, the Great Lakes are dark grey, and 
the states are outlined in white.  Cartography by M. Maher.  
Source:  2014 Encyclopedia Britannica.
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of the Illinois and Sangamon Episodes; characterise the 
fossil collection localities; ii) describe pertinent fossil 
remains; iii) evaluate species identification of the fossils 
(various fragments may indicate two or more specimens 
or species could be present); iv) critically appraise 
the proposed former climate and environment at the 
tortoise strata at the Illinois locality; and v) discuss the 
zoogeography of the tortoise.

MATERIALS AND METHODS

Fossil fragments of Hesperotestudo (11 from Illinois and 
6 from Missouri) were examined at the Illinois State 
Museum, Springfield (Appendix 1).  Measurements were 
taken with a dial Vernier caliper (Scienceware, Bel-Art 
Products).  The xiphiplastron, hypoplastron, and other 
fragments were examined in detail with a dissecting 
microscope (Bausch and Lomb, zoom lens) from 10.5-
45X magnification.  Three cameras were used: Apple 
iPhone Model A1533, Nikon Coolpix S3100, and Plugable 
USB 2.0 Digital Microscope.
 An in-depth literature survey following the 
methodology of Brown et al. (2008) was carried out that 
retrieved hundreds of references.  We used four search 
engines: Google; Google Scholar (Advanced Scholar 
Search); JSTOR Advanced Search; and Metacrawler 
Advanced.  Numerous combinations of search words 

were used. Milner Library at Illinois State University, 
Normal was used for traditional searching of paper 
sources (including many on microfilm and others in 
deep storage), as well as LEB’s and DM’s extensive 
herpetological - paleontological libraries.  Interlibrary 
loan and I-Share were used extensively to obtain copies 
of references not in the libraries heretofore mentioned.
 Scientific names of extinct and subfossil tortoises 
follow Bramble (1971), Auffenberg (1974), and Turtle 
Extinctions Working Group (2015).  Scientific and common 
names for extant tortoises and other turtles follow 
Turtle Taxonomy Working Group (2014), for other fossil 
vertebrates, Carroll (1988), for extant snakes, Moriarty 
(2012), for extant frogs, Fouquette & Dubois (2014), and 
for extant trees and other plants, Mohlenbrock (1986).

RESULTS AND DISCUSSION

Illinois Glacial Episode
The Illinois Glacial Episode lasted from ca. 190,000 to 
130,000 YBP (Hansel & McKay, 2010; Grimley & Phillips, 
2011).  The ice originated from an accumulation in the 
Canadian Shield east of Hudson Bay in Labrador.  Possibly 
two ice lobes entered Illinois: mainly the Lake Michigan 
Lobe from the north-east and possibly the Erie Lobe 
from the east (Willman & Frye, 1970; Hansel & McKay, 
2010).  The extensive ice sheet covered nearly 90% of 
Illinois (Figures 2 and 3), moving deep into the southern 
part of the state (37˚ 35΄ N latitude).  At its maximum, 
it extended further south than any other continental 
glaciation in the Northern Hemisphere (Willman & Frye, 
1970, 1980; Taylor et al., 2009; Hansel & McKay, 2010).
 The Illinois Glacial Episode had a widespread effect 
on the landscape by the formation of the Illinois Till Plain 
covering much of Illinois (Hansel & McKay, 2010).  This till 
plain is unique for its extreme flatness (Figure 4).  Near 
the southern glacial extent, the till is thin but becomes 
thicker northward (Leverett, 1899; Willman & Frye, 1980; 
Taylor et al., 2009).  Landforms such as eskers, drumlins, 
kames, and moraine segments were formed by silt, sand, 
clay, gravel, and rocks left by the melting glacier (Hansel 
& McKay, 2010; Grimley & Phillips, 2011).  The ice also 
temporarily diverted the course of the Mississippi River 
in south-eastern Iowa (Hansel & McKay, 2010).
 The southern portion of the melting Illinois glacier 
displayed several declines and re-advances (Willman 
& Frye, 1970; Hansel & McKay, 2010).  The melting 
produced an abundance of water which formed large 
slackwater lakes as well as eroded valleys, and diverted 
many water channels.
 Pollen analysis (Grüger, 1972; Zhu & Baker, 1995; 
Teed, 2000) suggested that boreal coniferous forest was 
predominate in the Late Illinois (but see Climate and 
environment at the Hopwood Farm tortoise stratum).  
Thus, the Illinois Glacial Episode had a tremendous, 
lasting impact on the geology and landscape of the 
central Midwestern USA.

Sangamon Interglacial Episode
The Sangamon Interglacial Episode extended from the 
end of the Illinois Glacial Episode ca. 130,000 YBP to the 
beginning of the Wisconsin Glacial Episode ca. 60,000 

Figure 3. Collection locality (circle with dark center) for 
xiphiplastron of giant fossil tortoise (Hesperotestudo) in 
southern Illinois, USA showing relative closeness to the 
terminal boundary of the Illinois glacier (dashed white line).  
Arrows indicate suggested route the Illinois Hesperotestudo 
may have taken to enter the state.  See text for other possible 
routes.  Cartography by M. Maher.
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YBP (Willman & Frye, 1970; Curry & Follmer, 1992; 
Hansel & Johnson, 1996; Taylor et al., 2009; Hansel & 
McKay, 2010; Grimley & Phillips, 2011).  The transitions 
from the Illinois to the Sangamon and the Sangamon to 
the Wisconsin were not marked by singular mega-events, 
and the gradual changes varied geographically.  Lack of 
glaciation during the Sangamon implies a mild climate 
but the beginning and end were probably considerably 
cooler.
 In the Early Sangamon, remnants of large slackwater 
lakes probably still remained.  The primary paleosol 
was Sangamon Geosol (Curry & Follmer, 1992; Hansel 
& McKay, 2010), which was mostly poorly drained 
(Willman & Frye, 1970).  Eventually the Mississippi River 

resumed its ancient course (Willman & Frye, 1970; Taylor 
et al., 2009).  Many of the geological landforms of the 
Late Illinois still remained but were often weathered, 
eroded, or otherwise modified with passage of time.  
Pollen analysis for the Early Sangamon (Grüger, 1972; 
Curry & Follmer, 1992; Zhu & Baker, 1995; Curry & Baker, 
2000; Teed, 2000) suggested that deciduous forest 
predominated (but see Climate and environment at the 
Hopwood Farm tortoise stratum).

Characterisation of the fossil collection locality in 
southern Illinois
The giant fossil tortoise H. crassiscutata was collected 
(King & Saunders, 1986; Saunders & King, 1986) on the 
Curtis Hopwood Farm, SE, NE, SW (sic), Section 23, T8N, 
R2W, just north of the town of Fillmore, Montgomery 
County, in southern Illinois, USA (Figure 4).  The farm is 
on the Illinois Till Plain on a ridged drift complex (Willman 
& Frye, 1970; King & Saunders, 1986).  The terminal 
southern rim of the Illinois glacial lobe was located ca. 
184 km SSE of Hopwood Farm.  The western terminal rim 
was much closer to Hopwood Farm (ca. 79 km SW).
 The fossil remains were found in what was interpreted 
as a filled “kettle” of Late Illinois (Jubileen) age (Saunders 
& King, 1986).  The supposed kettle is about 1.5 km wide 
(Blackwell et al., 2016).  Kettles result from the melting 
of a large block of glacial ice that becomes detached from 
the rim of a glacial lobe to form a depression.  There are 
no rivers or streams that flow into or out of a kettle.  The 
Hopwood Farm kettle was filled (surface to glacial till) 
with Wisconsin loess overlying alluvial silty clay, marl, 
clayey marl, hard peat, silty muck, organic silt, and sandy 
silt over the glacial till (King & Saunders, 1986).  The 
creek Lanes Branch bisected the kettle resulting in the 
displacement of some of the fossils to the bottom of the 
creek (King & Saunders, 1986).
 The fossil remains of the tortoise were from a depth 
of ca. 3 m in marl of upper stratum 3 and lower stratum 
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Figure 4.  Detailed location (darkened circle) where xiphiplastron of the giant fossil tortoise Hesperotestudo was found on 
the Hopwood Farm north of Fillmore, Montgomery County, Illinois, USA.  Roads are in white.  Note relatively flat topography 
(except for eroded creeks) characteristic of the Illinois Till Plain.  Cartography by M. Maher.  Roads and rivers after ESRI, Inc.

Figure 5.  Left xiphiplastron attached to part of hypoplastron 
of giant fossil tortoise (Hesperotestudo) ISM 490,015 from 
southern Illinois, USA.  Ventral view is on the right; dorsal view 
is to the left.  Anterior is at top.  Note marginal indentation 
between xiphiplastron and hypoplastron in ventral view.  
Maximum length of xiphiplastron is 63.3 mm (parallel to 
longitudinal axis of plastron). Drawings by C. Spahn after 
photographs of the fossil.
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2 (King & Saunders, 1986), which is not far from the 
Illinois/Sangamon boundary.  The tortoise fragments 
found in lag gravel in the bottom of the creek contained 
marl in the exposed internal spaces indicating they were 
from stratum 3 (King & Sanders, 1986).  Blackwell et 
al. (2016) reported tortoise remains at a depth of 4 m 
in peat of upper stratum 4 in the kettle.  (Saunders & 
King [1986] placed the Illinois – Sangamon boundary at 
the “stratum 3b/stratum 4 contact.”)  An abundance of 
fossils (Saunders & King, 1986) of other animals occurred 
throughout the sequence from lower stratum 2 through 
stratum 6:  invertebrates (e.g., mollusks), fishes (e.g., 
large pike, Esox), amphibians, other reptiles, birds (e.g., 
goose, Branta) and mammals (e.g., mastodon, Mammut).
 The presence of a large northern pike (“Esox cf. lucius”) 
as well as other smaller fishes reported by Saunders 
& King (1986) indicates that the Hopwood site had to 
have been connected to a river or stream (predecessor 
of Lanes Branch?) allowing access to the kettle. Also, 
the report of gar scales (Lepisosteus or Atractosteus) 
by Blackwell et al. (2016) at the Hopwood site supports 
the same scenario.  Both pikes and gars typically inhabit 
rivers, streams, and lakes (Hubbs & Lagler, 1964; Page & 
Burr, 1991).  Consequently, the Hopwood site was likely a 
slackwater lake or other type of lake rather than a kettle.
 Quaternary sites older than 50,000 YBP are difficult 
to reliably date (Blackwell et al., 2016).  At Hopwood 
Farm, nine different methods have been used to date 
the fossil site over the last 25+ years but no consensus 
has been reached.  Curry et al. (2011) pointed out that it 
was clear that the various dating methodologies showed 
considerable conflict.  The most recent study (Blackwell 
et al., 2016) dated gastropods of “Unit 3” in the kettle 
using the proxy electron spin resonance to get an age of 

102 ± 7 ka to 90 ± 6 ka.  Blackwell et al. (2016) thought 
this was a period of cool dry climate.  However, evidence 
for the authenticity of their proxy for predicting real time 
at the Hopwood site was not given, as is generally true 
with use of other proxies.  Furthermore, the gastropods 
could have been washed into the site via a river.   As 
previously mentioned, the presence of two large fish, 
pike (Esox) and gar (Lepisosteus or Atractosteus) as well 
as smaller fish at the Hopwood Lake indicates it had to 
have been connected to a river or stream. 

Fossil remains of Hesperotestudo from Hopwood Farm
A left xiphiplastron (ISM 490,015, Figure 5) which is a 
posterior plate of the plastron plus two small fragments 
(ISM 490,016 and 490,017) thought to be part of the 
plastron were the only fossil bones reported by King & 
Saunders (1986) and Saunders & King (1986).  Figure 6 
shows a xiphiplastron in its typical position in the plastron 
of H. crassiscutata.  When we examined the fossils 
(16 November 2016 and 24 April 2017), an additional 
eight fragments of Hesperotestudo from the site had 
been deposited in the Illinois State Museum (total = 11, 
Appendix 1).  Another fragment (ISM 497,443) was out 
on loan, and two others (ISM 498,554 and 498,601) may 
not be Hesperotestudo as they are very thin.
 King & Saunders (1986) did not recognise that the 
xiphiplastron was still attached anteriorly to a relatively 
large portion of the hypoplastron.  The two plates can be 
easily recognised by a marginal indentation between them 
(Figure 5).  Thus, King & Saunders (1986) measurement of 
length (110.5 mm) incorrectly included the xiphiplastron 
plus a significant portion of the hypoplastron.
 The ventral side of the xiphiplastron shows very 
little damage (Figure 5).  However, the dorsal side has 
large areas flaked off and considerable weathering and 
demineralisation.  A long crack occurs along and near 
the margin of the xiphiplastron and hypoplastron.  The 
maximal length and width of the xiphiplastron (parallel 
to and perpendicular to the longitudinal axis of the 
plastron) are 63.3 mm and 69.8 mm, respectively.
 A peripheral fragment (ISM 498,602, Figure 7) of the 
carapace is quite thick (maximum = 30.0 mm).  In larger 

Giant fossil tortoises re-examined

Figure 6.  Ventral view of left xiphiplastron (shaded) in 
plastron of subadult giant fossil tortoise (Hesperotestudo 
crassiscutata) from Florida, USA.  Anterior is at top.  Drawing 
by C. Spahn after part of figure 13 in Auffenberg (1963).

Figure 7.  Marginal fragment of carapace of giant fossil 
tortoise (Hesperotestudo) from Hopwood Farm in southern 
Illinois, USA (ISM 498,602).  Note thickness of fossil (maximum 
depth = 30.0 mm) which may indicate a different individual 
from the collection locality.  Photograph by E. Brown.
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chelonians, the peripherals can be thicker than other 
carapace bones, but the exceptional thickness of ISM 
498,602 suggests that it may be from another individual 
tortoise at Hopwood Farm. However, we do not know for 
sure.  Additional support for more than one individual is 
that some of the fossil fragments were found in the creek 
bed “7 m north (upstream)” (our emphasis) from the 
principal fossil site (King & Saunders, 1986).  Moreover, 
the finding of tortoise remains at two different depths (3 
m in marl and 4 m in peat) in the Hopwood site (King & 
Saunders, 1986; Blackwell et al., 2016) provides further 
evidence.  Thus, there may be up to four individuals of 
Hesperotestudo from the Hopwood site.
 King & Saunders (1986) distinguished the 
xiphiplastron (ISM 490,015) from that of another 
species, Hesperotestudo incisa (to date, only found in 
Florida and Georgia; Turtle Extinctions Working Group, 
2015), by only three characteristics:  1. extrapolated 
larger carapace length; 2. ratio of length to posterior 
notch depth; and 3. inferred obtuse angle between 
fused xiphiplastra.  King & Saunders (1986) used their 
length for the “xiphiplastron” (110.5 mm) to infer the 
carapace length of the Illinois specimen as 680 mm by 
comparison to the carapace of Florida H. crassiscutata 
(after Auffenberg, 1963).  However, since King & 
Saunders' (1986) original measurement of the Illinois 
“xiphiplastron” was erroneous (because it included part 
of the hypoplastron), the carapace length extrapolation 
(680 mm) was incorrect, and distinguishing characters 1 
and 2 are invalid.  The Illinois tortoise is thus considerably 
smaller than projected by King & Saunders (1986).  
Moreover, it is circular reasoning to use specimens of 
Florida H. crassiscutata to extrapolate carapace length 
for the Illinois specimen, and then conversely use 
longer carapace length as identification character 1 for 
the Illinois specimen as H. crassiscutata.  Furthermore, 
characters 2 and 3 were clumped into one of nine 
characters in Auffenberg’s (1963) diagnosis.  However, 
that diagnosis was only for comparison with H. incisa.  
Auffenberg (1963) also indicated that H. crassiscutata 
exhibits considerable variation in many diagnostic 
characters.  In conclusion, the characters used to identify 
the Illinois specimen are faulty, and there is not enough 
evidence that the specimen actually represents the 
species H. crassiscutata.
 The Turtle Extinctions Working Group (2015) 
recognised 12 species of Hesperotestudo that became 
extinct during the Pleistocene and Holocene.  Four of 
these closest to Hopwood Farm are:  H. campester (Hay, 
1908), Kansas and Texas; H. equicomes (Hay, 1917), Kansas 
and Nebraska; H. oelrichi (Holman, 1972), Nebraska; and 
H. turgida (Cope, 1892), Kansas, Nebraska, Oklahoma, 
and Texas.  All of these species were described long 
before King & Saunders' (1986) paper, and all species 
were found in the Great Plains which is immediately 
west of the Prairie Peninsula where Hopwood Farm is 
located.  Nonetheless, King & Saunders (1986) did not 
(or were unable to) compare their Illinois tortoise to 
the four preceding species.  Fossil tortoise taxonomy 
and identification is often quite difficult, particularly 
if material is limited.  When or if more Pleistocene 
fossil tortoise material from southern Illinois becomes 

available, it may provide definitive evidence concerning 
the correct species nomen for King & Saunders (1986) 
tortoise.
 King & Saunders (1986) counted “growth areas” 
on the xiphiplastron and hypoplastron and estimated 
an age of 9-18 years, thus concluding the tortoise 
was immature.  We examined the xiphiplastron and 
hypoplastron microscopically.  Most of the growth 
areas are visible as fissures on the latter.  Microscopic 
examination revealed that the many fissures on the fossil 
are short, discontinuous, and irregular in alignment.  
Width and length are quite variable.  It is possible they 
may represent the process of taphonomy or subsequent 
demineralisation and weathering.
 Growth rings, which mark areas of major growth 
cessation in intermittent growth patterns characteristic 
of chelonians, are commonly represented on the scutes 
and/or underlying skeletal elements as elevated ridges on 
many extant, and subfossil forms, and some fossil forms.  
This includes specimens of Hesperotestudo (e.g., Meylan, 
1995 [Florida]; Morgan et al., 2000 [New Mexico]; Sullivan 
et al., 2011 [Arizona and New Mexico]).  Research on 
extant chelonians has shown that use of growth rings of 
scutes for age determination can be problematic.  Wilson 
et al. (2003) presented a critical evaluation of the growth 
ring controversy and its value and difficulties when used 
to age chelonians.  For instance, Moll & Klemens (1996) 
found a “double ring” pattern in scutes of the extant 
pancake tortoise (Malacochersus tornieri) in northern 
Tanzania, Africa correlated with two growth periods in 
two chronologically separated rainy seasons in one year.  
In the Tarangire National Park in northern Tanzania, 
three individuals accumulated 2, 3 and 4 growth rings, 
respectively, over 17 months.  In central Tanzania there 
is only a single wet season and single dry season with 
only one growth ring per year.  In the case of the fossil 
Hesperotestudo from Hopwood Farm, it is unclear if there 
is a relationship between scute ring counts and the fossil 
“growth areas,” or if the latter actually represent areas 
of growth.  However, on the basis of the small size of 
the xiphiplastron of the Illinois Hesperotestudo we agree 
that the specimen was probably immature or perhaps 
another smaller species.

Climate and environment at the Hopwood Farm tortoise 
stratum
In continental areas, the most widely used proxy for 
predicting Quaternary climatic change is fossil pollen 
(Zhu & Baker, 1995), which is in turn used to infer type 
of environment.  A number of such studies have been 
carried out in south-western Illinois (e.g., Grüger, 1972; 
King & Saunders, 1986; Saunders & King, 1986; Curry & 
Follmer, 1992; Zhu & Baker, 1995; Curry & Baker, 2000; 
Teed, 2000; Curry et al., 2010).  The best known sites 
(Pittsburg Basin, Raymond Basin, Bald Knob Basin, and 
Hopwood Farm) were all thought to be kettles.  Curry 
& Baker (2000) showed that the biostratigraphic pollen 
zones differed markedly in depth and in other respects at 
the four sites, particularly Hopwood Farm.  We will focus 
primarily on that location, as it is the site of the fossil 
Hesperotestudo.
 The Hopwood Farm site was cored with a hollow 
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rotary drill almost to the underlying glacial till (King & 
Saunders, 1986).  The pollen record revealed a dominance 
of conifers at the base followed by deciduous trees, then 
mainly grasses and herbs, and finally deciduous trees.  
There was no tundra stratum uncovered but the core 
did not quite reach glacial till.  However, till was exposed 
at the edges of the kettle.  At Pittsburg Basin, Raymond 
Basin, and Bald Knob Basin the drilling reached Illinois till 
(Grüger, 1972; Zhu & Baker, 1995) but no indication of 
tundra was revealed.
 At Hopwood Farm, King & Saunders (1986) and 
Saunders & King (1986) indicated that the environment 
at the core strata (lower level 2 and upper level 3) 
containing the Illinois Hesperotestudo was “a relatively 
xeric grassland”.  However, their pollen record diagram 
presents a different picture at that level.  Pollen from 
13 genera of trees were present: Quercus (oak) high 
abundance; Carya (hickory), Ulmus (elm), Pinus (pine), 
Ostrya (hophornbeam), and Carpinus (ironwood), 
moderate abundance; and Betula (birch), Salix (willow), 
Fraxinus (ash), Tilia (basswood), Picea (spruce), Juglans 
(walnut), and Acer (maple) low abundance.  The 
abundance of Quercus (oak) pollen approached that of 
the Gramineae (grasses).
 The abundance of tree pollen at 4 m depth where 
Hesperotestudo was reported by Blackwell et al. (2016) 
showed increases in Picea, Pinus, Betula, and Salix, by 
reference to the pollen diagram of King & Saunders 
(1986).
 King & Saunders’ data suggest the presence of a 
savannah environment or a transitional stage between 
deciduous forest and prairie or savannah, quite in contrast 
to their concluding statement in the Discussion (e.g., the 
presence of Salix suggests a more mesic environment).  
After this conclusion, King & Saunders (1986) discussed as 
support Hibbard’s (1960) theory concerning the climate 
adaptations of giant fossil tortoises of North America.  
This theory was shown by Moll & Brown (2017) to be 
invalid.  Thus, an erroneous theory may have negatively 
impacted King & Saunders' (1986) interpretation of their 
own data.
 The use of fossil pollen as a proxy for prediction of 
past climate and environment is fraught with serious 
problems.  For instance, the presence of pollen of an oak 
tree at a given site does not necessarily mean that an 
oak tree grew at that site.  Pollen contain male gametes 
and they will not grow into a tree unless they participate 
in fertilisation of an ovule.  Trees and other flowering 
plants produce enormous quantities of pollen every 
year (for most species).  This pollen is spread through 
the air by wind for great distances (Stanley & Linskens, 
1974) and can also be transported by water, mammals, 
birds, insects, and probably many other animals.  Even 
glacial ice and coprolites (fossil faeces) can contain 
pollen (Williams, 2016).  Moreover, turbulence of 
water and bottom sediments in bodies of water could 
alter deposition of pollen.  Numerous fossil species of 
animals found in the Hopwood lake could have caused 
considerable turbulence (mastodon Mammut, beaver 
Castor, giant beaver Castoroides, muskrat Ondatra, goose 
Branta, giant tortoise Hesperotestudo, amphibians, pike 
Esox, gar Lepisosteus or Atractosteus, other smaller fish 

[Sanders & King, 1986; Blackwell et. al., 2016]).  Wind also 
causes water turbulence.  Furthermore, pollen would 
have been transported into the lake by the stream/river 
that ran into it or by erosion.  
 In a review of the use of pollen as climate proxies, 
Smith (2012) indicated that pollen can be identified only 
to the genus level in many cases.  The consequence of 
this is that inter- and intraspecies variation in adaptation 
to climate and environment is ignored.  Such variation 
is often extreme.  For example, Moll & Brown (2017) 
pointed out that 19 of 45 species of extant North 
American chelonians have distributions (based on the 
maps of Conant & Collins [1998] and Stebbins [2003]) 
that extend from the southern USA into the northern 
USA and Canada, and have evolved adaptations to live at 
both climatic extremes.
 The pollen diagram in King & Saunders (1986) and 
Saunders & King (1986) lists species for only two genera 
(Fraxinus, Typha).  Thirty-eight genera have no listing of 
species, and one subfamily and nine families have no 
listing of genera or species.  Thus, a very large number of 
species were not listed.  This has serious consequences 
for interpretation of the pollen data.  For example, pine 
and spruce pollen composed an important portion in 
the lower strata which were interpreted as the coldest 
zones.  However, five extant pine species now occur in 
Illinois (Critchfield & Little, 1966; Mohlenbrock, 1986).  
Three species (strobus, resinosa, banksiana) are cold-
adapted and occur in the northern USA, Canada, and 
Appalachian Mountains of the eastern USA.  The other 
two species (taeda, echinata) are primarily warm-
adapted and occur mostly in the south.  Furthermore, 
it is possible that one or more now extinct undescribed 
species of Pinus occurred in southern Illinois during the 
Late Illinois or Early Sangamon Episodes, or that 2 – 3 
other species were present.  The reality is we do not 
know which species of pine(s) existed at the Hopwood 
site during the Illinois and Sangamon Episodes.  Thus, 
the pollen data of King & Saunders (1986) and Saunders 
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Figure 8.  Fragment of fossil Hesperotestudo (CM 6.1) from 
Tom Moore Cave in Perry County, south-east Missouri, USA.  
This is the largest Missouri fossil fragment (maximum length 
= 65.4 mm, maximum thickness = 22.1 mm).  Photograph 
by E. Brown.
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& King (1986) do not resolve this problem, which 
exemplifies the great difficulties with their climatic and 
environmental interpretations.  Furthermore, organisms 
from the past may have had habits, behaviours, ecological 
requirements, and other characteristics that their 
extant relatives lack (Cassiliano, 1997).  Also, there may 
have been past geological and climatic processes that 
operated on a completely different scale than those at 
present (Chambers, 2012).  Consequently, we regard King 
& Saunders’ (1986) use of pollen as proxies as inadequate 
to determine that the climate and environment for 
Hesperotestudo at Hopwood Farm was “relatively xeric 
grassland”.

Fossil remains of Hesperotestudo from Missouri caves
There are two records thought to be Hesperotestudo (“cf. 
Geochelone sp.”) from Perry County in south-eastern 
Missouri (Figure 3) near the Mississippi River (Hawksley, 
1986).  Five fragments of shells (3 from the plastron, 2 
from the carapace) were found in Crevice Cave, and a 
fragment of the left side of the “plastron” was found in 
Tom Moore Cave (Appendix 1).  These localities are the 
closest records of Hesperotestudo to Hopwood Farm.  
They are only ca. 162 km south-southwest of Hopwood 
Farm, and close to the maximum south-western 
boundary of the Illinois glaciation (Crevice Cave ca. 12.5 
km, Tom Moore Cave ca 12.0 km; Figure 3).
 Fragment CM 6.1 from Tom Moore Cave is the largest 
of all of the Missouri fragments, having a maximum 
length of 65.4 mm and a maximum thickness of 22.1 mm 
(Figure 8).  The thickness of CM 6.1 indicates it probably 
is from a fairly sizable tortoise.  A note in the specimen 
box (possibly written by Hawksley) indicates “Geochelone 
prob.” (= Hesperotestudo).  We concur with Hawksley’s 
identification.  However, not enough material is available 
to allow species identification.
 The five fragments (CMS 619.1-619.5) from Crevice 
Cave vary in size.  Although they may be Hesperotestudo, 
we reserve judgement on their identification because of 
their smaller size.  Again, not enough material is available 
for species identification of the Crevice Cave fossils.

Zoogeography
Blair (1958, 1965) developed an influential 
zoogeographical hypothesis concerning North American 
terrestrial vertebrates which was an expansion of 
less documented earlier proposals by Adams (1902) 
and Deevey (1949).  This hypothesis suggested that 
southward movements of Pleistocene glaciations were 
accompanied by cold climates in front of the glacial 
rims which extended far into the southern USA.  This 
supposedly forced many temperate-adapted and warm-
adapted species to withdraw into refugia in Florida and 
Mexico.  After the melting of the glaciation, the formerly 
conspecific Floridian and Mexican isolates returned 
northward.  In some cases, speciation had occurred, and 
in others it is probable that sub-speciation occurred.  
Evidence was primarily from then-available Pleistocene 
vertebrate fossils, pollen profiles, vegetation, and extant 
animal distributions (particularly east-west species 
and subspecies pairs).  Apparently Blair (1958, 1965) 
was referring primarily to the Wisconsin glaciation 

and the Holocene, although he mentioned briefly the 
“Illinoian”, “Sangamon”, Late Pleistocene, Pleistocene, 
pre-Pleistocene, and Early Pliocene.  Blair’s papers were 
widely cited and his hypothesis became well established 
and long-lasting.  It convinced many that the periods of 
Pleistocene glaciation were very cold across much of 
North America.
 Hibbard (1960) put forth another hypothesis (now 
invalid [Moll & Brown, 2017]) that maintained that giant 
fossil tortoises “Geochelone” (= Hesperotestudo) were 
adapted to living in subtropical or tropical areas in North 
America from the Cenozoic through the Pleistocene.  
Blair (1965) did not cite Hibbard (1960).
 The first major challenges to Blair’s hypothesis 
were from Graham (1985) and Graham & Mead (1987).  
Their model suggested that in North America, glaciers 
displaced arctic, boreal, and other northern species 
southward.  However, resident species south of the 
terminal glacial rim were not affected because the 
climate was not as severe.  Thus, south of the glaciation 
there was an intermingling of boreal and temperate 
taxa.  Evidence was from the Late Pleistocene (Wisconsin 
and Holocene) mammals, reptiles, amphibians, and 
terrestrial invertebrate faunas as well as vegetation.  
Holman (1995) summarised additional evidence for fossil 
reptiles and amphibians for the model mainly from the 
Wisconsin and Holocene Episodes.  Many of the reptile 
and amphibian species are still extant.
 Thus, there is inferred evidence that many terrestrial 
vertebrates during the Wisconsin Glacial Episode evolved 
adaptations for withstanding moderately cold climates 
in central North America, and that Blair’s (1958, 1965) 
model of intolerance to glaciations is incorrect.  However, 
Blair’s (1958, 1965) strongest evidence of east-west 
geographical separation of species and subspecies pairs 
from his original hypothesis is still valid because it is 
based on extant distributions.  At present, the western 
taxa tend to be more xeric adapted such as grassland 
and desert, whereas in the east the trend is toward more 
mesic forest adaptation (Blair, 1958, 1965; Conant & 
Collins, 1998; Stebbins, 2003).  Glacial cycles and tectonic 
processes can provide other alternatives that may resolve 
this conundrum.
 During glacial meltdowns, massive amounts of water 
were produced around the earth resulting in substantial 
rises in ocean levels.  There were 119 rises and declines 
of sea levels from the Triassic through the Quaternary 
(Haq et al., 1987) that could have affected resident 
species in numerous ways.  For instance, Moll (1983) 
suggested that during Pleistocene glacial periods when 
sea levels dropped, the continental shelf feeding areas 
of the extant green sea turtle (Chelonia mydas) on the 
Brazilian coast were altered in size and position, and shifts 
in the locations of feeding and nesting sites occurred as 
a result.  The subsequent return of higher sea levels due 
to glacial meltdown made extensive continental shelf 
feeding areas available along the Brazilian coast once 
again, and individuals from now divergent nesting sites 
(some recently established) were able to mingle on 
the feeding grounds.  However, at nesting time these 
individuals segregated themselves and returned to the 
nesting areas from which they hatched.
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 During the Cretaceous and Tertiary, periodic sea level 
rises due to tectonic processes and glacial meltdown 
resulted in inundation that extended up the Mississippi 
River Embayment far north to southern Illinois and 
south-eastern Missouri (Reed et al., 2005; Frankie et al., 
2008).  The salt water inundation which is toxic to most 
amphibians led Lemmon et al. (2007) to suggest that it 
caused geographical isolation and subsequent speciation 
of an east-west species pair of extant frogs (southern 
chorus frog Pseudacris nigrita and Cajun chorus frog 
P. fouquettei) during the Miocene-Early Pliocene.  
We propose that inundation of the Mississippi River 
Embayment was the cause of the geographical isolation 
of many of the east-west pairs of species and subspecies 
of terrestrial vertebrates during the Pleistocene and/or 
earlier mentioned by Blair (1958, 1965).
 The zoogeographical position of the Illinois 
Hesperotestudo does not correspond to the Blair 
model or the Graham-Mead-Holman model in several 
respects.  First, there are no extant representatives of 
Hesperotestudo.  The last record for Hesperotestudo 
was in the Early Holocene 11,465 YBP in Florida (Turtle 
Extinctions Working Group, 2015).  Second, there was a 
long-time span (ca. 70,000 years) between the Illinois-
Sangamon boundary and the beginning of the Wisconsin 
Episode.  Thus, there could have been many changes 
in geology, climate, and animals present and their 
habitats occupied as well as distributions, and evolution 
of characteristics.  Third, the closeness of the Illinois 
Hesperotestudo record to the Illinois terminal glacial rim 
and the extreme southern location of the latter imply 
different climate and habitats available to the tortoise.  
Fourth, the arrival of Hesperotestudo at the terminal 
glacial rim could have been affected by potential new 
competitor species migrating from the north, especially 
with the possible intermingling of temperate and boreal 
habitats here.

 There are suggestions of very different climates 
near the Illinois-Sangamon boundary.  The thinness of 
the Illinois glacial till in southern Illinois (Leverett, 1899; 
William & Frye, 1980; Taylor et al., 2009) indicates that 
the glacial rim was present there for a much shorter 
time span than further north.  The absence of a tundra 
stratum at four sites in southern Illinois (Grüger, 1972; 
King & Saunders, 1986; Zhu & Baker, 1995) substantiates 
the same thing.  Furthermore, the Illinois glacier was so 
far south there may have been nearly constant diurnal 
melting which would have resulted in considerable 
ponded meltwater and erosion.  South of the terminal 
glacial rim, the vegetation may have been much the 
same as it was prior to the advancement of glaciation.  
We suggest that the climate and habitat available 
immediately south of the glacial rim may have been quite 
hospitable to Hesperotestudo.   Also, the wide range of 
Hesperotestudo and variety of habitats occupied suggest 
sufficient plasticity to allow the tortoise to follow the 
glacier as it melted northward.  
 The extant plains leopard frog (Rana blairi) has a 
distribution that extends far northward in the Great 
Plains to southern South Dakota (Dunlap & Kruse, 1976; 
Brown, 1992; Ballinger et al., 2000; Davis et al., 2017a, 
2017b) indicating it has considerable cold-adaptation.  
This area is close to the edge of the southern rim of the 
Wisconsin glaciation in South Dakota.  Thus, it is possible 
that the range of R. blairi retracted little, if at all, during 
the Wisconsin Episode (Brown et al., 1993).
 The  extant  red-be l l ied  snake  (Storer ia 
occipitomaculata) is one of the most cold-adapted snake 
species in eastern North America with a range extending 
well into Canada (see map in Conant & Collins, 1998).  
Brown & Phillips (2012) suggested that this species 
closely followed or occupied tundra, boreal forest, and 
other areas near the glacial rim during the melting of the 
Wisconsin glaciation.

Giant fossil tortoises re-examined

Figure 9.  Tunnel valleys (dark grey) in south-eastern Illinois, USA which originated as water channels under the Illinois 
glaciation.  The giant fossil tortoises (Hesperotestudo) may have travelled (arrows) in or adjacent to these valleys as they moved 
north-eastward. Cartography by M. Maher after Stiff (2000).
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 Dr. Craig Gatto and Dr. Robert Nelson (pers. comms.) 
observed the rims of melting glaciers at different locations 
and observed that vegetation grew close to the rim.  Thus 
there likely was vegetation available for consumption by 
Hesperotestudo at the glacial rim in southern Illinois.  The 
probable cold-adaptations of Hesperotestudo (Moll & 
Brown, 2017), variety of habitats adapted to throughout 
its extensive range, and implied plasticity suggest that 
it should have been able to follow the glacial melt 
northward without difficulty.  All of the extant giant 
tortoises (African spurred tortoise Centrochelys sulcata, 
Aldabra giant tortoise Aldabrachelys gigantea, Galápagos 
giant tortoises Chelonoidis nigra species complex) are 
well known as being capable of traveling moderate to 
long distances (Coe et al., 1979; Swingland & Lessells, 
1979; Gibson & Hamilton, 1983; Swingland et al., 1989; 
Kaplan, 1996; Pritchard, 1996; Blake et al., 2013; Blake 
et al., 2015).  Moreover, many species of extant reptiles 
are widely adapted and not restricted to a single type of 
habitat (Conant & Collins, 1998; Stebbins, 2003).
 There has been no prior attempt to explain the 
zoogeographical origin of the extramarginal record of 
Hesperotestudo in southern Illinois.  We propose that the 
tortoise could have migrated northward from the Gulf 
Coast region.  The most likely route would have been 
along the Mississippi River Embayment because of its 
relative flatness.  This may have occurred prior to the great 
meltdown of the Illinois glaciation when great quantities 
of meltwater flushed down the embayment.  Before the 
meltdown, the Mississippi River would have occupied 
much less of the embayment although marshes, swamps, 
ponds, and lakes could have been scattered along the 
floodplain.  The tortoise could have entered the southern 
tip of Illinois and proceeded northward.  However, there 
are many hills and valleys present in the Shawnee Hills 
south of the Illinois glacial maximum.  Extant Galápagos 
tortoises (C. nigra species complex) are quite adept at 
climbing volcanoes (Pritchard, 1996; Blake et al., 2013; 
Blake et al., 2015), but progress is slow.   A number of 
other fossil species of Hesperotestudo have been found 
in high altitude areas of the western USA (Auffenberg, 
1974; Auffenberg & Iverson, 1989).  Furthermore, the 
Réunion giant tortoise Cylindraspis indica (extinct by 
ca. 1840 [Turtle Extinctions Working Group, 2015]) 
inhabited the mountains on the island of Réunion in the 
western Indian Ocean (Cheke & Bour, 2014).  Thus it is 
possible Hesperotestudo may have traversed northward 
through the upland Shawnee Hills south of the Illinois 
glacial maximum, but at a relatively slow pace.  An 
alternate perhaps more likely route may have involved 
following the Mississippi River floodplain further north-
west to east of the current Metro East area east of St. 
Louis where the Illinois glaciation was near the floodplain 
(Figure 3).  (From the Late Illinois to the present there 
were no major changes in the course of the Mississippi 
River between Metro East and extreme southern Illinois 
except for possible minor changes along the floodplain 
[Dr. Dave Malone, pers. comm.].)  The tortoises then 
could have travelled to the north-east a much shorter 
distance over flat till, following the melting glacier to 
Hopwood Farm (Figure 3).  They may have travelled 
(Figure 9) in or adjacent to tunnel valleys (water channels 

that originate under glaciers [Dott & Attig, 2004]).  These 
were often quite wide and could have provided water 
and vegetation for consumption by travelling tortoises.  
The tortoises could have also exited the Mississippi River 
floodplain further south if the exit site was not glaciated 
or over-flowing with glacial meltwater.
 The topography of Perry County, Missouri (near Tom 
Moore and Crevice caves) immediately south-west of 
the Mississippi River is flat broad floodplain.  Further 
westward the landscape is low upland of variable 
elevation that is dissected by streams and ravines that 
lead into the floodplain.  Presumably Hesperotestudo 
would have had little difficulty entering this type of 
landscape, whether they came from the north or south 
along the Mississippi River floodplain/Embayment.  
However, there is no clear-cut indication of the species 
identification of either the Illinois or Missouri tortoises 
and hence they may have been different taxa.  Moreover, 
the Missouri tortoises may have arrived in a different 
time frame than those in Illinois.
 There is another Midwestern record (Farlow et 
al., 2001) for Hesperotestudo sp. from the Pipe Creek 
Sinkhole in Grant County of east-central Indiana (the 
state east of Illinois).  However, it cannot be assumed that 
this record indicates that the Illinois Hesperotestudo sp. 
was a direct descendant of the Indiana Hesperotestudo 
sp. or the reverse.  The mammalian fossil fauna of Pipe 
Creek Sinkhole was considered by Farlow et al. (2001) to 
be Early Pliocene in age, long before (nearly 2.5 million 
years) the end of the Illinois Glacial Episode.  Thus, there 
was considerable time for evolution to have occurred 
(e.g., speciation).  If the genus is monophyletic, the 
Illinois, Indiana, and Missouri tortoises probably shared 
a common ancestor, but the location(s) and date(s) are 
unknown.
 As mentioned previously, future fossil discoveries 
may reveal that the Illinois Herperotestudo is not H. 
crassiscutata but rather another species, potentially one 
of the western Pleistocene species (e.g., H. campester, H. 
equicomes, H. oelrichi, or H. turgida) of the Great Plains.  
Should that be the case, the Illinois Hesperotestudo may 
have originated from the eastward migration of the 
Great Plains species into the Prairie Peninsula  which 
extends on till plain across much of Illinois (Transeau, 
1935).  A number of extant terrestrial vertebrate species 
have distributions in the Great Plains that extend into 
the Prairie Peninsula (Schmidt, 1938; Smith, 1957).  
The tortoises may have travelled eastward adjacent to 
western rivers (e.g., Missouri River, Arkansas River) and 
their tributaries that flow eastward into the Mississippi 
River.  This would allow them access to herbaceous food 
and water.  Brown & Brown (2014) proposed a model 
for speciation involving riverine-adapted terrestrial 
vertebrates moving along rivers in the Great Plains during 
the Miocene.
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APPENDIx 1

List of fossil fragments of the giant tortoise 
Hesperotestudo examined at the Illinois State Museum.  
Each number represents one specimen:
      Hesperotestudo, Montgomery County, Illinois, USA:  
ISM 490,015; 490,016; 490,017; 498,595; 498,596; 
498,597; 498,598; 498,599; 498,600; 498,602; 498,603
      Hesperotestudo, Perry County, Missouri, USA:  CM 
6.1 “cf. Geochelone sp.” (Hawksley, 1986), Perry County, 
Missouri, USA: CMS 619.1, 619.2, 619.3, 619.4, 619.5
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Batrachochytrium dendrobatidis (Bd; Longcore et 
al., 1999) is a major fungal pathogen known to 

infect all orders of amphibian (Gower et al., 2013) 
and is a driver of population declines (Bosch et al., 
2001; Lips et al., 2006; Briggs et al., 2010; Scheele 
et al., 2017).  The recently described congener  
B. salamandrivorans (Bsal; Martel et al., 2013) also 
causes disease and its spread is a cause for major concern 
(Martel et al., 2014; Richgels et al., 2016; Spitzen-van 

der Sluijs 2016; Laking et al., 2017). Bsal is thought to 
be less cosmopolitan than the globally distributed Bd 
(Fisher et al., 2009; Sabino-Pinto et al., 2016); however, 
surveys of captive and free-living populations are far 
from comprehensive. 
 In captivity, a variety of chemical treatments as well 
as heat therapy (27-37 ˚C) have been used to treat the 
chytrid infections caused by both agents (e.g. Berger et 
al., 2004; Bowerman et al., 2010; Chatfield and Richards-
Zawacki 2011; Martel et al., 2011; Woodhams et al., 
2003, 2012; Brannelly et al., 2012; Blooi et al., 2015a; 
b). However, urodelan amphibians tend to exhibit low 
tolerances to elevated temperatures (e.g. Liu et al., 
2006; Bury, 2008), which often precludes heat treatment 
as a viable method to clear Bd infection. It is therefore 
imperative that the efficacy of other treatment options 
is tested.
 Successful therapy using itraconazole has been 
documented in numerous amphibian species from all 
three orders (Forzan et al., 2008; Tamukai et al., 2011; 
Brannelly et al., 2012; Rendle et al., 2015), but different 
species respond differently to the drug. Itraconazole 
toxicosis has been reported in some amphibian species 
treated at ‘routine’ doses of the drug (Garner et al., 
2009; Woodhams et al., 2012). It has therefore been 
recommended to record the effects of Bd on host 
animals and to develop and test protocols for treating 
this widespread pathogen in a variety of species of 
amphibian (Woodhams et al., 2012). 
 We present data following Bd diagnosis and 
subsequent treatments of 40 Ambystoma dumerilii, 
26 A. mexicanum and 10 A. andersoni in captivity (see 
Supplementary Materials for details). Animals were 
maintained according to the protocols outlined in Table 1 
at the Zoological Society of London (ZSL), Chester Zoo (CZ), 
Parc de Thoiry (PT) and a private breeder in the UK (PB). 
Salamanders were sampled initially and post treatment 
(see Table 1) for Bd/Bsal screening by swabbing dorsum, 

In order to better understand the impacts and treatment 
of infection with Batrachochytrium dendrobatidis (Bd) and 
Batrachochytrium salamandrivorans (Bsal) it is important to 
document host species, the effect of infection and response 
to treatment protocols. Here we report asymptomatic 
Bd infection detected through duplex qPCR screening of 
three Mexican ambystomatid salamanders; Ambystoma 
andersoni, Ambystoma dumerilii and Ambystoma 
mexicanum at three zoo collections, and A. andersoni and 
A. mexicanum in a private collection. Bsal was tested for 
but not detected. We also report the effectiveness and side 
effects of five treatment protocols in these species. Using 
the antifungal agent itraconazole, A. dumerilii were cleared 
of infection without side-effects using the granulated 
preparation (Sporanox). Morbidity and mortality occurred 
when A. dumerilii and A. andersoni were treated using 
a liquid oral preparation of the itraconazole (Itrafungol); 
infection was successfully cleared in surviving specimens of 
the latter species. Ambystoma mexicanum was successfully 
cleared without any side-effects using Itrafungol. Mortality 
and morbidity were likely caused by toxic effects of some 
component on the liquid preparation of itraconazole, but 
aspects of water quality and husbandry cannot be ruled 
out.

Key words: Bd, axolotl, Ambystoma, chytridiomycosis, 
itraconazole
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ventrum, cloaca, lips, tail base and plantar aspect of the 
feet using a sterile dry swab (see Table 1 for numbers 
of swabs collected and Supplementary Materials for 
swabbing methods). Duplex qPCR was used to test for 
the presence of Bd and Bsal DNA following protocols 
developed by Hyatt et al. (2007) and Blooi et al. (2013) 
(see Supplementary Materials). Itraconazole baths were 
used for treatment in all institutions using the protocols 
outlined in Table 2 and detailed in Supplementary 
Materials. Results of initial and post-treatment qPCR 
testing, including Genomic Equivalent (GE) values, are 
presented in Table 1; all species presented with at least 
some animals infected with Bd, but Bsal was not detected. 
All animals that survived treatment tested negative for 
both pathogens after treatment (Table 2). Identification 
of the lineage or strain of Bd infecting animals (Retallick 
& Miera, 2007) was beyond the scope of this work.
 All surviving salamanders in all collections repeatedly 
tested negative for Bd post treatment (see Table 2). At 
ZSL and PT, there were no observed adverse side effects 

to treatment with Sporanox in A. dumerilii. Water quality 
was monitored at ZSL and PT, and remained good (see 
Table 1). At CZ, there was 100% mortality of animals 
shortly after exposure to the treatment regimen using 
Itrafungol. Water quality was not monitored at CZ. At CZ 
on day 7 of treatment with Itrafungol, six A. dumerilii were 
found dead. The remaining animals exhibited excessive 
mucus production, cloudy eyes, erratic movements 
and inappetence. At post mortem examination and 
subsequent histopathology, the salamanders were thin 
and presented acute dermatitis (sometimes ulcerative 
or necrotic) and branchitis. Some specimens showed 
hepatocyte vacuolation. Treatment was stopped but 
after two days, the condition of the remaining animals 
had continued to worsen and they were euthanased on 
welfare grounds.  No CZ animals completed the treatment 
protocol. 
 At PB, A. mexicanum showed no clinical adverse 
effects of treatment with Itrafungol. In A. andersoni, 50% 
mortality was encountered when treated with Itrafungol. 

Species Ambystoma dumerilii A. mexicanum A. andersoni

Collection ZSL London Zoo Parc de Thoiry Chester Zoo Private collection, UK
Swab numbers Pre-treatment: 3 indi-

vidual swabs  
 
Post-treatment (0, 30 
and 180 days): 11 indi-
vidual swabs

Pre-treatment: 2 pooled 
swabs, 8 individuals each 
 
Post-treatment (0 days): 2 
pooled swabs, eight indi-
viduals each 
 
Post-treatment (40 days): 5 
pooled swabs, 3 individuals 
each; 1 individual swab

Pre-treatment: 13 
individual swab 
 
Post-treatment: N/A

Pre-treatment: 1 
pooled swab for 4 A. 
mexicanum 
 
Post-treatment (30 
days): 1 pooled swab 
for 4 A. mexicanum

Pre-treatment: 1 
pooled swab for 2 A. 
andersoni 
 
Post-treatment (30 
days): 1 pooled swab 
for 2 A. andersoni

Bd/Bsal qPCR 
results

Bd: 3/3 +ve,  
 
Bd infection load: 6.48, 
12.6, 2964.12 GE  
 
Bsal: 3/3 -ve

Bd: 1/2 two pooled swabs 
+ve. 
 
Bsal: 2/2 pooled swabs 
-ve.

Bd: 6/13 +ve,  
 
Bd infection load: 
31, 41.64, 84.72, 
97.44, 114.72, 
704.76 GE 
 
Bsal: 13/13 -ve

Bd: +ve 
 
Bsal: -ve

Bd: +ve 
 
Bsal: -ve

Animal housing 
during treat-
ment period

3-4 animals held in 100 
x 30 x 30 cm aquaria 
 
Aquaria filtered using 
air-stream sponge 
filters.

5 animals in a 100 x 50 
x 60 cm aquarium; 11 
animals individually in 40 
x 30 x 30 cm plastic boxes. 
 
Large aquarium filter with 
internal filter. Small boxes 
unfiltered; 100% water 
change performed daily.

4-5 animals held in 
400L aquaria.

Large plastic boxes (varying capacity). 
 
No filtration. 
 
Daily 100% water changes and disinfection 
of enclosures.

Water quality 
parameters  
during treat-
ment period

pH: c. 8 
 
Ammonia (NH3

+): 0 - 
0.03mg/L (with two 
brief instances of c. 
0.5mg/L) 
 
Nitrite (NO2): 
0-0.04mg/L  (with one 
instance of c. 0.5mg/L 
 
Nitrate (NO3): <10 mg/l 
 
Alkalinity: 175-
200mg/L 
 
Temperature: 15-17 ˚C

pH: 6.8 - 7.2 
 
Nitrite (NO2): 0mg/L 
 
Nitrate (NO3): 50 - 75 mg/l 
 
Conductivity: 370 micro 
Siemens. 
 
Temperature: 18 ˚C

Water parameters 
not recorded.

pH: 7.9. 
 
Temperature: 16-20 ˚C.

Table 1. Husbandry and swabbing protocols for Ambystoma salamanders reported in this study
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At PB, A. mexicanum showed no clinical adverse effects 
of the Itrafungol treatment. In A. andersoni, however, 
animals lost vigour during treatment and within one week 
of completion of treatment, five animals had died (50% 
mortality). Animals exhibited shrinking gill branches, loss 
of gill filaments both of which were noticeable in living 
and dead animals. Animals also showed reduced feeding 
behaviour. Ten days post treatment, surviving animals 
were removed from the established aquarium into 
which they had been placed and maintained in a 160L 
plastic box with 100% daily water changes. Following this 
intervention, mortality stopped and animals recovered 
to normal appearance and behaviour. No histological 
data are available from these animals.
 Bd infection has not previously been reported from A. 
dumerilii or A. andersoni, but has been recorded in other 
neotenic Mexican Ambystoma (namely A. altamirani, A. 
granulosum, A. mexicanum, A. rivulare, A. ordinarium 
and A. velasci; Forzan et al., 2008; Frias-Alvarez et al., 
2008; Galindo-Bustos et al., 2014; Spitzen-van der Sluijs 
et al., 2011). Animals of all three species in all four 
collections were apparently able to carry Bd infection 
without clinical disease. This has been reported in other 
ambystomatid salamanders (Spitzen-van der Sluijs et al., 
2011; Davidson et al., 2003; Padgett-Flohr, 2008) and 
this may be linked to the production of skin peptides 
that inhibit the growth of Bd (Sheafor et al., 2008). Our 
data suggest that all three species investigated here may 
be able to act as reservoirs of Bd, at least within captive 
populations and, potentially, in nature. 
 In A. dumerilii, infection loads, in terms of GE per 
sample, were broadly similar overall between Chester 
Zoo and ZSL (Table 1), but variation within species was 
substantial. All but one swabbed animal (ZSL; 2964.12 

GE) had very low loads. Ambystoma mexicanum in a Bd 
positive laboratory colony were reported to have loads 
of 0 - 1726.29 GE (Frias Alvarez et al., 2008). Although 
the highest infection load in A. dumerilii is approximately 
40% higher than the maximum infection load reported 
in A. mexicanum, no measure of variation was given by 
Frias-Alverez et al. (2008) and so direct comparison with 
our data is not possible. The use of pooled swabbing at 
Parc de Thoiry for A. dumerilii, and for A. andersoni and 
A. mexicanum in the private collection precluded any 
estimation of infection intensity and so comparisons with 
the literature are not possible. 
 For unknown reasons, Bd was not detected on some 
A. dumerilii individuals within Bd positive groups; this can 
probably be regarded as representing the bottom end of 
the detected variation in infection loads between infected 
salamanders.  This observation mirrors circumstances 
reported in colonies of A. mexicanum in both laboratory 
(Frias Alvarez et al., 2008) and zoo (Galindo-Bustos et 
al., 2014) settings. Labial swabs, alongside samples from 
other sites, were collected as some larval ambystomatid 
salamanders possess keratinized jaw sheaths that may 
act as infection foci for Bd (Venesky et al., 2010) as well 
as keratin elsewhere on the body (Bosch and Martinez-
Solano, 2006), and so it is likely that swabbing was as 
efficient as possible for the collection of chytrid DNA. 
Although these results are likely to reflect real negatives, 
extremely low infection burdens below the detection 
threshold are also possible.
 All animals in this study tested negative for Bsal 
infection, although the animals were maintained within 
the optimal temperature range for this fungus (Martel 
et al., 2013; Blooi et al., 2015a). Negative results are 
important in delineating the overall presence of Bsal 

Species Ambystoma dumerilii A. mexicanum A. andersoni

Collection ZSL London Zoo Parc de Thoiry Chester Zoo Private collection, UK
Therapeutic drug 
and preparation

Itraconazole (Sporanox; 
Janssen Pharamceutica N.V., 
Beerse B-2340, Belgium).

Itraconazole (Itrafungol; Elanco, 
Division Eli Lilly Canada Inc., 
150 Research Lane, Suite 120, 
Guelph, ON, N1G 4T2, Canada)

Itraconazole (Itrafungol)

Therapeutic 
itraconazole 
concentration, 
duration and tem-
perature

0.01%. 15 minute baths 
daily for eleven days at c. 
16 ˚C.

Group 1 (n=8): 0.01%. 7 minute 
baths daily for seven days. 
 
Group 2 (n=8): 0.005%. 15 
minute baths daily for seven days 
 
Both versions at c. 18˚C.

0.01%. 5 minute baths daily 
for ten days, followed by 10 
rest days and then a further 
ten days of 5 minute baths. 
Treatment course not com-
pleted due to mortality. 
 
Water temperature not 
recorded.

0.01% in buffered with one 
tsp NaHCl/5L tap water to 
maintain pH 7.  
 
5 minutes per day, daily 
over six days. 
 
16-20 ˚C.

Treatment protocol Animals were moved to 
individual c. 1L containers 
of itraconazole solution. 
Filtered aquaria were not 
sterilised between treat-
ments in order to preserve 
biological filtration.

Animals were to be bathed in 1 
litre of solution in a clear plastic 
bag. Aquaria and filters sterilized 
with 1:500 F10 disinfectant after 
5 and 10 days of treatment. 
Treatment was not completed.

Animals bathed in individual 1L containers. Enclosures 
sterilised between treatments.

Mortality 0% 100% (animals either died from 
presumed toxicosis or were 
euthanased)

A. mexicanum: 0% A. andersoni: 50%

Bd negative post 
treatment?

Y Animals did not survive treat-
ment

Y Y

Table 2. Protocols for and outcomes of itraconazole treatment in Ambystoma salamanders reported in this study.
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in captive populations. These results contribute to the 
current belief that Bsal infection is still relatively rare in 
captive urodelans (Sabino-Pinto et al., 2016).
 Our results show that Bd infection can be eliminated 
using the established anti-fungal chemical itraconazole 
in neotenic A. dumerilii, A. mexicanum and A. andersoni. 
Treatment with itraconazole of confirmed Bd infection in 
neotenic Ambystoma has not been previously reported. 
Metamorphosed A. tigrinum were successfully cleared 
of Bd infection using a similar protocol to that described 
here (10 minute 0.01% itraconazole (Itrizole oral solution) 
baths every other day for seven treatments; Tamukai et 
al., 2011). The variations employed by Thoiry and the 
private keeper demonstrate that Bd infection can be 
treated, at least in this case, by using a lower itraconazole 
solution (0.005%) and shorter bath duration (5 minutes) 
than the 0.01% and 10-minute immersion time typically 
used for treating Bd infection (Jones et al., 2012). This is 
congruent with trials in the anurans Litoria caerulea and 
Anaxyrus baxteri (0.005% itraconazole baths in Sporanox 
form; Jones et al., 2012) and indicates that low dosage 
and short immersion time may be useful in a wide range 
of amphibian taxa, at least with low infection loads.
 Different preparations of itraconazole appear to have 
different effects and efficacy in different Ambystoma 
species. The granule (Sporanox) preparation of 
itraconazole can apparently be used without deleterious 
side effects in A. dumerilii (this study) and A. mexicanum 
(Forzan et al., 2008), while liquid preparations are 
apparently safe for use in A. mexicanum (this study; 
Itrafungol) and in A. tigrinum (Itrizole Oral Solution 1%, 
Janssen Pharmaceutical K.K., Tokyo, Japan; Tamukai et 
al., 2011). However, our data suggest that use of the 
liquid preparation (Itrafungol) of itraconazole may be 
linked to rapid morbidity and mortality in A. dumerilii 
and A. andersoni. As water quality was not measured 
in collections using Itrafungol, and as other aspects of 
husbandry including disinfection of filter media co-varied 
with treatment regimen, it is possible that detrimental 
effects observed were caused by factors other than the 
drug. However, deleterious side-effects have also been 
recorded in anuran tadpoles treated with Itrafungol 
(Garner et al., 2009). We found no evidence in the 
literature suggesting either safe use or toxic effects of 
any non-itraconazole ingredient (see Supplementary 
Materials) of Itrafungol on amphibians. Although 
the active ingredient is the same in both compounds 
(itraconazole), there may also have been interactive 
effects between itraconazole and other compounds in 
the drug, for example through effects on bioavailability 
of the active compound. The Itrafungol solution was 
buffered at PB, but not at CZ.  This may have an effect on its 
efficacy against Bd (e.g. pH affects Bd growth; Piotrowski 
et al., 2004) and any side-effects on the salamanders 
themselves, but this preparation led to morbidity and 
mortality in both collections. We recommend that the 
use of this preparation should probably be treated with 
caution in ambystomatid salamanders. 
 The deleterious side-effects reported here represent 
only impacts on health that can be detected in the short 
term. It is possible that other effects on health may be 

more subtle or require more longitudinal studies to 
detect. Furthermore, the treatment designs used here 
were based on previous reports of successful treatments 
and do not represent targeted or evidence-based 
approaches. The use of data from in vitro exposures of 
fungus to candidate treatment regimens could inform 
the selection of the lowest dose and shortest exposures 
possible to successfully eliminate the pathogen (e.g. 
Martel et al., 2011).  Such an approach may avoid negative 
side-effects and reduce the chance of unforeseen 
negative outcomes of treatment attempts, although 
susceptibility of the fungus in vitro does not necessarily 
equate to successful therapy in vivo (Berger et al., 2010). 
 We also demonstrate that Bd infection can be 
successfully treated without sterilisation of biological 
filters. This is congruent with Rendle et al. (2015) 
and reinforces that a balance can be struck between 
effective therapy and the maintenance of appropriate 
environmental parameters. By disinfecting biological 
filters between itraconazole treatments, and unless 
other methods of dealing with nitrogenous waste (e.g. 
chemical filtration) are employed, the environment in 
which animals are kept may rapidly become toxic due to 
the accumulation of waste products. As Bd can, on the 
basis of these and other data, be eliminated without the 
disinfection of the environment, biological filters may be 
left intact during the treatment of aquatic amphibians for 
Bd. Bd can survive outside amphibian hosts (Johnson & 
Speare, 2003). We were unable to determine if infective 
colonies of Bd survived on the filter media post treatment, 
but repeated and long term negative Bd results suggest 
that such colonies were either absent or at least unable 
to re-infect salamanders.
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As all amniotes, lepidosaurian reptiles have internal 
fecundation and, with the exception of Tuataras, which 

have no copulatory organ, male specimens have hemipenes 
(Vitt & Caldwell, 2013).  However, some squamate species 
evolved to break free of sexual reproduction, being the 
only vertebrates that truly reproduce by parthenogenesis 
(Kearney et al., 2009; Vitt & Caldwell, 2013). Such 
mechanism is predominant in lizards (e.g. Darevski, 1966; 
Hardy & Cole, 1981; Schmidtler, 1993; Schmidtler et al., 
1994), but it also occurs in snakes (e.g. Wynn et al., 1987; 
Groot et al., 2003; Booth et al., 2012).
 Another condition reported for reptiles is intersexuality, 
which is defined as a condition in which reproductive 
structures in a given sex are also found in the opposite 
sex (Goldschmidt, 1917). The condition may include 
both hermaphroditism (presence of both ovarian and 
testicular tissues) and pseudohermaphroditism (presence 
of gonadal tissue of one single sex) (Forbes, 1964). 
Intersexual individuals in squamates have been recorded 
for snakes only (Hardy, 1970).  In lizards, hermaphroditic 
males are not viable and occur in hybridogenic rock lizards 
(genus Darveskia, see Darvesky 1966).
 The Hydropsini tribe currently encompasses a total of 
22 valid species allocated in the following genera: Helicops, 
Hydrops and Pseudoeryx (Uetz et al., 2017). While Hydrops 
and Pseudoeryx are oviparous, most species of Helicops 

are viviparous, and interestingly, H. angulatus exhibits 
both reproductive modes (Rossman, 1984; Aguiar & Di-
Bernardo, 2005; Braz et al., 2016). Helicops infrataeniatus 
has a wide distribution that encompasses south-
southeastern Brazil, southern Paraguay, North-eastern 
Argentina and Uruguay (Deiques & Cechin, 1991; Giraudo, 
2001; Carreira & Maneyro, 2013).  At the coastal zone of 
southernmost Brazil, H. infrataeniatus is among the most 
abundant species in many types of limnic and estuarine 
environments (Quintela & Loebmann, 2009; Regnet 
et al., 2017).  In October 2015 at the Laranjal beach, 
municipality of Pelotas, state of Rio Grande do Sul, Brazil 
(31°46’S, 52°13’W), a remarkable aggregation of reptiles 
and caecilians occurred after a flood event associated to 
an El Niño event (Regnet et al., 2017).  This event provided 
an outstanding opportunity to investigate aspects of the 
reproductive biology of several species with a large sample 
size. When such specimens were examined, one showed 
follicles in advanced vitellogenesis as well as a hemipenis, 
characterising a rare case of intersexuality, which is here 
described.
 The intersexual specimen was deposited in the 
Herpetological Collection of the Universidade Federal do 
Rio Grande - FURG (CHFURG 3946).  Although the individual 
presented female and male sexual characteristics, it 
presents a number of subcaudal scales corresponding 
to the females of the species (64) (Giraudo, 2001). For 
comparison purposes, we everted and inflated a total of 
four males hemipenes as well as follicles in secondary 
vitellogenesis from a female.  For each specimen studied, 
we measured the hemipenis length as well as snout-vent 
length (SVL).  For standardisation, we used only the length 
of the right hemipenis. Description of reproductive organs 
follows Zaher (1999) for hemipenis and Almeida-Santos et 
al. (2014) for follicles.
 Snout-vent length of the intersexual specimen (Fig. 
1) was 537 mm, tail length was 82 mm and weight was 
103.87 g. The left ovary contained seven follicles in 
secondary stage, with different shapes and sizes, and 
follicles of the right ovary were all in the primary stage 
(Fig. 1). Right and left hemipenes were 13.32 and 13.57 
mm long, respectively. Males had SVL ranging from 380 
to 432 (mean = 410.5 mm) and right hemipenes length 

Herein, we describe the first case of intersexuality in the 
Hydropsini tribe. After examination of 720 specimens 
of Helicops infrataeniatus Jan, 1865, we discovered 
one individual that presented feminine and masculine 
reproductive features. The specimen was 619 mm long, 
with seven follicles in secondary stage, of different shapes 
and sizes, and a hemipenis with 13.32 and 13.57 mm in 
length. The general shape of this organ is similar to that 
observed in males, although it is smaller and does not 
present conspicuous spines along its body. Deformities 
found in feminine and masculine structures suggest that 
this specimen might not be reproductively functional.

Key words: Follicles, hemipenis, hermaphroditism, water 
snake.
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ranging from 13.79 to 14.61 (mean = 14.17 mm). Relative 
measures (organ length/SVL) of right hemipenes were 
0.025 and 0.035 on average, respectively. General shape 
of the intersexual hemipenis in both sides (assulcate and 
sulcate) is similar in both structures, although is smaller 
(ca. 71.43% in relation to the mean length of hemipenes 
measured). Both structures are bilobated, but only male 
hemipenes have conspicuous spines along their body 
(Fig. 1).
 The intersexual specimen here described was 
detected in a large sample of 720 individuals (327 females 
and 376 males), that is, it represents only 0.14% of the 
studied population. Therefore, the condition should be 
considered rare for this species. Aguiar & Di-Bernardo 
(2005) provide biological data on the reproduction of H. 
infrataeniatus and, when comparing those data to the 
observation of the intersexual specimen, the number of 
follicles found is to be expected. However, follicles from 
the intersexual specimen were highly variable in size, 
shape and color as well, so it is possible that intersexual 
follicles may not be viable.
 Intersexual condition in squamates is usually 
evidenced by the presence of erectile organs in females 

similar to the male hemipenis (Forbes, 1964). It is important 
to emphasise that this condition differs from individuals 
that exhibit hemiclitoris, a homologous structure to the 
hemipenis in females, but with smaller size (Böhme, 1995). 
Examples of females with hemiclitoris seem to be more 
frequent in squamates than intersexuality (e.g. Böhme, 
1995; Ziegler & Böhme, 1997, Kasperoviczus et al., 2011), 
which has been reported only for snakes (e.g. Bothrops 
insularis (Hoge et al., 1954), Bothrops moojeni (Mcclean, 
1968), Pseudoficimia frontalis (Hardy, 1970), and Pareas 
stanleyi (Pope, 1935). Interestingly, B. insularis females 
with hemipenes are frequently found in populations and 
individuals without this structure seem to be sterile (Hoge 
et al., 1959).
 Seminiferous tubules or testicles were absent in the 
intersexual specimen and its hemipenis was smaller, 
more translucent and did not present spines along their 
body in comparison with males hemipenes. A notorious 
case regarding confusion in the interpretation of this 
structure can be found in the description of Pseudoficimia 
pulcherrima, where two females with smaller hemipenes 
and without spines were described as males of a 
new species (Taylor & Smith, 1942). After the mistake 

Figure 1.  (A) General view of reproductive organs of the intersexual specimen of H. infrataeniatus; (B) intersexual hemipenis; 
(C) male hemipenis; (D) follicles of the intersexual specimen with different shapes and sizes and (E) follicle of a normal female. 

R.  Regnet  et  a l .
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was discovered, the species was symonymised with 
Pseudoficimia frontalis (Hardy, 1970).
 This is the first report of an intersexual individual 
in the Hydropsini tribe. The presence of intersexual 
individuals emphasises the importance to check other 
sexual features concomitantly (Ziegler & Böhme, 1996) 
to avoid erroneous sex determination.  Although cases of 
intersexuality are apparently rare in most snake species, 
we recommend that sexual determination based on the 
presence of a structure similar to a hemipenis might not 
be conclusive and, therefore, it should be used other 
morphological sexual features whenever is possible. 
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Introduced species have been considered among 
the main threats for the preservation of biodiversity 

worldwide (Bellard et al., 2016). Among the amphibians, 
several Antillean Eleutherodactylus species have been 
introduced to new areas mainly through the trade of 
ornamental plants (Kraus et al.,1999; Kaiser et al., 2002).  
For example, Eleutherodactylus coqui is listed as one of the 
world’s worst invasive alien species by IUCN (Lowe et al., 
2000), and Eleutherodactylus johnstonei has been widely 
introduced, currently present in the Caribbean countries 
and recently recorded in Brazil (Kaiser, 1997; Ernst et al., 
2011; Melo et al., 2014).
 The greenhouse frog (Eleutherodactylus planirostris) 
has been introduced to many regions throughout the 

Numerous direct developing species of the genus 
Eleutherodactylus native to the Caribbean Islands have been 
introduced outside its natural range by human activities. 
The greenhouse frog, Eleutherodactylus planirostris is 
native to Cuba and the Bahamas and has been introduced 
to many parts of the world. Here, we report the rediscovery 
of E. planirostris in the Mexican Gulf. The species was not 
reported in the region since 1974. Molecular identification 
of the species was possible by comparing 16S and COI 
sequences with samples from the type locality, five 
introduced populations and 20 other Eleutherodactylus 
species. The species was also verified by morphological 
characters. By means of phylogenetic reconstruction we 
propose that its introduction in Veracruz is independent to 
the Mexican Caribbean event. This is the first record of the 
species in a small rural region from Veracruz, and thus a 
comprehensive evaluation of the distribution of the species 
in Mexico is needed.

Key words: Introduced species, DNA barcoding, Mexico, 
Eleutherodactylus
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world such as continental and island USA (including 
Hawaii), Hong Kong, Guam, Philippines, Jamaica, 
Honduras, Panama and Suriname (McCrane et al., 2008; 
Crawford et al., 2011; Heinicke et al., 2011; Olson et al., 
2012; McCranie & Valdés-Orellana 2014; Lee et al., 2016). 
In Mexico, it was reported on one occasion for the state 
of Veracruz, 43 years ago (Schwartz, 1974) at the port 
of Veracruz (Flores-Villela & MCoy, 1993), and recently 
in the Yucatan Peninsula (Cedeño-Vázquez et al., 2014; 
García-Balderas et al., 2016; Pavón-Vázquez et al., 2016; 
Gómez-Salazar & Cedeño-Vázquez, 2017; Ortíz-Medina 
et al., 2017).  Molecular data from specimens collected in 
the Mexican Caribbean showed they are closely related 
to populations from Philippines and Panama (Cedeño-
Vázquez et al., 2014).
 As shown by Crawford et al. (2011), “the identification 
of invasive species in new localities may be difficult, 
especially when local knowledge and comparative 
material of the invader may be limited”.  The identification 
of introduced Caribbean Eleutherodactylus species 
is a challenge, considering their huge diversity (191 
species to date) and low morphological variation. In this 
case, DNA sequencing provided characters to assist in 
species identification. Here, we report the rediscovery 
of E. planirostris in the Mexican Gulf, and we discuss 
the application of molecular tools in the detection of 
introduced species.
 During field surveys performed on Ejido La Laja 
(Cuichapa Municipality) in Veracruz, Mexico (18°45.17’ 
N, 96°47.13’ W, 423 m. Figure 1A), we recorded an 
Eleutherodactylus population in the leaf litter and 
under trunks in a house garden. The morphology of the 
individuals did not coincide with any of the species known 
for the region. The individuals were found in the same 
site by visual and acoustic records in April, September 
and November 2016.  Six individuals were captured and 
voucher specimens were deposited in the Colección 
Nacional de Anfibios y Reptiles (CNAR), Instituto de 
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Biología, UNAM.  Liver and muscle tissue were collected 
for two individuals (IBH-31562-63) and stored in RNA-
laterTM Tissue Storage Reagent (Ambion).
 We extracted DNA using the modified protocol of 
phenol-chloroform (Sambrook & Russell, 2006). For 
molecular identification, we amplified the mitochondrial 
genes COI and 16S. PCR amplifications were performed 
using the primers and procedures detailed in Mendoza 
et al. (2012) for 16S and Hebert et al. (2004) for COI. We 
included sequences from GenBank and BOLD databases for 
21 species of Eleutherodactylus with available information 
for COI gene and/or species recorded for Mexico (E. 
cystignathoides, E. marnockii, E. nitidus, E. pipilans and 
E. planirostris). Those species are distributed in the states 
of Veracruz, Queretaro, Guerrero, Oaxaca and Chiapas 
(Flores-Villela & McCoy, 1993; Lemos-Espinal & Smith, 
2007). The sequences obtained were aligned with Geneious 
using default settings and verified visually. We calculated 
pairwise distances using the Kimura 2 Parameter model 
in MEGA7 (Kumar et al., 2016) and performed a Bayesian 
phylogenetic analysis using the program MrBayes 3.2.2 
(Ronquist & Huelsenbeck, 2003; Ronquist et al., 2012). The 
models of nucleotide substitution were defined following 
Crawford et al. (2010): one data partitions scheme for 
16S (model GTR+I+Γ) and three data partitions for codon 
positions 1 through 3 in COI (models GTR+I, GTR+Γ, and 
GTR+I+Γ, respectively). Rates of evolution were allowed 
to vary across partitions using a rate multiplier. We ran 
two independent analyses for 20 million generations, 
each sampling trees and parameter values every 1000 
generations. Burn-in was set to 25% and thus the first 
5 million generations were discarded. A sequence of 
Diasporus quitiddus (AJC-1789) recovered from GenBank 

was used as outgroup. Considering that available COI and 
16S sequences for Eleutherodactylus belong to different 
sets of species, we generated two analyses (one per gene). 
Sequences obtained were deposited in the Genbank 
repository (accession numbers MF374458-MF374461).
 The BLAST of both genes matched with E. planirostris 
sequences, with a 99% identity, 0% gaps and an e-value 
of 0.0. Online BOLD identification generated a match with 
E. planirostris for COI sequences with 99.84% identity. 
Bayesian trees for both genes corroborate this result, 
placing the sequences obtained in the E. planirostris 
clade (Figure 2). The K2P estimated distances show a low 
divergence of our two sequences to all other E. planirostris 
sequences (0.000-0.016 for 16S and 0.002-0.017 for 
COI, minimum interspecific distance was 0.045 for 16S 
and 0.040 for COI). COI tree shows a closer relationship 
between our samples and those from Cuba than to 
samples than to samples reported by Cedeño-Vázquez 
et al. (2014) in the Mexican Caribbean (not available for 
16S). To confirm the molecular results, we verified the 
morphological characters of the species, which coincided 
with the species description (snout-vent length less than 
34 mm, finger discs slightly expanded and absence of 
interdigital webbing in toes; Schwartz, 1974; Köhler, 2010).
Eleutherodactylus planirostris is native to the Caribbean 
islands including Bahamas, Cayman Islands Caicos Islands 
and Cuba (Lee et al., 2016).  This species appears to be a 
generalist, occupying a diversity of habitats including mesic 
and xeric broadleaf forest as well as secondary forests, 
shrub land, agricultural fields, near fishponds, urban 
gardens and parks, and near human settlements (Lee et 
al., 2016; García-Balderas et al., 2016; Gómez-Salazar & 
Cedeño-Vázquez, 2017; Ortíz-Medina et al., 2017). 
 New records of E. planirostris have been achieved by 
help of molecular tools. The species was first reported in 
Panama (Crawford et al., 2011) and Hong Kong (Lee et al., 
2016) through DNA barcoding. In Honduras, molecular 
data from three specimens showed them to be genetically 
identical to the Florida-western Cuba populations 
(McCrane et al., 2014). Cedeño-Vázquez et al. (2014) 
identified it on the Mexican Caribbean through molecular 
and morphological information.  In the Mexican Gulf, 
there are no more records of the species after the record 
of Schwartz (1974) despite being a region constantly 
studied. It is possible that this previous record was a non-
successful introduction. Here, we report the presence of 
a population 1 000 km west of the recent observation 
(Cedeño-Vasquez et al., 2014, Figure 1) and 83 km from 
the record by Schwartz (1974), and we may infer by the 
Bayesian tree that both populations are coming from 
independent introduction events. The invasion in Mexican 
Caribbean in the Yucatan Peninsula may be related to the 
same dispersal event that occurred for Philippines and 
Panama, while the Veracruz samples are more related to 
Cuban populations. Thus, E. planirostris is being introduced 
into Mexico from different source populations at different 
times.
 In general, the introduced species of Eleutherodactylus 
have been reported in big cities or in localities with high 
commercial trade. Eleutherodactylus planirostris has not 
been recorded for the Veracruz state in the last 43 years. 
Thus, the presence of E. planirostris in Cuichapa is an 

Figure 1. (A) Map with localities recorded for E. planirostris 
near the Gulf of Mexico. The record of Schwartz (1974) 
from Veracruz, Mexico has no locality details so it was 
omitted in the map. (B) Specimen of E. planirostris (IBH-
31562) captured in Ejido La Laja, Municipality Cuichapa, 
Veracruz, México.

New record of  E.  p lanirostr is  in  Veracruz,  Mexico
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important record for expansion of this invasive species 
in Mexico. Cuichapa is a small rural municipality with 
12,375 inhabitants according to the Instituto Nacional 
de Estadística y Geografía (INEGI) census (INEGI, 2009). 
The presence of the species in small rural regions (likely 
by ornamental plant trade) implies an extensive route of 
dispersal likely with multiple halfway localities where the 
species can also establish itself. 
 When introduced species become established, they 
feed, compete for food, transform and destroy the habitat, 
and carry transmissible diseases and parasites, capable 
of exterminating whole populations of native species 
(Williamson, 1996).  Kraus et al. (1999) and Kraus & Campbell 
(2002) suggest that invasive populations of E. planirostris 
in Hawaii may be a serious threat to native arthropods, 
generating a new predation pressure primarily for insects 
and spiders. In Hawaii, specimens of E. planirostris with 
a population density of 12,522 frogs/ha were found to 
primarily consume leaf-litter invertebrates and were 
estimated to consume up to 129,000 invertebrates ha−1 

night−1 (Olson & Beard, 2012). The only population survey 
of this species in Mexico recorded a density of 20.3 
individuals/km in Playa del Carmen, Quintana Roo (Gómez-
Salazar & Cedeño-Vasquez, 2017), thus demonstrating 
that the species was effectively established in the sampled 
area. The reappearance of the species in the Mexican Gulf 

implies that an evaluation of the population status and 
the threats for biodiversity in Mexico is urgently needed, 
including population density, encounter frequency, spread 
to nearby localities, and arthropod species consumed. 
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