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Abstract. The Horvath’s rock lizard (Iberolacerta horvathi) is a rupicolous mountain species endemic of the eastern
Alps and northern Dinaric range. The species has its known western limit of the distribution in the Veneto region
of Italy. It is not known whether the species is really rare in Veneto or whether the area has been insufficiently sur-
veyed. In addition, it is not known whether the westward distribution of the species is limited by a physiographic or
by a climatic barrier. During the period 2016-2018, 118 sites were surveyed in the Veneto and Trentino-Alto Adige
regions. Four new occurrences of Iberolacerta horvathi were discovered in Veneto that: 1) largely fill the gap between
the westernmost known site and the closest site to the east; 2) extend further west the known distribution by 9 km.
In addition the species was confirmed in three already known sites. A species distribution model was developed with
the software MaxEnt, using 100 occurrences from Italy, Austria and Slovenia. The best model shows that the distri-
bution is explained by the asperity of their habitat, the sedimentary bedrock, the aspect, the average temperature of
the coldest quarter, the rainfall seasonality and the average summer rainfall. The last variable appears as the most
likely responsible for the rarefaction of the species at its western limit. In addition, the species distribution model
suggest that the Horvath’s rock lizard might be present in some additional mountain groups where it has so far not

been found yet.

Keywords. Horvath’s rock lizard, Maxent, rainfall, temperature, roughness, aspect, Bedrock, Veneto.

INTRODUCTION

The present distribution of reptiles in Europe is much
dependent on its climatic history, in particular to the
Pleistocene oscillations. After the climate improvement
following the last glacial maximum (18,000 BP) many
species spread from southern refugia and have colo-
nized very large areas (Joger et al., 2007). Some species
were able to spread from their refugia in a more limited
way due to ecological constraints or to the presence of
geographical barriers like the Alps for species from the
Apennines peninsula and the Pyrenees for species from
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the Iberian peninsula (Joger et al., 2007). The opposite
happened to some cold adapted species, like the Dinolac-
erta mountain lizards of the southern Dinaric chain and
the species of Iberolacerta of the Iberian Peninsula: they
have likely reduced their range and have become restrict-
ed to high altitude isolated mountain peaks (Ortega et al.,
2016). The conservation prospect of these high altitude
species is likely going to worsen due to the ongoing cli-
mate change (Le Galliard et al., 2012).

A different case is the distribution of the Horvath’s
Rock Lizard (Iberolacerta horvathi), an endemic species
of the northern Dinaric chain and eastern Alps (north-
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west Croatia, Slovenia and adjoining northeastern Italy
and southern Austria) (Speybroeck et al., 2016), a spe-
cies phylogenetically related to a group of mountain
dwelling lizards of the Iberian Peninsula (Carranza et
al., 2004, Crochet et al., 2004). As a matter of facts, the
known presence localities in Italy and Austria are in areas
that were glaciated during the last glacial maximum (Ivy-
Ochs et al., 2009). So, the species should have colonized
the eastern Alps from refugia in the southeastern Alps
or from the Dinaric chain. Unfortunately, it is difficult
to study how this colonization happened due to insuf-
ficient knowledge of the distribution of this species, as
suggested by the recurrent discoveries of its presence in
new mountain groups (e.g., Zagar et al., 2014). This lack
of data is likely the result of the difficult accessibility of
the rocky cliffs inhabited by the species and by the pos-
sible misidentification with the similarly looking (Zagar
et al., 2012) and frequently syntopic common wall lizard,
Podarcis muralis (Cabela et al., 2007). In Italy, Horvath’s
rock lizard is well distributed in the Friuli region (Lapini
et al., 2004; Rassati, 2010; Rassati, 2012) but its presence
appears to be particularly scattered west of the Piave Riv-
er in the Veneto region. The westernmost site was discov-
ered in 1993 close to the village of Listolade (Lapini and
Dal Farra, 1994; Lapini et al., 2004), a site that was about
70 km away from the nearest known site. In spite of sub-
sequent discoveries (Rassati, 2010; Rassati, 2012; Lapini,
2016) and quite extensive surveys (Tormen et al., 1998;
Bonato et al., 2007; Bonato, 2011; Cassol et al., 2017)
there is still a gap of around 30 km between the site of
Listolade and the closest one to the east. Therefore, it is
not known whether the species is present in this large
gap and even west of Listolade. Moreover, it would be
interesting to discover whether the species has reached its
potential distribution or whether its westward post glacial
expansion is still lagging behind its potential distribution,
as it still happens for some plants (Svenning and Skov,
2007; Willner et al., 2009; Dullinger et al., 2012) and ani-
mals (Aratjo et al 2008; Pinkert et al., 2018). In addition
it is not known which factors might limit or have limited
the westward spread of the species.

In order to fill these gaps in the knowledge of the
species, the research has the following aims:

1) to improve the known distribution by surveying
mountain groups west of the Piave River in the Trentino-
Alto Adige and Veneto regions of Italy;

2) to correlate the presence of the species in Ita-
ly, Austria and Slovenia to climatic, geological, physi-
ographic and ecological parameters in order to esti-
mate, through a species distribution model, whether the
western limit of the distribution has likely been fixed or
whether new sightings further west should be expected.

Giuseppe De Marchi et alii

MATERIAL AND METHODS

Field survey

Surveys were conducted during 94 days in the period April
2016 - September 2018 in 118 sites by one to three researchers
per site. 20% (n = 24) of the sites were visited more than once.
Surveyed areas were concentrated west of the Piave River but a
few sites were investigated also just east of it. Due to the inac-
cessibility of many cliffs, investigated sites were not randomly
distributed but were inevitably concentrated close to roads and
mountain paths.

Species identification was rarely performed by catching the
specimens with a long stick with a cotton loop. More common-
ly, species identification was performed by analysing pictures
taken with a telephoto lens, an efficient technique also when
lizards are on inaccessible rocky cliffs (De Marchi et al., 2019).
Identification characters from the frequently syntopic common
wall lizards are as in Corti et al. (2010).

The coordinates and altitude of the sites were obtained by
hand held GPS devices. In addition, the sites where Horvath’s
rock lizards were found were characterized by the bedrock
obtained from the geological map of Italy viewed on the Geo-
portale Nazionale (http://www.pcn.minambiente.it) and by the
habitat classification obtained from the “Carta della Natura”
of Veneto and “Carta della Natura” of Friuli-Venezia Giulia
(1:50.000) (http://www.geoviewer.isprambiente.it/).

Species distribution model (SDM)

In order to elaborate the potential distribution of the spe-
cies in Italy and in neighbouring Austria and Slovenia, a pres-
ence only modeling approach was chosen due to the lack of
reliable absence points particularly outside our study area. A
maximum entropy approach was developed with the software
Maxent (Phillips et al., 2006; Merow et al., 2013; Phillips et al,,
2017), which proved to be quite successful even when occur-
rence data were few and in presence of somehow biased sam-
ples (Elith et al., 2006). As occurrence data of Veneto are few
and restricted to a too small area for statistical analyses, pub-
lished data related to Italy (Lapini et al.,, 2004; Rassati, 2010;
Rassati, 2012; Lapini, 2016; Lapini, 2017; Rassati, 2017), Austria
(Tiedeman, 1992; Ortner, 2006; Cabela et al., 2002; Cabela et al.,
2007) and Slovenia (Zagar, 2008a; Zagar, 2008b; Krofel, 2009;
Cafuta, 2010; Zagar et al.,, 2011; Zagar et al., 2012; Osojnik et
al.,, 2013; Zagar, 2016; Zauner, 2018) were collated. Such a wider
area helps to reduce the risk that some local climatic conditions
might wrongly highlight the importance of an environmen-
tal variable that in fact is not a relevant one (Phillips, 2006).
Unfortunately, some published occurrences lacked coordinates
but have only the altitude and a general description of the col-
lecting site: only when the description was considered suffi-
ciently detailed to be confidently associated to a single 300 m
x 300 m pixel (see later) the occurrences were used by extract-
ing the coordinated from Google-Earth. As some occurrences
are aggregated due to sampling bias, some occurrence localities
were manually removed so that the remaining ones are at least
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one km from the closest ones. Eventually, the 100 occurrences
of the Horvath’s lizard were joined together with a background
dataset of 10,000 points to randomly sample the analysed area
(lat 45.35°N to 47.00°N, lon 11.20°E to 15.00°E).

The environmental layers (all at European scale) were as
follows. 19 bioclimatic variables at 30-arc seconds (about 1km)
resolution derived from the monthly temperature and rainfall
values for the period 1970-2000 (http://www.worldclim.org/
bioclim). Slope, Roughness (the degree of irregularity of the
surface, calculated by the largest inter-cell difference of a cen-
tral pixel and its surrounding cell, as suggested by Wilson et al,,
2007) and Aspect (the compass direction that a slope faces with
values ranging 0-360°) layers calculated with the GIS software
QGIS (version 2.8.6) from a 25m digital elevation model (Layer:
DEM-v1.1-E40N20) downloaded from the Copernicus Land
Monitoring Service (https://land.copernicus.eu/). A 250m veg-
etation layer, Corine Land Cover clc_12 (version 18_5), again
downloaded from the Copernicus Land Monitoring Service. A
geological layer from the 1 : 5 Million International Geological
Map of Europe and Adjacent Areas (IGME5000, Asch, 2003)
with bedrock types reclassified in the following five categories:
crystalline (all igneous and metamorphic rocks), carbonates
(limestone, dolomite or carbonates as predominant bedrocks),
secondary carbonates (limestone, dolomite or carbonates locally
present but not as predominant bedrocks), other sedimentary
rocks (like sandstone, conglomerate et clay) and undifferentiat-
ed bedrock. All environmental layers were resampled to a reso-
lution of 300 m using the package “raster” in R (Hijmans and
van Etten, 2016).

While Maxent is partly able to balance between model
fitting and model simplicity, an information approach was
adopted to check whether simpler models with fewer variables
performed better (Warren and Seifert, 2011; Zeng et al.,, 2016).
First, a reduced set of environmental variables was pre-select-
ed, based on ecological or biological knowledge. Out of the 19
available bioclimatic variables, BIO1 (Annual Mean Tempera-
ture), BIO4 (Temperature Seasonality), BIO5 (Max Tempera-
ture of Warmest Month), BIO6 (Min Temperature of Coldest
Month), BIO10 (Mean Temperature of Warmest Quarter),
BIO11 (Mean Temperature of Coldest Quarter) BIO12 (Annual
Precipitation), BIO 15 (Precipitation seasonality), BIO18 (Pre-
cipitation of Warmest Quarter) and BIO19 (Precipitation of
Coldest Quarter) were selected. Then, a reiterative process of
model formation and stepwise removal of the least contribut-
ing variables was utilized (Zeng et al., 2016). Unfortunately,
most temperature related variables (BIO1, BIO5, BIO6, BIO10,
BIO11) were highly correlated (pearson coefficient >0.7). In
a similar way most rainfall related variables (BIO12, BIO1S8,
BIO19) were highly correlated. Therefore, Maxent models were
run in order to select the single most predictive temperature
variable and the single most predictive rainfall variable. This
was done (Table 2) by running Maxent models (regularization
multiplier was set at 1 and regularization values were linear-
quadratic-product) alternatively containing only one of the cor-
related variables for temperature (BIO1, BIO5, BIO6, BIO10,
BIO11) and only one of the correlated variables for rainfall
(BIO12, BIO18, BIO19). Among the alternative models the
one with the lowest Akaike information criterion corrected

for low sample size (AICc) calculatd with the software ENM-
TOOLS version 1.4.4 (Warren and Seifert, 2011; Shcheglovito-
va and Anderson, 2013) was selected. The AICc is an estima-
tor of the relative quality of statistical models for a given set of
data, trading-off between the simplicity of the model and the
goodness of fit of the model (Warren and Seifert, 2011). Then,
simpler models were constructed by stepwise removal of the
variable with the lowest permutation importance (Zeng et al.,
2016) and the AICc of the resulting models was calculated in
order to select the final set of variables. As “feature class” and
“regularization multiplier” affect the performance of the model
(Morales et al., 2017) the model was fine tuned by constructing
models with 7 levels of the regularization multiplier (0.05, 0.1,
0.5, 1, 2, 4, 10) and three regularization values (Linear-Quad-
ratic, Linear-Quadratic-Product and Hinge). Finally, the best
model (Regularization value = Linear-Quadratic; Regularization
multiplier = 0.1) was run 100 times with bootstrap resampling
and the average model was calculated. The quality of this final
model was tested by calculating the area under the curve (AUC)
of the receiver operated characteristic (ROC) plots in order to
discriminate a species’ model from a random model. Finally, the
percent contribution and permutation importance of the envi-
ronmental variables to the final Maxent model were measured
(Phillips, 2006).

RESULTS

The Horvath’s Lizard was found in four new sites
(Valle di San Lucano, Val del Grisol, Casoni and Forra
del Piave) and its presence was confirmed in three sites
(Monte Tudaio, Val Zemola and Listolade) already known
in literature (Fig. 1). Fig. 2 shows the habitat of the four
new occurrences for Horvath’s Lizard and Table 1 reports
some characteristics of all the seven sites.

The common wall lizard was observed in 60% of the
investigated sites (n = 71, Fig. 1) and was frequently syn-
topic with the Horvath’s rock Lizard, where this last spe-
cies occurred (Table 1).

Species distribution model.

The Mean Temperature of Coldest Quarter (BIO11)
turned out to be a better predictor of the distribu-
tion of the Horvath’s rock lizard (Table 2) compared to
other highly correlated temperature variables: Annual
Mean Temperature (BIO1), Max. Temperature of Warm-
est Month (BIO5), Min. Temperature of Coldest Month
(BIO6) and Mean Temperature of Warmest Quarter
(BIO10). The Precipitation of Warmest Quarter (BIO 18)
turned out to be a better predictor of the distribution
(Table 2) compared to other highly correlated precipita-
tion variables: Annual Precipitation (BIO12) and Precipi-
tation of Coldest Quarter (BIO19).
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Fig. 1. Sites surveyed in 2016-2018. Red dots show the newly discovered occurrences of Iberolacerta horvathi, while orange dots show some

confirmed occurrences.

The balancing between the simplicity of the model
and goodness of fit to the known distribution resulted
in a model that did not include Slope, Temperature Sea-
sonality (BIO4) and Vegetation type (Corine Land Cov-
er), the variables with the lowest permutation impor-
tance. As a result, the best model was explained only by
Mean Temperature of Coldest Quarter (BIO11), Rainfall
Seasonality (BIO15), Precipitation of Warmest Quarter
(BIO18), Aspect, Roughness and Bedrocks (Table 2).

The best distribution model obtained after fine tun-
ing (see methods and table 2) is shown in Fig. 3 (with
cloglog output, which is the easiest to conceptualize as it
gives an estimate between 0 and 1 of probability of pres-
ence). The model fits the distribution (average training
AUC for the 100 bootstrap replicate runs is 0.922, stand-
ard deviation is 0.009) much better than a random model
(AUC = 0.5). The variables that explain the distribution
of the species are in order of percent contribution (Table
3): Roughness (33%), Bedrocks (26.5%), Mean Tempera-

ture of Coldest Quarter (19.5), Aspect (8.9), Rainfall of
the Warmest Quarter (8.5%) and Rainfall seasonality
(3.3).

Rainfall of the Warmest quarter decreases westward
in the Italian Alps (Fig. 4): the 13 westernmost occur-
rences are in areas with a rainfall (Average+SD = 338 +
37mm, n = 13) that is significantly lower (Welch Test =
-9.67, P < 0.001) than the remaining occurrences (Aver-
age + SD =452 + 53mm, n = 87).

DISCUSSION

Our field survey has discovered four new sites of
Horvath’s rock lizard in Veneto (Table 1 and Fig. 1 and
2): Forra del Piave is close to already known sites; Casoni
(in the Bosconero mountain group) and Val Grisol (in
the Schiara mountain group) fill the gap between the
known westernmost site of Horvath’s lizard and the pre-
viously known sites to the east; San Lucano Valley (in
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Fig. 2. Pictures showing the habitats of the newly discovered sites of Horvath’s rock lizard. 1. Forra del Piave, Cadore; 2. Casoni, Canal del
Mag; 3. Val del Grisol; 4. Valle di San Lucano, Agordino. In the last site, the first single individual was observed on the rock wall along the
road; later, the presence of a more numerous population was documented in the neighbouring rocky cliffs (around 200 m away).

Pale di San Martino mountains) extends further west
the known distribution by 9 km. Our extensive research
in apparently suitable sites west of San Lucano Valley,
in particular in the Vette Feltrine mountains and in the
Valsugana Valley (Fig. 1 and Fig. 4), has been unable to
discover additional sites. This lack of positive results sug-
gests that the western limit of the distribution has been
discovered. Interestingly, the San Lucano Valley is also
the western limit in the southern Dolomite mountains of
another reptile of eastern origin, the Nose-horned viper
(Vipera ammodytes) (Sindaco et al., 2006), a species that
has been found to have a close habitat similarity with
Horvaths rock lizard also in another part of its distribu-
tion (Zagar et al., 2013). There is apparently no physio-
graphic barrier to the spread of the lizards further to the
west. As a matter of fact, a gravel bed mountain river like
the Cordevole river (Fig. 4) should have not been a bar-

rier to the westward spread of the species as proved by
our discovery of the species just west of this river in the
San Lucano Valley. In the past, gravel bed mountain riv-
ers such as the Piave and the Cordevole (Fig. 4) should
have been an even less effective barrier to the spread of
the species during the phase of great sedimentation in
the valleys that followed the deglaciation (Cordier et al.,
2017) and continued up to 7000 BC in the Piave Val-
ley (Carton et al., 2009): in this condition, water mostly
flowed deep inside the gravel bed (Arscott et al., 2001)
and could not stop the spread of lizards. Therefore, the
lack of any apparent physiographic barrier lets us sug-
gest that an environmental gradient should make the spe-
cies less abundant in Veneto, where it is definitely rare,
until it disappears. In general, an environmental variable
might affect directly the species physiology (e.g., tem-
perature) or might act in an indirect way by influencing
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Table 1. Characteristics of the new and confirmed occurrences of Horvath’s lizard surveyed in 2016-2018. The number associated to each

site is the same as in Fig.1 and Fig. 2.

Vegetation (CNAT Syntopic

flte Date (day, Coord. Altitude Bedrock . of Veneto and  Observed Common
new month, =, Aspect (from Geoportale nazionale L . .
+ confirmed car) (°N, °E) (m) italiano) Friuli-Venezia specimens  Wall
Y Giulia) Lizard
46.53516
1. Old road in Forra Piave ’
. ’ 13.08.16 12.50901. R67: Neritic and platform  Scots pine oriental
ffi rrllte()t()Siefano di Cadore (BL), 08.08.17 46.53258, 825870 S dolomites (medium Triassic) forest Upto3 Yes
12.49400
25.08.17 Thermophilic
2. Casoni, Canal del Mag, 27.08.17 46.30444, R58: Pelagic limestones, marly o
Forno di Zoldo (BL), Veneto * 01.07.18 12.22972 750-850 SO limestone and marl (Jurassic) calciphile beech  Up to 8 Yes
forest of the Alps
08.07.18
3. Grisol de Entro, Val del - P
Grisol, Longarone (BL), 25.07.18 46.27017, 825 SE R'58. Pelagic limestones, ma.rlyOstrya c.arplnlfoha Yes
. 12.22878 limestone and marl (Jurassic) thicket
Veneto
ﬁg?i?é’ Calciphile
4 Pont, San Lucano Valley,  68.2018 550 1500, R67: Neritic and platform 1 forest of
Taibon Agordino (BL), 9.8.2018 NE-E . . L the Alps and 4 No
11.91658. 1250 Dolomites (medium Triassic)
Veneto * 17.8.2018 central-northern
46.30113, Apennines
11.91685. P
5. Monte Tudaio, Vigo di 12.08.16 46.51413 386 S R67: Nerltlc aI.ld platf.orn.l Scots pine oriental 1 Yes
Cadore (BL), Veneto + 12.47563 dolomites (medium Triassic) forest
6. Val Zemola, Erto and Casso 18.06.17 46.28607, 356: Neritic and platform Th‘errr.lophlhc
- AP 12.37178 1020 NE limestones and sometimes  calciphile beech ~ Up to 2 No
(PN), Friuli Venezia Giulia + 08.07.18 . .
dolomites (Jurassic) forest of the Alps
22.05.16
7. Climbing rock, Listolade, ~ 25.09.16 46.32622, 720 0 R67: Nerltlc an.d platf.orrr.l Ac1dpph11e scots Up to 11 Yes
(BL), Veneto + 13.04.17 11.99672 Dolomites (medium Triassic) pine forest
09.09.18

the availability of food (e.g., rainfall) or the presence of
parasites, predators or competitors (Austin, 2002). An
important factor that might limit the abundance and
the distribution of the Horvath’s rock lizard may be the
strong competition with the common wall lizard (Podar-
cis muralis) (Carranza et al., 2004). The two species have
a similar overall body plan (Zagar et al., 2012) and simi-
lar ecological preferences, for example they eat similar
food (Richard and Lapini, 1993). However, Horvath’s
rock lizards appear more adapted to rocky habitats due
to their flat head and body (Corti et al., 2010), which
might favour hiding in small crevices. They are more
adapted to relatively cold habitats due to a higher poten-
tial metabolic activity (Zagar et al., 2015b), even if they
do not exhibit the partial development of the egg inside
the female body that is found in some other small moun-
tain lizards (Ljubisavljevi¢ et al., 2012). On the contrary,
common wall lizards are favoured in agonistic interac-
tions with Horvath’s rock lizards because of their larger
head and consequent stronger biting force (Zagar et al.,

2017), for example when competing for thermoregulation
spots (Zagar et al., 2015a). Common wall lizards may
be favoured as well for their higher reproductive poten-
tial (Amat, 2008). As a result, Horvath’s rock lizards are
confined to rocky habitats in low altitude shady gorges, at
mid altitude in beech forest and to higher altitudes com-
pared to the common wall lizards (Zagar, 2016). Vegeta-
tion type has not turned out to be important in our anal-
ysis for predicting the distribution of the Horvath’s rock
lizards likely because the Corine Land Cover classifica-
tion that is currently available for our study area has been
developed only to the “third level”. This means, for exam-
ple, that forests are classified only to the level of “conif-
erous forests” or “mixed forests”, a level that is likely not
enough for a proper classification.

Apart from the land cover classification, our analysis
of the importance of the variables that constrain the dis-
tribution of the Horvath’s lizard (Table 3) largely agrees
with the previous results (Cabela et al., 2007; Zagar,
2016).
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Table 2. AICc scores of different Maxent species distribution models varying in number of variables, features and regularization multipliers

(see methods for details). The best model (in bold) is the one with the lowest AICc

Model # Variables Features Reg.mult AlCc

1 BIO1,BI04, BIO12, BIO15, Aspect, Asperity, Slope, Corine, Bedrock LQP 1 2459.82
2 BIO5,BI04, BIO12, BIO15, Aspect, Asperity, Slope, Corine, Bedrock LQP 1 2468.09
3 BIO6,BI04, BIO12, BIO15, Aspect, Asperity, Slope, Corine, Bedrock LQP 1 2472.79
4 BIO10,BIO4, BIO12, BIO15, Aspect, Asperity, Slope, Corine, Bedrock LQP 1 2465.77
5 BIO11,BIO4, BIO12, BIO15, Aspect, Asperity, Slope, Corine, Bedrock LQP 1 2453.00
6 BIO11,BIO4, BIO18, BIO15, Aspect, Asperity, Slope, Corine, Bedrock LQP 1 2447.56
7 BIO11,BIO4, BIO19, BIO15, Aspect, Asperity, Slope, Corine, Bedrock LQP 1 2463.85
8 BIO11,BIO4, BIO18, BIO15, Aspect, Asperity, Corine, Bedrock LQP 1 2452.31
9 BIO11, BIO18, BIO15, Aspect, Asperity, Corine, Bedrock LQP 1 2447.72
10 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock LQP 1 2429.10
11 BIO11, BIO15, Aspect, Asperity, Bedrock LQP 1 2430.33
12 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock LQpP 0.05 2424.50
13 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock LQP 0.1 2431.21
14 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock LQP 0.5 2424.09
15 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock LQP 2 2442.47
16 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock LQP 2462.02
17 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock LQP 10 2529.97
18 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock LQ 0.05 2423.22
19 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock LQ 0.1 2422.58
20 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock LQ 0.5 2424.63
21 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock LQ 1 2431.17
22 BIOL11, BIO18, BIO15, Aspect, Asperity, Bedrock LQ 2 2447.09
23 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock LQ 4 2459.09
24 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock LQ 10 2530.51
25 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock H 0.5 2795.60
26 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock H 1 2602.81
27 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock H 2 2529.67
28 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock H 4 2532.34
29 BIO11, BIO18, BIO15, Aspect, Asperity, Bedrock H 10 2571.21

Table 3. Relative contributions of the environmental variables to the best Maxent model (see methods for details) for the distribution of

Horvath’s rock lizard.

Variable Percent contribution (%) Permutation importance (%)
Roughness 333 26.7

Bedrock 26.5 16.6
Temperature of the coldest quarter 19.5 38

Aspect 8.9 6

Rainfall of the warmest quarter 8.5 35

Rainfall seasonality 33 9.2

Roughness turns out to be important certainly due
the preference of the Horvath’s lizard for steep rocky
areas. However, the pixel resolution of our analyses (300
m), constrained by the imprecision of the coordinates of
the occurrences, is not enough to discriminate between
rocky and simply steep slopes. That's why some areas that

are likely unsuitable, like Visentin Mountain just south of
Belluno, are predicted as suitable (Fig. 3 and 4).

The categorical variable Bedrock confirmed the
importance of sedimentary rocks for the presence of the
species with the highest suitability (more than 70%) in
areas with the dominant bedrocks consisting of carbon-
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Fig. 3. The best species distribution model of Horvath’s rock lizard in the Alps and neighbouring Dinaric Chain based on 100 occurrences
(black dots) in Italy, Austria and Slovenia. The output is “cloglog”, which gives an estimate between 0 and 1 of the probability of presence.
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Fig. 4. Rainfall (the lighter areas the higher rainfall) during the warmest quarter. Yellow dots show the 100 occurrences of Horvath’s rock
lizard. The light blue line is the 335 mm isohyet. The location of some areas mentioned in the Discussion are added.

ates, dolomite and limestone, and with an intermedi-
ate suitability (40%) for areas where these three types of
rocks are present, even if they are not dominant. A lower
suitability (about 28%) was found for other types of sedi-
mentary bedrocks. The remaining two types of bedrocks
(metamorphic-magmatic and undifferentiated) were pre-
dicted as unsuitable. This result likely stems from the
need of the lizard for fissured rocks where they can hide

from predators and where rock dwelling plants (impor-
tant for attracting the invertebrate food) can take root.
The inclusion of temperature as an important varia-
ble was similarly expected as the species is generally con-
sidered cold-adapted and able to live at higher altitudes
and in shadier places compared to the frequently syntopic
common wall lizard (Zagar, 2016). Why the temperature
of the coldest quarter turned out to be the most impor-
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tant temperature related variable is not clear. It might be
related to the duration of the snow cover and a too brief
warm season for the species to thrive. Instead, the impor-
tance of a physiological limit for survival at low temper-
atures would have probably resulted in a higher impor-
tance of the minimum winter temperature.

Aspect is of course important as the lizards need
direct sunlight for warming up and the north aspect is
unsuitable (Zagar, 2008a). So, in spite of the low resolu-
tion of the occurrences that might mask the exact aspect
of the cliff, this variable is a significant percent contribu-
tion (8.9%) in explaining the best model of distribution.

Our model shows the importance of two rainfall
related variables, rainfall seasonality and average rainfall
during the warmest quarter. Rainfall seasonality increases
westward in the Eastern Alps (data not shown) but why
rainfall seasonality might be important for the ecology of
the species is not clear yet. Its ability to explain the distri-
bution is, at any rate, very low (3.3%). The higher percent
contribution of summer rainfall (8.5%) might stem from
its likely importance to the growth of rupicolous plants
where the Horvath’s rock lizards look for food. Com-
mon wall lizards are comparatively less dependent on this
hunting ground as they are much more euryecious (Sin-
daco et al., 2006). In addition, summer rainfall might be
directly important as a source of drinking water as we
have observed Horvath’s lizards drinking in wet, dripping
parts of the cliffs. Interestingly summer rainfall decreases
westwards in the eastern Alps and the 13 westernmost
occurrences (almost all in Veneto) are all close to the 335
mm isohyet (Fig. 4). So, the rarity of the species west of
the Piave river and its disappearance further west might
effectively depend upon a reduced rainfall during the
warmest quarter. Two mountain groups, the Monti del
Sole and the Vette Feltrine, appear suitable (Fig. 3) and
are not separated by any significant physiograghic bar-
rier from the four westernmost occurrences (Fig. 4); they
should deserve additional field surveys even if a recent
research (Cassol et al., 2017) and our data have so far
failed to confirm the species in those areas.

The major limitation of our study comes from the
low precision of the occurrences that did not allow a
deeper analysis of the roughness and the inclusion of oth-
er factors that can be important, such as solar radiation,
which can change radically within a few meters in rocky
areas and is certainly important in the context of the
competition with the common wall lizard. Future species
distribution models based on more precise occurrences
(Ernst, 2017) and on finer scaled climatic variables (now
at 1 km resolution) can improve our understanding of the
ecological niche of the species. Hopefully, phylogeograph-
ic studies (Cocca et al., 2016) will soon shed light on the
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glacial refugia where the Horvath’s lizards survived before
colonizing the deglaciating Alps.
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Abstract. This study presents first evidence for underwater sounds produced by adult Balkan crested newts (Triturus
ivanbureschi). Recordings were made in spring of 2019 in controlled laboratory conditions using a commercially avail-
able omnidirectional hydrophone connected to a linear PCM recorder. A total of 27 animals (21 males, 6 females)
were recorded under different conditions: (a) alone in an empty tank, (b) alone in a tank full of vegetation, and (c)
a pair in an empty tank. Results indicated that both male and female newts produced a click-like sound with a mean
duration of 34 ms (+ 5.31 SD; range: 27-51) and mean peak frequency of 1887 Hz (+ 405 SD; range: 1162-2770). Not
all newts tested produced sounds and there were no statistically significant differences between males and females or
recordings under different conditions in terms of click number, duration and frequency parameters, with the excep-
tion of the ratio of peak frequency/bandwidth at 50% peak amplitude, which was lower for clicks produced in the veg-
etated tank. Newt snout-vent length and body mass also had no effect on any of the studied parameters. The obtained
results suggest that clicks could have a function in orientation and exploratory behaviour.

Keywords. Clicks, conditions, environment, interaction, orientation, phase.

INTRODUCTION

Sound production plays an important role for many
taxa across the animal kingdom. For amphibians, this is
mainly true for anurans - the first early attempts at more
detailed studies of the functions of vocal signals in anu-
rans date from the first half of the 20" century (Noble
and Noble, 1923), and the first comprehensive work on
acoustic communication in amphibians and reptiles is
by Bogert (1960), which is also the first attempt to view
the information of amphibian vocal signals in an evolu-
tionary and ecological frame. In recent decades there is
a growing number of publications describing the struc-
ture of anuran calls (e.g., Ziegler et al., 2011; Guerra et
al, 2018; Stanescu et al., 2018; Carvalho et al., 2019), geo-
graphic variations of vocal signals in some species (e.g.,
Amezquita et al., 2009; Kaefer and Lima, 2012), as well as
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the role of the signals as phylogeographic indicators (e.g.,
Stock et al., 2008; Vences et al., 2013).

In contrast, caudate amphibians have received very
little attention in this regard. While they lack a tympan-
ic middle ear, a number of studies have established that
their underwater auditory abilities are sufficient for them
to sense sound frequencies by other means, such as their
mouths or lungs (e.g., Hetherington and Lombard, 1983;
Christensen et al., 2015). Available data on their sound
production is limited to just a few taxa, and even then,
the information is mostly descriptive, with little effort
to analyse its ecological function. In addition, most of
the data is on North American species, leaving the rest
of the world almost unstudied. Even though a variety of
sounds made by caudate amphibians have been described
as early as the mid-twentieth century (Maslin, 1950;
Neil, 1952), they were assumed to be mostly non-func-
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tional and produced by unintentional expulsion of air
(Bogert, 1960). On land, some caudate species are known
to produce squeaking noises when stressed (“mouse-
like squeaking note”; Maslin, 1950). Although a num-
ber of authors have registered underwater hisses, clicks
or squeaks in various species (Maslin, 1950; Gehlbach
and Walker, 1970; Wyman and Thrall, 1972; Davis and
Brattstrom, 1975; Crovo et al., 2016), their exact purpose
is still unknown. Maslin (1950) suggests they are unin-
tentional, but others propose they could serve a purpose
in social interactions (Gehlbach and Walker, 1970; Davis
and Brattstrom, 1975; Crovo et al., 2016) or orientation
(Gehlbach and Walker, 1970). A recent study by Hubdcek
et al. (2019) registered a high number of underwater low
and mid-frequency clicks produced by Ichthyosaura alp-
estris and Lissotriton vulgaris, suggesting that newts are
much more vocally active than demonstrated by currently
available data.

This study tested the hypothesis that the Balkan
crested newt Triturus ivanbureschi Arntzen & Wielstra,
2013 was vocally active underwater. The aim was to
describe the registered sounds and to present possible
explanations for the potential role of the produced clicks
in the species orientation or interaction.

MATERIALS AND METHODS

Crested newts (Triturus cristatus superspecies) are a group
of closely related species with medium size (mean adult snout-
vent length [SVL] varies between 62.5-84.4 mm for different
species, review in Lukanov and Tzankov, 2016) and a biphasic
lifestyle (aquatic and terrestrial phase) that are distributed para-
patrically in the Old World. The Balkan crested newt is distrib-
uted in both Europe and Asia - its range covers the Eastern
Balkan Peninsula, including most of Bulgaria, the Eastern parts
of Greece, North Macedonia and Serbia, as well as Northwest-
ern Turkey (Speybroeck et al., 2016). In Bulgaria, the species
occurs across most of the country from sea level up to 1700 m
elevation, inhabiting various types of lentic water bodies (Sto-
janov et al., 2011). While other newt species (e.g., the Alpine
newt L alpestris) have been observed to produce squeaks when
handled out of the water or soft gulping sounds when taking air
at the water surface (Maslin, 1950), there is no literature data on
the sound production of any Crested newt species.

In April 2019 a total of 27 adult newts (21 males, 6
females) were caught using funnel traps in a small natural pond
overgrown with bulrush (Typha sp.), yellow iris (Iris pseuda-
corus) and common bladderwort (Utricularia vulgaris) near the
city of Sofia, Bulgaria (42°35’42”N, 23°22°5”E). All animals were
housed indoors in a large (100x100x60 cm) glass tank filled
with water and were fed common earthworms (Lumbricus ter-
restris) ad libitum. Ambient temperature was constant at 18 °C.

Experiments were conducted in a small glass tank
(40x20%60 cm) with water level at 15 cm, with the hydrophone
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completely submerged 5 cm below the water surface and fixed
in such a position as to not touch the bottom or the sides of
the tank. Three types of trials were conducted to test for sound
production under different conditions - single newt in an emp-
ty tank (trial 1), single newt in a tank full of water vegetation
(trial 2), and a pair of newts in an empty tank (trial 3). The pair
in the third trial would consist of female/female, female/male or
male/male. The trials were designed in order to assess wheth-
er any registered sounds played a role in orientation or social
interaction. After sex determination, newts were placed in the
tank individually for the first two trials or as a pair for the third
trial, and after 5min of adaptation, newt sounds were recorded
for the next 10 min. Snout-vent length (SVL) of all newts was
measured with a ruler (to 0.1 cm) and body mass was weighted
(to 0.01 g) using digital balance scales (Durascale D2 capacity
pocket scale). Because of the crepuscular/nocturnal lifestyle of
the study species, all trials were performed in complete dark-
ness. No animals were used in the same trial twice (except for
the six females, which were used once in female/female pairs
and a second time in female/male pairs) or recorded more than
once per day. Vegetation used in the second trial was collected
from the study pond and consisted of bulrush and common
bladderwort leaves (both freshly cut and old); it covered ?/5 of
the tank, with the hydrophone fixed in the other /5. During the
tests there was no human presence in the room and newts had
approximately three days to rest between trials. All experiments
complied to the international requirements for ethical treatment
of animals (Lehner, 1996) and after they were completed, all
newts were released at the site of capture.

Vocal activity was recorded using an Olympus LS-5 linear
PCM recorder and an omnidirectional Aquarian H2a hydro-
phone (sensitivity: -180 dB re: 1V/pPa, useful range: 10 Hz to
100 kHz). Recordings were made in a WAV-PCM mode with
sampling frequency of 44.1 kHz, 20-21.00 Hz and 24-bit reso-
lution. The recordings were processed with the open source
software Soundruler V. 0.9.6.0. (Gridi-Papp et al., 2007). The
following parameters were measured: (1) number (the number
of clicks produced during each recording), (2) duration (differ-
ence between the beginning and the end of a click, measured in
ms from the spectrogram), (3) peak frequency (click frequency
with the highest energy, measured in Hz), (4) tune 50 (the ratio
of peak frequency/bandwidth at 50% peak amplitude), and (5)
tune 10 (the ratio of peak frequency/bandwidth at 10% peak
amplitude). Spectrograms used for the measurements of click
duration had a Hanning window type and an FFT length of 512
points.

All data was tested for normality using a Shapiro-Wilk
test and the null hypothesis was rejected (P < 0.001). A Mann-
Whitney U test was used to compare clicks produced by males
and females in the solitary treatment, and a Kruskal-Wallis H
test was used to check for differences in the measured parame-
ters between recordings under different conditions. A Spearman
rank order correlation was used to test whether SVL and body
mass were related to the studied sound parameters. A Kruskal-
Wallis H test revealed no statistically significant differences
between pairs in trial 3 (see Appendix) and they were treated
as one sample for the statistical analyses in the comparison
between the trials. The chosen level for statistical significance
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was P < 0.05. All analyses were carried out using the computer
program Statistica v.7.0 (StatSoft, Inc., 2004).

RESULTS

On average, newts started to produce clicks after 173
s (+ 122 SD, range: 8-396) and although that latency var-
ied widely between individuals, there were no statistically
significant differences across trials (Kruskal-Wallis H test;
H(2) = 0.148, P = 0.929) or sexes (Mann-Whitney U test;
U = 68.50, P = 0.856). All registered clicks had a simple
non-harmonic structure and their peak frequency was in
the lower ranges of the spectrum (Fig. 1). Descriptive sta-
tistics for all measured parameters are presented in Table 1.
The Mann-Whitney U test revealed there were no
statistically significant differences between sexes in all
studied parameters of the registered clicks: number (U =
322.500, P = 0.582), duration (U = 621.500, P = 0.473),
peak frequency (U = 449.500, P = 0.490), tune 50 (U =
401.500, P = 0.193) and tune 10 (U = 424.500, P = 0.313).
Results from the Kruskal-Wallis H test used for the
comparison of the three trials were similar - there were
no statistically significant differences among the tri-
als in terms of number (H(2) = 0.443, P = 0.801), dura-
tion (H(2) = 5.319, P = 0.070) and peak frequency (H(2)
= 3.910, P = 0.142) of the clicks, as well as in parameter
tune 10 (H(2) = 2.829, P = 0.243). However, there was
a significant difference between the parameter tune 50
from trial 2 and the other two trials - H(2) = 18.067, P =
0.001; values for this parameter were significantly lower
in trial 2 compared to trial 1 and trial 3 (Table 1).
Normally clicks were not produced in series, but on
three occasions (two in trial 1 and one in trial 2) there were
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Fig. 1. From top to bottom: indicative oscillogram, spectrogram
and amplitude spectrum of a click.

more than one in quick succession. In two of the cases (one
in trial 1 and trial 2) the duration of the intervals between
the clicks was comparable to that of the clicks themselves
at 69 ms and 34 ms, respectively; in the third case, there
were three clicks in the space of around one second, with
the intervals between them standing at 551 ms and 325 ms.

There was a statistically significant difference in both
SVL and body mass between males and females, but
there was no significant effect of SVL and body mass on
any of the studied parameters (Table 2).

It has to be noted that during handling of the ani-
mals, 10 (two females, eight males) out of the 27 newts
produced both clicks and squeaks — however, attempted
recordings of these sounds were too faint to analyse and
therefore were discarded.

Table 1. Measured parameters of the recorded clicks in T. ivanbureschi (number of vocalizing newts/pairs is in parenthesis). Statistically
significant differences between trials are in bold; when no such differences are present, a combined value for all groups is given in the last

column. Data is presented as Mean (Min-Max + SD).

Empty tank (trial 1), n = 27

Vegetated tank (trial 2), n = 27

Pair (trial 3)

B All groups
Male (13) Female (4) Combined (17)  Male (9) Female (4) Combined (13) o7 13 (9)
Total clicks 26 4 30 28 11 39 17 86
Number 1.14 1 1.111 1.24 2.16 1.444 1.211 1.260
(0-4 + 1.195)  (0-2 +0.632) (0-4 +1.086) (0-7 +2.022) (0-8 + 3.060) (0-8 +2.258) (0-3 + 1.182) (0-8 + 1.625)
Duration 36 (26-51 + 33 (29-36 + 36 (26-51 + 35 (27-51 33 (27-39 34 (27-51 34 (30-40 + 34 (27-51 +
5.910) 2.655) 5.500) 6.910) 3.781) 6.050) 2.783) 5.314)
Frequency 1920 (1392- 2096 (1162- 1961 (1162- 1769 (1397- 1785 (1392- 1774 (1392- 2026 (01162- 1887 (1162-
2656 + 288) 2684 + 510) 2684 + 348) 2346 + 375) 2340 + 379) 2346 + 370) 2770 + 535) 2770 + 405)
Tune 50 9.919 (2.300- 6.894 (2.232- 9.221 (2.232- 3.985 (1.599- 3.628 (1.625- 3.877 (1.599- 8.980 (2.139- N/A
26.622 + 6.709) 11.214 + 3.751) 26.622 + 6.222) 6.779 + 1.348) 6.002 + 1.5508) 6.779 + 1.398) 16.154 + 5.146)
Tune 10 1.906 (0.494- 2.322 (0.527- 2.002 (0.494- 1.224 (0.646- 1.122 (0.644- 1.193 (0.644- 1.861 (0.485- 1.606 (0.485-

5.189 + 1.214) 5.378 £2.311) 5.378 + 1.490) 3.257 £ 0.538) 1.499 + 0.326) 3.257 + 0.481) 8.389 +2.082) 8.389 + 1.329)
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Table 2. Measurements of SVL and body mass - comparison
between sexes and correlations across studied parameters, with sta-
tistically significant differences in bold. Data is presented as Mean
(Min-Max + SD).

SVL (cm) Body mass (g)
Males 7.75 12.01
(7.20-8.70 + 0.43) (7.75-20.35 + 2.79)
8.3 18.57
Females

(7.90-9.10 £ 0.46)  (12.71-21.42 + 3.04)
Mann-Whitney U test U = 20.00, P = 0.012 U =10.00, P = 0.002
Spearman rank order correlation test

Number r=20.074,P =0.592 r=0.199, P = 0.149
Duration r=-0.218, P =0.074 r=-0.074, P = 0.548
Frequency r=0.003,P=0.980 r=-0.002, P=0.990
Tune 50 r=-0.045P =0.733 r=0.052, P =0.698
Tune 10 r=-0.110, P = 0.408 r=-0.097, P = 0.466

DISCUSSION

The study demonstrated that the Balkan crested newt
emits sounds underwater. Parameters of produced clicks
highly overlapped between sexes and across the three
test trials, with SVL and body mass also having no vis-
ible effect. While underwater sound production has
been previously documented in four urodelan families -
Ambystomatidae (Wyman and Thrall, 1972; Licht, 1973),
Amphiumidae (Crovo et al., 2016), Salamandridae (Davis
and Brattstrom, 1975; Hubacek et al., 2019) and Sirenidae
(Gehlbach and Walker, 1970) - this is the first report for
representatives of the Crested newts species group, and
the second on European salamandrid species, follow-
ing the recent study of Hubacek et al. (2019). Wien et al.
(2011) assert that sound-producing lineages of salaman-
ders have split from their common ancestors around 60
mya, which indicates that sound production is either a
shared trait among newts, or has evolved independently
in several lineages. Steinfartz et al. (2007) estimate that
the last common ancestor of the Triturus species group
lived around 64 mya, which is a very similar timeline.
The latter study established that the Triturus assemblage
included four monophyletic groups: large-bodied newts
(incl. T. ivanbureschi, referred to as “T. karelinii”), small-
bodied newts (incl. L. vulgaris, study species in Hubacek
et al., 2019), L alpestris (study species in Hubdadek et al.,
2019) and Ommatotriton vitatus. This early separation
between large-bodied Crested newts and the smaller
species of the assemblage offers at least partial explana-
tion for the differences between the produced sounds.
Hubacek et al. (2019) established two types of clicks (low
frequency and mid-high frequency), but found no differ-
ence between clicks produced by L. vulgaris and I alp-
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estris. Their mean duration varied between 7.67 ms and
10.74 ms for the low clicks and between 10.60 ms and
12.14 ms for the mid-high clicks, which is around three
to five times shorter than the clicks recorded in the pre-
sent study. The low-frequency clicks had a mean peak
frequency between 7.46 kHz to 7.97 kHz, which is still
significantly higher than the average of 1.89 kHz estab-
lished for T. ivanbureshi. In any case, direct comparisons
should be considered with caution, as some of the differ-
ences could be due to the different equipment and set-
tings used for the recordings.

Nevertheless, it has to be noted that clicks in T. ivan-
bureschi were more similar to the ones in the American
salamandrid species Taricha torosa, which had duration
between less than 0.1 s up to 0.4 s and frequency of 1.4-
8 kHz (Davis and Brattstrom, 1975). Results of the present
study also seem to be consistent with the authors™ observa-
tion that clicks in T. torosa were produced during explora-
tory behaviour, when newts were placed in an unfamiliar
setting; however, additional studies are needed in order
to clarify this. Both species are of similar size and over-
all body shape (in contrast to L. vulgaris and I. alpestris,
which are smaller and less robust), but at present more
studies are needed in order to establish whether phenotyp-
ic similarities could result in production of similar sounds.
Unlike T. ivanbureschi, clicks produced by T. torosa did
have a harmonic structure, with harmonics at 3.5, 5 and
6.5 kHz (Davis and Brattstrom, 1975). While there was
only one statistically significant difference between trial 2
and the other two trials (parameter tune 50), this and the
relatively higher number of recorded clicks in trial 2 could
implicate the role of sound in T ivanbureschi orientation.
For some anurans, call parameters such as call rate and
pulse number have been established to have a highly direc-
tional effect (Gerhardt, 1991) and this could also be true
for newts, with the dynamic ratio of frequency/amplitude
being beneficial in orientation. While data for definitive
conclusions is still lacking, there are studies demonstrat-
ing that acoustic information in the form of anuran calls
improves orientation in other newt species (e.g., Diego-
Rasilla and Luengo 2004, 2007). The only other study on
sound production in caudate amphibians that also pro-
vides data for body mass is that of Hubacek et al. (2019),
which also did not find any relation between weight and
produced clicks, so the possible role of SVL and body mass
on sound production in newts remains to be clarified. The
fact that some of the newts used in this study produced
clicks while being handled out of the water could indicate
that clicks are some form of a distress signal, or displace-
ment activity (involuntary response) — the latter has been
demonstrated for visual signals in some anuran species
(Furtado et al., 2016); however, since recordings of terres-
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trial clicks could not be analysed, it is yet unclear if they
are identical to the ones registered underwater.

Wyman and Thrall (1972) report two types of clicks
for Ambystoma maculatum, with mean frequency and
duration around 1.5 kHz/0.09 s and 0.5-6.5 kHz/0.04 s,
respectively. The authors state that while the behavioural
significance of both sounds was unknown, the lower fre-
quency click was only recorded during the breeding sea-
son, suggesting a possible role in reproduction. Consider-
ing that April is peak breeding season for T. ivanbureschi,
such a possibility cannot be excluded, but it is still not
very likely, as none of the pairs in trial 3 produced sig-
nificantly more clicks. However, juveniles or adult newts
outside of the breeding season were not tested in the
present study, so additional research is needed in order
to establish the potential role of age and phase in sound
production for this species. For the congeneric species
of A. gracile, Licht (1973) describes sounds that are very
similar to those of A. maculatum (peak frequency 0.4-
2.5 kHz, duration 0.04-0.06 s) and suggests that they are
associated with both defensive and aggressive behaviour.
Again, this seems unlikely for T. ivanbureschi, as in trial 3
there were no signs of antagonistic behaviour.

While Crovo et al. (2016) report both low- and high-
frequency clicks in Amphiuma means as having a role in
social interaction, they admit that “the high-frequency
clicks produced, however, were not associated with high-
frequency hearing” - i.e., their behavioural significance
remains unclear. Low-frequency clicks were associated
with communication in Siren intermedia, but the authors
also suggest that the acoustic signals may play a role in
orientation when visual and olfactory cues are absent
(Gehlbach and Walker, 1970). Both of the abovemen-
tioned species are exclusively aquatic, while T. ivanbure-
schi has a pronounced biphasic lifestyle, meaning that
underwater sound communication could be expected to
be less complex in this species.

While results for the sounds produced by T. ivan-
bureschi are not conclusive, they imply that sound plays
a certain role in this species behaviour. It has to be said
that sound production in caudate amphibians is likely to
prove a more productive area for scientific research than
previously thought - even the few existing studies so far
exhibit a large variation of results and different inter-
pretations. Crested newts in particular could be suitable
study species because of their well-studied phylogeny,
allowing for better inter-species comparisons.
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APPENDIX

Results of the Kruskal-Wallis H test for comparison
of the studied parameters between newt pairs (female/
female, female/male, male/male), n = 13.

o Number of clicks: H(2) = 0.952, P = 0.621
o Duration of clicks: H(2) = 4.532, P = 0.104
o Peak frequency: H(2) = 0.344, P = 0.842

e Tune 50: H(2) = 0.557, P = 0.757

«  Tune 10: H(2) = 0.524, P = 0.769
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Abstract. Amphibian skin secretions have long been considered a convenient and useful natural source of bioactive
compounds, but a comprehensive study of the effects of their dermal secretions on diverse parameters of the hemosta-
sis system has not yet been carried out. This study aimed at identifying biologically active fractions in the skin secre-
tions of B. bombina, B. variegata, and their hybrid - B.bombina x B.variegata, and to clarify whether their components
can modify certain parameters of the hemostasis system. For the skin secretion analysis, we performed ion-exchange
chromatography, electrophoresis, and zymography assays. Plasma coagulation tests, chromogenic assays, and platelet
aggregation assays were also conducted in vitro. As a result of the fractionation, a number of fractions were identified,
where the proteins with miscellaneous molecular weights were revealed. The data also suggested that some fractions
have proteolytic enzymes with gelatinolytic, fibrinogenolytic and collagenolytic activities. The proteins present in the
fraction #5 of B. variegata and #5 of the hybrid secretions are characterized by the ability to prolong the clotting plug
formation in the aPTT. Proteins capable of inducing platelet aggregation in the rabbit PRP are present in the fraction
#3 of B. variegata secretions. The ability of dermal components to activate plasma proenzymes is indicative of the
fact that the non-protein components of fraction #9 of B. variegata and fraction #7 of hybrid secretions initiated the

appearance of thrombin and activated protein C in plasma.

Keywords. Amphibian skin secretions, hemostasis system, fractionation.

INTRODUCTION

Recently, a great deal of emphasis has been placed on
the study of the effects of biologically active compounds
derived from the sources of natural origin (Dias et al.,
2012; Veeresham, 2012). These agents have found their
applications in the treatment of pathological conditions,
diagnosis of diseases, and have served as valuable tools
in laboratory studies. Moreover, the heightened need of
society for new potent medicines with strong efficiency
and high safety profile, along with the increased price for
drugs based on synthetic compounds, places importance
on the use of natural raw material to search for various
biologically active substances.
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Amphibian skin secretions are enriched with com-
plex cocktails of bioactive molecules spanning a wide
spectrum of biological actions (Erspamer and Melchiorri,
1980; Daly, 1995; Conlon and Leprince, 2010). Although
recently there has been a spate of interest concerning
the potential therapeutic effects of the biologically active
compounds derived from amphibians’ dermal secretions
(Mor et al., 1994; Bevins and Zasloff, 1990), most of these
substances are not yet widely implemented in medical
and pharmaceutical industry, as the mechanism of their
action and possible side effects remain insufficiently stud-
ied (Konig et al., 2015).

The results of our previous study showed that the
crude skin secretions of ten species of amphibians: B.
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bombina, B. variegata, B. bufo, B. viridis, R. temporaria,
P, ridibundus, P. esculentus, P. fuscus, S. Salamandra, and
the hybrid of B. bombina and B. variegata, had a pro-
nounced protease activity with wide substrate specificity
(Nikolaieva et al., 2018). In fact, it was proved that these
dermal venoms can be a potential source of proteolytic
enzymes. In the other research we demonstrated that
the whole skin secretions affect the parameters of clot-
ting plug formation (Udovychenko et al., 2018). It was
shown that the B. bombina, B. variegata and their hybrid,
R. temporaria, and P. ridibundus crude skin secretions
prolonged the time of fibrin clot formation in the APTT.
In contrast, the components of B. viridis, P. esculentus,
P fuscus, and S. salamandra prolonged the TT. Anoth-
er research of ours showed the presence of biologically
active compounds in the P. fuscus crude skin secretions
that affect some parameters of the hemostasis system
(Udovychenko et al., 2019). Our findings confirm that
amphibian skin secretions are a complex material which
contains a variety of biologically active substances that
differ in their biological effects. So, to identify the pos-
sible mechanism of action or/and to define the compo-
nents present in the whole skin secretions, fractionation
of the source material is required.

Several research projects have been conducted con-
cerning the study of the effects of skin secretion compo-
nents of the toads that belong to the genus Bombina. A
multitude of antimicrobial peptides from their dermal
secretions have been discovered (Simmaco et al., 1998).
For example, peptides called bombenins were isolated
and found to possess antimicrobial activities, which have
not been detected in other amphibian genera (Simmaco
et al., 1991). In addition, bombenins are among the most
studied amphibian constituents, and numerous studies
have been published describing the various pharmacologi-
cal activities of bombesin and its homologues (Gonzalez
et al., 2008). The in vitro antitumor assay conducted by
Zhou et al. (2018) showed that the bombinin-like peptide
and bombinin H type peptide possessed obvious anti-
proliferative activity on three human hepatoma cells (Hep
G2/SK-HEP-1/Huh7) at the nontoxic doses. This indicates
that the peptide family of bombinins could be a potential
source of drug candidates for anti-infection and antican-
cer therapy. A few studies also report on the antidiabetic
activity of the compounds derived from the Bombina skin
secretions: several insulin-releasing peptides have been
isolated (Marenah et. al., 2004). The mechanism underly-
ing their insulinotropic actions suggests possible involve-
ment of a cCAMP dependent G-protein insensitive path-
way. Secretary glands of some representatives of genus
Bombina also produce antimicrobial peptides called maxi-
mins. According to Lai et al. (2002), maximin 3 possesses
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a significant anti-HIV activity. Furthermore, maximins
tend to have a potent antimicrobial activity, cytotoxicity
against tumor cells and spermicidal action.

Although considerable amount of research has been
conducted to study the composition of the skin secretions
of the Bombina toads, and many biological effects of the
venom constituents have been revealed, it still remains
unclear whether the components of their dermal secre-
tions affect the functioning of the hemostasis system.
Moreover, considering the huge amount of research that
has been conducted based on the study of the similar
effects of the reptile venoms (Meier and Stocker, 1991;
Markland, 1998; Manjunatha, 2006), such studies in the
context of the toad skin secretions are a highly promis-
ing area for investigations. In view of these facts, the aim
of the present study was to identify the biologically active
fractions in the dermal secretions of the genus Bombi-
na and to study their effects on some parameters of the
hemostasis system. This work will provide a better under-
standing of the role of the proteins and enzymes present
in the skin secretion of these species and might give a
background for further potential medical and pharma-
ceutical applications of the components of amphibian
skin secretions.

MATERIALS AND METHODS
Collection of amphibian skin secretions

Adult specimens of Bombina bombina (n = 20, females =
2), Bombina variegata (n = 15, females = 1), and their hybrid
- B.bombina x B.variegata (n = 5, females = 0) were collected
in Kyiv, Transcarpathian and Khmelnitsky regions of Ukraine,
respectively. Amphibians were authenticated by the Department
of Zoology and Ecology of Taras Shevchenko National Univer-
sity of Kyiv, Ukraine. Skin secretions were collected as follows:
frogs were put into a petri dish. After mechanically stimulated
with fingers for 1-2 min, the frog skin surface was seen to exude
copious secretions. Skin secretions were collected by washing
the dorsal region of each frog with ultra-pure water. Water sus-
pensions of skin secretions were centrifuged at 2500 g for 15
min to remove debris. The supernatants were lyophilized (Tel-
star LyoQuest) and kept at 4 °C till use.

Fractionation

Lyophilized skin secretions samples of B. bombina, B. var-
iegata, and their hybrid (0.2 g) were dissolved in 1 mL 0.05 M
Tris-HCI buffer (pH 7.4), containing 0.2 M NaCl and centri-
fuged at 10,000 g for 5 min. Protein concentration in the super-
natant was assayed by Bradford (1976) method, using bovine
serum albumin as a standard. Chromatographic assays were
performed using a system for liquid chromatography (BioRad,
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USA). The samples were applied to a Superdex 200 pg (GE
Healthcare, HiLOad™ 16/60) gel filtration column (flow rate 1
ml / min) equilibrated with 0.05 M Tris-HCl buffer (pH 7.4),
containing 0.2 M NaCl. The elution was performed with the
same buffer. The appearance of peaks was monitored, and the
corresponding fractions were collected in the plastic tubes. The
absorbance of the eluate was monitored at 280 nm.

SDS-Polyacrylamide gel electrophoresis

Flow-through fractions were concentrated as follows: the
aliquots of the fractions were mixed with 25% trichloroacetic
acid (1:1) and centrifuged for 5 min at 10,000 g. The precipitate
was diluted with 1 ml of acetone and centrifuged. The proce-
dure was repeated twice. The precipitate was then incubated at
37 °C for 15 minutes. After that, the precipitate was mixed (1:1)
with the standard SDS-PAGE sample buffer (62.5 mM Tris-HCI,
pH 6.8, 2% SDS, 5% sucrose, and 0.002% bromophenol blue)
without heating.

SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) was
performed as reported (Laemmli, 1970), using 4% (w/v) stack-
ing gel and 15% (w/v) separating gel. SDS-PAGE was conducted
using Mini-Protean Tetra System (Bio Rad, USA) at 19 mA for
stacking and 36 mA for separating gels. Fraction samples were
applied in 15 pL volume per well. Gels were stained with 2.5%
Coomassie brilliant blue G-250 in 10% (v/v) ethanol, 10% (v/v)
acetic acid, 15 % (v/v) isopropanol and the background of the
gel was destained with 7% (v/v) acetic acid for 30 min. Appar-
ent molecular weights of proteins were estimated using pro-
tein calibration mixture (Bio Rad, USA) containing myosin,
B-galactosidase, phosphorylase b, serum albumin, ovalbumin
(Mr 97; 66; 45; 31; 21; 14 kDa).

Zymography

The aliquots of the flow-through fractions were mixed with
B-mercaptoethanol solution (9:1) and sample buffer (1:1) (0.01
M tris-HCI buffer, pH 6.8, 2% sodium dodecyl sulfate, 10%
sucrose and 0.01% bromophenol blue) without heating.

Zymography was performed according to the method sug-
gested by Ostapchenko et al. (2011). Separating gel (12% w/v)
was polymerized in the presence of gelatin (1 mg/mL), fibrino-
gen (1 mg/mL) or collagen (1 mg/ml). Fraction samples were
applied in 15 pL volume per well. After SDS-PAGE, gels were
incubated for 30 min at room temperature on a rotary shaker
in 2.5% Triton X-100. The gels were then washed with distilled
water to remove Triton X-100 and incubated in 50 mM Tris-HCI
(pH 7.4) at room temperature for 12 hours. Gels were stained
with 2.5% coomassie brilliant blue G-250 in 10% (v/v) ethanol,
10% (v/v) acetic acid, 15 % (v/v) isopropanol for 30 min.

Preparation of platelet-rich plasma and platelet-poor plasma

Platelet-rich plasma (PRP) and platelet-poor plasma were
obtained following the standard protocol. All procedures were
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carried out at room temperature. Healthy adult rabbits were
supplied by the vivarium of Taras Shevchenko National Uni-
versity of Kyiv, Ukraine. The blood was collected from the ear
artery into a polyethylene tube with 3.8% sodium citrate (9:1).
PRP was obtained by centrifugation of stabilized blood at 300 g
for 10 min. The supernatant (PRP) was carefully separated and
used further in the aggregation assay. Platelet-poor plasma was
prepared by further centrifugation of the remaining stabilized
blood at 1,500 g for 30 min.

Plasma coagulation tests

Activated partial thromboplastin time, thrombin time and
prothrombin time were measured in vitro to assess the effects
of the components of flow-through fractions of skin secretions
on plasma clotting function. The tests were conducted using the
coagulation analyzer (Rayto RT-2201C, China) and the standard
set of reagents (RENAM, Russian Federation). To measure the
activated partial thromboplastin time (aPTT), 45 pL of rabbit
plasma was mixed with 5 uL of fraction sample and 50 pL aPTT
reagent in the coagulometric cuvette. After 3 min of incubation
at 37°C the 50 pL of 0.025 M CaCl, was added and the time
necessary for the clotting plug formation was recorded. For the
in vitro TT assay, the 45 L of plasma and 5 pL of fraction sam-
ple were incubated in the coagulometric cuvette at 37°C for 2
min. Clotting time was immediately recorded after the addition
of 100 uL thrombin (final activity 3 U/mL). The prothrombin
time (PT) was assessed by mixing 45 pL of plasma and 5 uL of
fraction sample in the coagulometric cuvette at 37°C for 2 min.
Clotting time was immediately recorded after the addition of
100 pL of thromboplastin-Calcium mixture. All coagulation
assays were performed in triplicate using plasma from three
different rabbits. Plasma incubated with other components and
equal amounts of 0.05 M Tris-HCI buffer (pH 7.4), containing
0.2 M NaCl instead of fractions samples, was used as controls.

Chromogenic assays

The effects of flow-through fractions of the studied skin
secretions on key hemostasis enzymes were assayed using
p-Nitroaniline chromogenic substrates: thrombin specific sub-
strate Phe-Pip-Arg-pNA (S-2238), plasmin specific substrate
Val-Leu-Lys-pNA (S-2251), factor Xa specific substrate Ile-Glu-
Gly-Arg-pNA (S-2222) and activated protein C specific sub-
strate pyroGlu-Pro-Arg-pNA (S-2366) (RENAM, Russian Fed-
eration). The direct proteolytic activity of the components of the
fractions and their ability to activate plasma proenzymes was
measured in vitro. Assays were performed in 0.05 M Tris-HCI
buffer, pH 7.4 in a total volume 250 pL. To analyze the direct
activity, the fractions samples with 20 pg of total protein in 0.05
M Tris-HCI buffer were mixed with the corresponding chromo-
genic substrates. To study the ability to activate plasma, proen-
zymes 20 pL of plasma was additionally added to the incuba-
tion medium. The formation of p-nitroaniline was monitored at
equal intervals of time at 405 nm. The amount of p-nitroaniline,
which was hydrolyzed from the substrate, was calculated by
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using molar extinction coefficient of 10,000 M! x cm™! for free
p-nitroaniline.

Platelet aggregation assay

Platelet aggregation assay was undertaken within the first
3 h after blood sampling using photo-optical aggregometer
AT-02 (Medtech, Russia). Before the assessment, the number of
platelets in PRP was determined (230-250 x 10° cells/uL). The
effects of the flow-through fractions of the studied skin secre-
tions on platelet functions were performed in vitro. Briefly,
380 uL PRP and 20 pL of the samples were incubated at 37°C
in the aggregometer cuvette and the aggregation process was
monitored for 5 min. The maximum degree of aggregation
was recorded and compared with the degree of aggregation in
response to one of the platelet physiological inducers - ADP
(Sigma, USA) in the final concentration of 5 x 106 M.

Calculation of the results

TotalLab 2.04 program was used to analyze the resultant
electrophorograms and zymograms. All experiments were per-
formed in parallels and repeated at least three times each using
the blood of different rabbits. The statistical analysis was per-
formed using StatSoft Statistica version 7.0 for Windows. The
data were analyzed for statistical significance of difference by
Student’s t-test. Differences were considered to be statistically
significant when P < 0.05.

RESULTS
Fractionation of the whole skin secretions

The supernatants of skin secretions of B. bombina, B.
variegata and their hybrid were fractionated into several
fractions by Superdex 200 pg column as illustrated in Fig.
1. The purification was followed by determination of vari-
ous activities for each fraction.

SDS-Polyacrylamide gel electrophoresis and zymography

SDS-PAGE analysis was applied to get information
about the protein composition of the flow-through frac-
tions of the studied skin secretions (Table 1 and Figs.
S1, S2, S3, S4). The results of protein separation revealed
the presence of proteins with molecular weights ranging
from 3 to 128 kDa. Zymography with gelatin, fibrinogen
and collagen as substrates was conducted to evaluate the
proteolytic potential of the flow-through fractions of the
studied skin secretions. Key results are presented in Table
1. It was revealed that some fractions have proteolytic
enzymes with gelatinolytic, fibrinogenolytic, and colla-
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Fig. 1. Fractionation of B. bombina (A), B. variegata (B) and their
hybrid (C) whole skin secretions.

genolytic activities.

aPTT, PT, and TT in vitro assays

Table 2 summarizes the effects of the flow-through
fractions of the studied skin secretions on the time of clot-



Bioactive fractions from the Bombina skin secretions

25

Table 1. Molecular weights (MW) of proteins and the presence of proteolytic enzymes with certain substrate specificity in the flow-through

fractions of skin secretions of studied amphibian species. The sign “+” - the manifestation of proteolytic activity, and the sign “-” - the
absence.
Fraction SDS-PAGE Zymography
# MW, kDa gelatin collagen fibrinogen
1 103; 78; 46; 31 + + +
g 2 41 + - -
'§ 3 74; 56; 44; 37; 33; 29; 22; 16; 13; 12; 11 + + -
RS 4 55; 48; 39; 36; 33; 27; 24; 21; 18; 12 + + -
< 5 54 + -
6 55 + -
1 76; 43; 39; 27; 3 +
s 2 141; 129; 118; 101; 79; 57; 51; 49; 43; 39; 31; 27; 22; 17; 16; 3 + - +
§Q 3 121; 109; 79; 42; 39; 27; 23; 22; 3 + - +
'§ 4 124; 103; 80; 61; 48; 42; 36; 34; 29; 26; 22; 19; 17; 13;9; 3 + - +
o 5 16; 3 + - -
6 16; 3 - - -
7 3 -
1 100; 53; 43; 29; 22 - - -
2 128; 108; 81; 53; 43; 39; 30; 27; 25; 23 + + +
3 93; 65; 47; 44; 36; 32; 30; 28; 24; 23 - + +
:% 4 120; 88; 51; 42; 36; 31; 27; 24; 1 + + +
5 21;9 + + +
6 8 + - -
7 - -
8 - _ R

ting plug formation, which corresponds to the plasma coag-
ulation tests results (aPTT, TT and PT). As shown by the
data, the whole skin secretions of all the studied amphib-
ians prolonged aPTT clotting time: B. bombina — to 62.7 +
0.5 s, B. variegata — to 73.6 + 0.5 s, and their hybrid - to
more than 90 s, compared to the control values - 21.35 +
1.2 s. Fraction #6 of B. variegata skin secretions prolonged
aPTT to 56.9 £ 1.1 s, and fraction #5 of hybrid skin secre-
tions prolonged aPTT to 74.1 £ 0.8 s vs 21.35 + 1.2 s in
control. PT and TT assays showed no changes in the time
of clotting plug formation while incubating with all studied
whole skin secretions and flow-through fractions.

Chromogenic assays

The specific proteolytic activity of the components of
flow-through fractions of the studied skin secretions was
determined by the ability to hydrolyze the amide bond in
the synthetic chromogenic substrates specific to thrombin
(S-2238), plasmin (S-2251), factor Xa (S-2222) and protein
C (S5-2366). Table 3 demonstrates the results of this assay.

The ability of the studied fractions to activate plasma

proenzymes was determined in vitro. While performing
this experiment, rabbit blood plasma was additionally
introduced into the incubation medium with the appro-
priate substrate and the skin secretion fraction sample.
Table 3 indicates the emergence of activated thrombin,
plasmin, and factor X in plasma while incubating with B.
bombina whole skin secretions. Only one fraction of this
amphibia - #1 - initiated the appearance of factor Xa in
plasma. Fraction #9 of B. variegata skin secretions acti-
vated prothrombin, factor X, and protein C in plasma,
whereas its whole secretions had no effects on plasma
proenzymes. The hybrid B. bombina x variegata whole
skin secretions and fraction 8 initiated the emergence of
active prothrombin and protein C in plasma.

Platelet aggregation assay

This part of the research was aimed at investigating
the potential effects of the flow-through fractions of the
studied skin secretions on the process of platelet aggrega-
tion. Fraction #3 of B. variegata skin secretions induced
platelet aggregation. As illustrated by Fig. 2, the degree
of aggregation in the final concentration of 250 pg of
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Table 2. The clotting time of rabbit blood plasma (sec) in the coag-
ulation tests after incubation with the flow-through fractions of
studied skin secretions.

aPTT PT TT

Control 21.35+1.2 6.75 £ 0.1 30.3+£2.2
Whole secretions 62.7 + 0.5* 7.1+0.2 31.9+ 0.4

« 1 20.3 £ 0.6 7.5%+03 32.6 £0.2
_~§ 2 213+1.2 7.2+0.2 32.8 £ 0.5
£3 20.7 £ 0.5 74%05 32202
;: 4 225+ 0.6 7.5%+03 324 +£0.5
5 20.8 £ 0.8 57+1.2 33.2+£09

6 21.7 £ 1.0 72 +04 32.7+£0.7
Whole secretions  73.6 + 0.5* 6.8+0.2 32.1+0.2

1 23.6 £ 0.6 6.9+ 04 29.7 £ 0.5

§ 2 193+£1.5 74+£03 29.0 £ 0.7
§° 3 256 £ 0.3 74+0.2 29.8 £ 0.1
§ 4 28.1+£0.8 84+12 322109
o5 56.9 + 1.1* 6.9 %0.1 322+0.7
6 29.8 £ 0.6 7.5+04 324 +£0.7

7 334+£0.3 6.9+0.2 31.5+0.2
Whole secretions >90* 6.7+0.3 31.7+0.5

1 18.3 £ 0.6 7.5+04 31.3+£0.5

2 186+ 1.2 74 +0.5 31.3+£0.6
93 194 +0.3 6.8+ 04 30.1 £ 0.4
—§4 192+ 04 6.8 +£0.2 322105
= 5 74.1 £ 0.8* 72+1.1 322 +0.2
6 171+ 1.1 6.6 £ 0.2 29.7 £ 0.5

7 18.7 £ 0.4 7.0+ 0.6 31.0 £ 0.6

8 184+ 0.8 58+0.5 31.6 £ 0.5

* - p < 005 the difference is comparable to the control.

80,
2 70
£ 60 WP -
.;E':’. gg? . B 0P s:10° mol/L
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Fig. 2. Whole skin secretions and fraction #3 of B. variegata induce
platelet aggregation in rabbit PRP.

total protein in 1 ml of PRP were 73% and 65%, respec-
tively, which corresponds to the degree of aggregation in
response to the action of 5x10° M ADP. Even though the
components of whole skin secretions of hybrid B. bombi-
na x variegata induced platelet aggregation in the rabbit
PRP with the degree of aggregation 52%, the fraction that
might have this effect was unidentified. This might be the
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result of the dilution of the fractions while performing
the chromatography assay. Both the whole skin secretions
and flow-through fractions of B. bombina had no effect
on the process of platelet aggregation.

DISCUSSION

To adequately undertake the fractionation, a chro-
matographic carrier Superdex 200 pg (GE Healthcare,
HiLOad™ 16/60) gel filtration column was used in our
research. The prerequisite for the use of this carrier was
its wide zone of separation (from 3 to 70 kDa), high sta-
bility, and inactivity to form nonspecific interactions
with the fraction samples. As a result of fractionation,
six protein fractions were identified in the B. bombina
dermal secretions, seven protein fractions were deter-
mined in the B. variegata skin secretions, and eight pro-
tein fractions were defined in the hybrid (B. bombina x
B. variegata) whole secretions. The data on SDS-PAGE
assay suggests the presence of the mixture of the proteins
with similar molecular weights in each identified frac-
tion. A review of the biological effects of the fractions
was conducted and compared to those of the whole skin
secretions. Results of our research into the proteolytic
potential indicate the presence of enzymes with gelati-
nase activity in all B. bombina (Bb) fractions, whereas
the proteolytic enzymes with collagenolytic activity were
determined in fractions #1, #3, and #4 of these amphib-
ians. The fibrinogenolytic enzymes were detected only
in the Bb#1 fraction. The data indicate the presence of
enzymes with gelatinase activity in the fractions #1, #2,
#3, #4, and #5 of B. variegata (Bv) skin secretions. Frac-
tions Bv#2, Bv#3, and Bv#4 are characterized by the pres-
ence of fibrinogenolytic enzymes. No proteolytic poten-
tial was indicated in the B. variegata skin secretion frac-
tions while conducting zymography assay with collagen
as a substrate. The results of the study on the proteolytic
potential of the hybrid fractions (Bh) indicate the pres-
ence of gelatinolytic enzymes in the fractions #2, #4, #5,
#6, and #7, collagenolytic enzymes in the fractions #2,
#3, #4, #5, and #7, and the presence of fibrinogenolytic
enzymes in fractions #2, #3, #4, and #5. The data clarify
the relationship between the emergence of specific type of
activity and the release of high molecular weight proteins
while performing the SDS-PAGE assay.

To assess the effects of the components of the frac-
tions on plasma clotting function, aPTT, PT, and TT were
measured. The data indicate that the B. variegata and
hybrid whole skin secretions prolonged the clotting plug
formation in the aPTT. The proteins that are responsible
for the manifestation of this effect were identified in the
fraction Bv#5 and Bh#5. Thus, according to the results,
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Table 3. The amount of hydrolyzed p-NA (nmol) from the chromogenic substrates under the action of whole skin secretions and the flow-
through fractions samples of studied amphibian species. S-2238 - thrombin specific substrate; S-2251 - plasmin specific substrate; S-2222
— factor Xa specific substrate; S-2366 — activated protein C specific substrate. The sign “-” - the absence of the effect.

Proteolytic activity

Plasma enzymes activity

S-2238 S-2251 S-2222 S-2366 trombin plasmin factor Xa protein Ca
Whole secretions 0 0 3.73+0.07 23.76 +0.71 14.48+0.72 3.81+0.32 8.61+0.45 -
1 9.32+0.18 221+0.04 3.62+0.07 9.11+0.07 - - 1.09 + 0.12 B
_~§ 2 13.79£0.27 2.06 +£0.04 598 +0.17 24.63 +0.62 - - - -
§ 3 13.52£0.07 6.53+£0.19 1697 £0.34 25.32+£0.23 - - - -
:~ 4 1.03+£0.39 11.62+0.31 17.26 £+0.51 22.63 +0.43 - - - -
5 4.61 £ 0.09 - - 4.73 + 0.05 - - - -
6 5.85 +0.18 - - 6.04 £ 0.17 - - - -
Whole secretions 3.41+0.13 0.73+0.02 1.95+0.08 1.47+0.07 - 0.35 £ 0.02 - -
1 - - - - 1.52 £ 0.08 - - -
S2 - - - - 0.78 £ 0.03 - - -
503 6.01 £ 0.17 - 1.51+0.07 3.57 £0.12 - - - -
§ 4 949 £0.09 376+0.12 442+0.15 6.67+0.16 - - -
M5 - - - - - - - 1.97 +0.08
6 . - - - - - - -
7 - - - - 7.62 +0.23 - 291+£0.13 11.21 £0.31
Whole secretions 3.75+0.18 0.75+0.05 1.76+0.12 1.60+0.09 6.11+0.12 - - 9.71 £ 0.35
1 2.37 £ 0.12 - - 2.31 £ 0.04 - - - -
2 2.31 £ 0.09 - - - - - - -
93 2.37 £ 0.11 - - 2.27 £ 0.07 - - - -
—§4 6.82 + 0.34 - 1.78 £0.15 3.78 £ 0.25 - - - -
T 5 _ _ } i} i} : : _
6 - . - - - - - .
7 - - - - - - - -
8 - - - - 6.34 + 0,15 - - 10.89 £ 0,43

the Bv#5 fraction were characterized by the presence of
two proteins with the molecular weight 16 kDa and 3 kDa
and had a gelatinolytic activity. Fraction Bh#5 was charac-
terized by the presence of proteins with molecular weight
21 kDa and 9 kDa and had a pronounced protease activity
with wide substrate specificity. These results may be attrib-
uted to the presence of the inhibitors of certain factors of
coagulation hemostasis that are present in the fractions
of skin secretions, or, to the degradation of the factors of
coagulation hemostasis by the active components of crude
skin secretions. Another test - PT - is used to evaluate
the functioning of the coagulation factors V, VII, and X
and the time necessary to generate fibrin after activation
of factor VII in the extrinsic coagulation pathway (Azeve-
do et al., 2007). TT measures the time required for fibrin-
ogen to form fibrin strands in the presence of thrombin.
This test only reveals disturbances in the final stages of
coagulation (Koch and Biber, 2007). Although the data
shows no potential effect of the components of the flow

through fractions on these coagulation tests, mention
should be made of the specificity of action.

The data on the dermal components ability to acti-
vate plasma proenzymes indicate that the whole secre-
tions of the hybrid initiated the appearance of thrombin
and activated protein C in plasma. This effect may be
attributed to the action of the components of fraction
Bh#7. Although the fraction Bv#9 initiated the appear-
ance of thrombin and activated protein C in plasma, no
effect was observed under the action of the whole secre-
tions of this amphibian. According to the SDS-PAGE
assay, the components responsible for the manifestation
of these effects have a low molecular weight, e.g., frac-
tion Bv#9 - 3 kDa, or, are non-protein nature and have
little interest in the context of studying of the effects of
the amphibian skin secretions. These results have failed
to support our hypothesis that the appearance of throm-
bin and activated protein C may be due to the presence
of active forms of proteolytic enzymes in the crude skin
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secretions that can directly activate the cleavage of the
corresponding proenzymes of thrombin and protein C
or affect the cofactors which can promote a cascade of
reactions that result in the formation of zymogens, as
the data of SDS-PAGE shows no proteolytic activity in
the active fractions Bv#7 and Bv#9. The data indicate
that the whole skin secretions of B. bombina initiated the
appearance of thrombin, plasmin, and factor Xa in plas-
ma, whereas the results have failed to define the fractions
that were responsible for these effects. We can assume
that such effects of the whole B. bombina skin secretions
might be the result of the sequential activity of the pro-
teins, when two proteins from different fractions initiated
the appearance of thrombin. Or this may also be due to
the action of non-protein components or might be relat-
ed to the high dilution of the fractions as a result of gel
filtration chromatography.

The results of the study on the platelet aggregation
capability suggest that the B. variegata whole skin secre-
tions induced platelet aggregation in the rabbit PRP. The
proteins that were responsible for this effect are concen-
trated in the fraction Bv#3. Mention should be made of
the fact that the effect of the whole secretion and the
protein fraction corresponds to the effect of ADP, which
is known as one of the physiological inducers of platelet
aggregation. Previous results of SDS-PAGE assay indicate
the presence of several proteins in the fraction Bv#3 with
various molecular weights: 121 kDa, 109 kDa, 79 kDa, 42
kDa, 39 kDa, 27 kDa, 23 kDa, 22 kDa, and 3 kDa. More-
over, presence was also indicated of proteolytic enzymes
in this fraction with specificity to gelatin and fibrinogen.
The proteins present in fraction Bv#3 could be a promi-
nent source of inducers of platelet aggregation. Although
inducers that can modulate platelets function are not rel-
evant in the treatment of hemostasis system disorders,
they could be a useful tool for studying platelets func-
tions and their signaling pathways. Despite the activity
of the components of the hybrid B. bombina x variegata
whole skin secretions to induce platelet aggregation (data
is not shown), the results have failed to identify the frac-
tions that were responsible for this effect. This may be
due to the significant dilution of the fractions resulting
from gel filtration chromatography.

In conclusion, the results of our study demonstrate
that the studied amphibian skin secretions of the genus
Bombina are a potential source of bioactive constituents
that can affect different stages of the hemostasis system.
It was defined that certain flow-through fractions have
active molecules that demonstrate some specific effects.
It was established that these molecules are proteins by
nature and some of them have pronounced proteolytic
activities. Furthermore, the data showed that the proteins

Iryna Udovychenko et alii

with the ability to prolong the clotting plug formation
in the aPTT in vitro assay are present in the fraction #5
of B. variegata and #5 of the hybrid skin secretions. The
ability of dermal components to activate plasma proen-
zymes indicates that the non-protein components of frac-
tion Bv#9 and fraction Bh#7 skin secretions initiated the
appearance of thrombin and activated protein C in plas-
ma. The proteins capable of inducing platelet aggregation
in the rabbit PRP are present in the fraction #3 of B. var-
iegata skin secretions.

Our research has made a contribution into the study
of the genus Bombina dermal secretions, in particular, the
effect of the venom constituents on the hemostasis sys-
tem and the nature of the active components; however, the
mechanism of their action still requires additional research.
Such findings may be used by biomedical researchers as
a source of potential novel drug leads or pharmacologi-
cal agents with a direct therapeutic effect and can rapidly
provide a basis for related scientific studies such as those
involved in systematic or the evolution of species.

ACKNOWLEDGMENTS

This research was supported by the Ministry of Edu-
cation and Science of Ukraine [Ne 0116U002527, 2016-
2018]. I would like to express my deep gratitude to the
Dr Olexiy Savchuk, my research supervisor, for his
patient guidance, enthusiastic encouragement and use-
ful critiques of this research work. My grateful thanks are
also extended to PhD Tetiana Halenova for her help in
doing the data analysis, and for her useful and construc-
tive recommendations on this research. I would also like
to thank Mr Olexiy Marushchak and Mrs Oleksandra
Oskyrko for their help in collecting the amphibians and
their skin secretions, and for the providing useful infor-
mation about the amphibians used in the research.

All animal procedures followed the European Direc-
tive 2010/63/EU (EC, 2010) on protecting animals
used for experimental and other scientific purposes. All
manipulations were approved by the Ethical Commit-
tee of Educational and Scientific Center Institute of Biol-
ogy and Medicine, Taras Shevchenko National University
of Kyiv, Ukraine. All animal experiments were approved
by the Animal Care Committee of Taras Shevchenko
National University of Kyiv, Ukraine.

SUPPLEMENTARY MATERIAL

Supplementary material associated with this article
can be found at <http://www.unipv.it/webshi/appendix>
manuscript number 7858



Bioactive fractions from the Bombina skin secretions

REFERENCES

Azevedo, A.P.S., Farias, J.C., Costa, G.C. (2007): Anti-
thrombotic effect of chronic oral treatment with
Orbignya phalerata Mart. J. Ethnopharmacol. 111:
155-159.

Bevins, C.L., Zasloff, M. (1990): Peptides from frog skin.
Annu. Rev. Biochem. 59: 395-414.

Bradford, M.M. (1976): A rapid and sensitive method for
quantities of utilizing the principle of protein binding.
Anal. Biochem. 7: 248-254.

Conlon, ]J.M., Leprince, J. (2010): Identification and anal-
ysis of bioactive peptides in amphibian skin secre-
tions. Methods. Mol. Biol. 615: 145-57.

Daly, J.W. (1995): The chemistry of poisons in amphibian
skin. Proc. Natl. Acad. Sci. 92: 9-13.

Dias, D.A., Urban, S., Roessner, U. (2012): A histori-
cal overview of natural products in drug discovery
metabolites. 2: 303-336.

Erspamer, V., Melchiorri, P. (1980): Active polypeptides
from amphibian skin to gastrointestinal tract and
brain of mammals. Trends Pharmacol. Sci. 1: 391-395.

Gonzalez, N., Moody, T.W.,, Igarashi, H., Ito, T., Jensen,
R.T. (2008): Bombesin-related peptides and their
receptors: recent advances in their role in physiology
and disease states. Curr. Opin. Endocrinol. Diabetes
Obes. 15: 58-64.

Koch, E., Biber, A. (2007): Treatment of rats with the Pel-
argonium sidoides extract EPs 7630 has no effect on
blood coagulation parameters or on the pharmacoki-
netics of warfarin. Phytomedicine. 14: 40-45.

Kénig, E., Bininda-Emonds, O.R., Shaw, C. (2015): The
diversity and evolution of anuran skin peptides. Pep-
tides. 63: 96-117.

Laemmli, UK. (1970): Cleavage of structural proteins
during the assembly of the head of bacteriophage T4.
Nature. 227: 680-685.

Lai, R., Zheng, Y.T., Shen, J.H., Liu, G.J., Liu, H., Lee,
W.H., Tang, S.Z., Zhang, Y. (2002): Antimicrobial
peptides from skin secretions of Chinese red belly
toad Bombina maxima. Peptides. 23: 427-435.

Manjunatha, K. R. (2006): Anticoagulant proteins from
snake venoms: structure, function and mechanism.
Biochem. ]. 397: 377-387.

Marenah, L., Flatt, PR., Orr, D.E, McClean, S., Shaw, C.,
Abdel-Wahab, Y.H. (2004): Skin secretion of the toad
Bombina variegata contains multiple insulin-releasing
peptides including bombesin and entirely novel insu-
linotropic structures. Biol. Chem. 385: 315-321.

Markland, ES. (1998): Snake venoms and the hemostatic
system. Toxicon. 36: 1749-1800.

Meier, J., Stocker, K. (1991): Effects of snake venoms on
hemostasis. Crit. Rev. Toxicol. 21: 171-82.

29

Mor, A., Hani, K., Nicolas, P. (1994): The vertebrate pep-
tide antibiotics dermaseptins have overlapping struc-
tural features but target specific microorganisms. J.
Biol. Chem. 269: 31635-31641.

Nikolaieva, I., Dudkina, Yu., Oliinyk, D., Oskyrko, O.,
Marushchak, O., Halenova, T., Savchuk, O. (2018):
Amphibian skin secretions: a potential source of pro-
teolytic enzymes. Biotechnol. Acta. 11: 42-48.

Ostapchenko, L., Savchuk, O., Burlova-Vasilieva, N.
(2011): Enzyme electrophoresis method in analysis of
active components of haemostasis system. Adv. Biosci.
Biotechnol. 2: 20-26.

Simmaco, M., Barra, D., Chiarini, F, Noviello, L., Mel-
chiorri, P, Kreil, G., Richter, K. (1991): A family of
bombinin-related peptides from the skin of Bombina
variegata. Eur. ]. Biochem. 199: 217-222.

Simmaco, M., Mignogna, G., Barra, D. (1998): Antimi-
crobial peptides from amphibian skin: what do they
tell us? Biopolymers. 47: 435-450.

Udovychenko, I., Dudkina, Yu., Oliinyk, D., Oskyrko,
O., Marushchak, O., Halenova, T. (2018): Amphibian
skin glands secretions affect plasma coagulation tests.
ScienceRise:Biological Science. 5: 36-40.

Udovychenko, I., Oliynyk, D., Dudkina, J., Halenova, T.,
Savchuk, O. (2019): Analysis of the Common spa-
defoot toad (Pelobates fuscus) skin secretions on the
presence of the potential hemostasis system effectors.
Visnyk of Taras Shevchenko National University of
Kyiv. 1: 38-44.

Veeresham, C. (2012): Natural products derived from
plants as a source of drugs. J. Adv. Pharm. Technol.
Res. 3: 200-201.

Zhou, C., Wang, Z., Peng, X., Liu, Y,, Lin, Y., Zhang, Z.,
Qiu, Y, Jin, M., Wang, R., Kong, D. (2018): Discov-
ery of two bombinin peptides with antimicrobial and
anticancer activities from the skin secretion of Orien-
tal fire-bellied toad, Bombina orientalis. Chem. Biol.
Drug. Des. 91: 50-61.






Acta Herpetologica 15(1): 31-37, 2020
DOI: 10.13128/a_h-7757

Don’t tread on me: an examination of the anti-predatory behavior of
Eastern Copperheads (Agkistrodon contortrix)

ANDREW ADAMS"**, JOHN GARRISON?, SCOTT MCDANIEL?, EMILY BUECHE?, HUNTER HOWELL?>3

L STEM Division, Harford Community College, 401 Thomas Run Road, Bel Air, Maryland, 21015, USA
2 Susquehannock Wildlife Society, 1725 Trappe Church Road, Darlington, Maryland, 21034, USA
3 Department of Biology, University of Miami, 1301 Memorial Drive, #215 Cox Science Center, Coral Gables, Florida, 33146, USA

* Corresponding author. Email: anadams@harford.edu

Submitted on: 2020, 13" January; revised on: 2020, 10" April; accepted on: 2020, 14" April

Editor: Marco Sannolo

Abstract. Venomous snake species across the globe have been historically categorized as aggressive and dangerous,
leading to widespread persecution and killings. Despite the conservation importance of educating the public about
the docile nature of these species, few studies have attempted to quantify the response of viperid species to human
interactions. Here we report the responses of free-ranging copperheads to a potential human encounter using a set of
hierarchical behavioral trials. Out of a total of 69 snakes, only two individuals feigned striking and only two attempted
to bite (3% of all individuals). Our results support the findings of previous studies documenting the docile nature of
other viperid species and can hopefully be used to change the public perception of venomous snakes. Convincing the
public and policy makers that viperid species are docile is critical to long-term conservation of these species in the

U.S. and around the globe.

Keywords. Human-wildlife conflict, optimality theory, venomous species, Viper, Viperidae.

INTRODUCTION

As human populations continue to grow and
encroach further into uninhabited or sparsely populated
areas, there is a subsequent increase in the prevalence of
human-wildlife conflict (Woodrofte et al., 2005; Skogen
et al., 2008; Dickman, 2010). The outcomes of human-
wildlife conflict are rarely more pronounced and poten-
tially lethal to both parties than the interaction between
humans and venomous snakes. Venomous snakes have
long been a source of great fear for the general public,
and have been historically (and currently) mischaracter-
ized as being aggressive and dangerous (Blythe, 1979;
Seigel and Mullin, 2009; Burghardt et al., 2009; Pan-
dey, 2016). Even scientific medical publications describ-
ing envenomations as late as 2002 (Juckett and Hancox,
2002) continued to perpetuate the myth that viperid spe-
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cies like the cottonmouth (Agkistrodon piscivorus) are
aggressive and readily attack humans. Misinformation
and negative public perception have led to the wholesale
slaughter of venomous pit vipers across North Amer-
ica and Europe. Events such as Rattlesnake and cop-
perhead roundups in the US (Adams et al., 1994; Fitch,
1998; Burghardt et al., 2009), and the killing of individ-
ual snakes, such as the meadow viper (Vipera ursinii),
the Cyperian Blunt-nosed Viper (Macrovipera lebetina
lebetina), and the Northern adder (Vipera berus) when
they are encountered in Europe (Edgar and Bird, 2006;
Stumpel et al. 2015, Julian and Hodges, 2019) are exam-
ples of direct persecution against viperid species. This
widespread persecution continues to take place in both
areas, and is a serious conservation concern for many
viperid species, despite these species causing very low
numbers of fatalities across these two continents (Chip-
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paux, 2012). It is imperative that any conservation action
plan seeking to protect these species will need to incor-
porate some type of public outreach to reduce direct per-
secution of these species (Seigel and Mullin, 2009).

Despite the largely negative public perception sur-
rounding pit-vipers, papers have been published in
the last two decades that clearly demonstrate the pas-
sive and even cowardly nature of other viperid species
(Shine et al., 2000; Gibbons and Dorcas, 2002; Glaudas
et al., 2005). If snakes are confronted by a large potential
predator, the decision to no longer rely on passive defen-
sive behaviors and strike could have a host of potentially
short and long-term negative consequences for the snake
(Gibbons and Dorcas, 2002; Broom and Ruxton, 2005).
For cryptic species, optimality theory predicts that the
most efficient strategy to both reduce energy waste and
avoid potential mortality is to remain in hiding if pos-
sible and to flee immediately if detected by the preda-
tor (Ydenberg and Dill, 1986; Broom and Ruxton, 2005;
McKnight and Howell, 2015). Like other cryptic species
responding to large predators, cryptic viperid species
should rely primarily on crypsis or fleeing as primary
sources of predator evasion, followed only after these
two tactics have failed, by striking and envenomation.
When confronted and detected by a potential predator, a
snake should first attempt to escape, then employ a suite
of passive deterrents (e.g., musking, tail vibrating, mouth
gaping), and finally commit to active defenses (biting or
striking; Roth and Johnson, 2004).

In addition to the decision-making process driven
by optimality theory (see Ydenberg and Dill, 1986), there
are a host of intrinsic and extrinsic factors that may act
to mediate the chance that a snake will strike (Cooper
and Vitt, 2002; Roth and Johnson, 2004). Intrinsic fac-
tors such as size (Hailey and Davies, 1986; Whitaker and
Shine, 1999), body temperature (Layne and Ford, 1984;
Goode and Duvall, 1989), sex (Scudder and Burghardt,
1983), time since feeding (Herzog and Bailey, 1987), prior
predator exposure (Glaudus, 2004), and gestation may all
play a role in the likelihood of striking (Glaudas et al.,
2005). However, studies have found contradictory results
regarding the role that each of these factors may play,
suggesting that the exact influence of these factors are
likely species specific (Roth and Johnson 2004). Extrinsic
factors like the severity of the threat and the relative loca-
tion of the snake may also impact strike likelihood (Gib-
bons and Dorcas, 2002; Shine et al., 2002; Glaudas et al.,
2005).

The Eastern copperhead (Agkistrodon contortrix) is
perhaps the most commonly persecuted snake species in
the Eastern US. This wide-ranging species can be found
throughout the eastern United States from Massachu-
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setts to Florida, west into Texas and across a wide vari-
ety of habitat types (Ernst and Ernst, 2003). Copperheads
are an ideal species for a study examining the defensive
behavior of a Viperid species to human presence and
subsequent interaction, because they are widespread
across the heavily populated areas of the Mid-Atlantic
and Southeastern US, are responsible for a large propor-
tion (49.2%) of the reported envenomations in the US
(Gummin et al., 2017), and are both widely feared and
heavily persecuted when located by the general public.
While there were 2,048 reported copperhead envenoma-
tions in the US in 2016 (Gummin et al., 2017), the over-
whelming majority of these envenomations (94%) were
either of a moderate or lower health-risk and there were
zero reported fatalities (Gummin et al., 2017).

With the continued and rapid expansion of urban-
ized areas across the copperhead’s range, especially in the
Southeastern US, where copperheads are still abundant,
the number of copperhead-human interactions is likely
to increase in the future. Therefore, an understanding of
the anti-predatory behavior of copperheads may be used
to dispel misinformation, inform the public about the
behavior of this common and widespread venomous spe-
cies, and potentially serve to mitigate the negative conse-
quences of future human-snake encounters.

The aim of the present research is to examine the
anti-predatory behavior of the Eastern copperhead when
contacted by a potential human predator. Based on opti-
mality theory, we predict that copperheads will rely on
crypsis to avoid predation and will very rarely resort to
defensive anti-predatory tactics.

MATERIALS AND METHODS

Our study areas (n = 10) were dispersed throughout the
state of Maryland, a small state located in the mid-Atlantic
region of the US, and included a variety of habitats within each
of the state’s physiographic provinces. Maryland is comprised
of six physiographic provinces, the Atlantic Continental Shelf
Province, the Coastal Plain Province, the Piedmont Plateau
Province, the Blue Ridge Province, the Ridge and Valley Prov-
ince, and the Appalachian Plateau Province (Reger and Cleaves,
2002). Copperheads are widely distributed across Maryland
and occupy different habitats within these physiographic prov-
inces (e.g., bottomland swamps, rocky stream banks, south
facing slopes) across the state. The location of each site was
non-random, with study sites chosen based on prior distribu-
tion records collected through the Maryland Amphibian and
Reptile Atlas (Cunningham and Nadrowicz, 2018) or historical
localities gathered from Harris (1975). All encounters occurred
within the state of Maryland. Searches were conducted dur-
ing the copperhead’s active season, from 01 May 2017 to 01
November 2017, and again from 01 May 2018 to 01 November
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2018. The snakes were located by visually searching each study
site by foot (Karns, 1986; Gibbons and Dorcas, 2002). In gen-
eral, snakes were found in areas adjacent to wintering den sites
with a large amount of adjacent cover in the form of rock crev-
ices and piles. Once a snake was visually located, the body posi-
tion of each individual, either coiled or extended, was recorded
prior to any further approach (Shine et al., 2000; Glaudas et al.,
2005). Since body surface temperature can play a role in defen-
sive behavior (Arnold and Bennett, 1984), we used a Ryobi Tek4
non-contact infrared digital thermometer (Ryobi, Chicago, IL,
USA) to record body temperature at three different locations
on the body (head, mid-section, and cloaca) from a distance of
~2 m and then averaged these values together (Garrick, 2008).
Ambient environmental temperature was recorded by extract-
ing local weather data from the nearest weather station using
the Weather Underground mobile application software (v5.11.9,
TWC Product and Technology, Atlanta, GA) from the Nation-
al Weather Service, operating under the National Oceanic and
Atmospheric Administration (2018).

Once located, snakes had 1) an apparatus with a boot
attached placed directly adjacent to the snake to simulate a
possible human interaction while actively hiking (Gibbons and
Dorcas, 2002; Shine et al., 2002). After the initial approach and
first trial, the snake then had 2) the apparatus placed gently
on top of it (to simulate accidental contact with a hiker; Gib-
bons and Dorcas, 2002). Finally, the snake was 3) grabbed and
picked up using a pair of snake tongs covered with a leather
glove to simulate a human hand (Gibbons and Dorcas, 2002;
Glaudas, 2004; Glaudas et al., 2005; Maritz 2012). A previous
study showed that a human hand elicits a strong anti-predatory
response, suggesting that faux gloved hand might elicit a similar
anti-predatory response (Herzog et al., 1989). Each stage of the
test (1-3) was carried out for 20 seconds and was videotaped
using a digital video camera (to allow post hoc analysis of the
defensive response).

During each phase, the observers recorded the defensive
behavior of the snake from the anterior end. Behaviors were cat-
egorized into four separate categories during each stage of the
experiment (fleeing, tail vibrating, feigning a strike, and striking;
Gibbons and Dorcas 2002) to represent escalating levels of anti-
predatory responses. A feigned strike was classified as a lunge
forward without any discernible opening of the mouth. To test
the effect of human activity, environmental temperature, snake’s
body temperature, and the snake’s initial posture on anti-preda-
tory behavior, we categorized each snake’s response across trials
into one ordered value based on their most defensive response
to any of the trials (no-response [0], fleeing [1], benign anti-
predatory response [2; tail vibrating], or defensive anti-predato-
ry response [3; feigning a strike or striking]). To test for asso-
ciations between ambient and body temperatures and behavior
we used an ANOVA. Both environmental temperature and the
snake’s body temperature were normally distributed (Shapiro-
Wilk W Test, W = 0.94 and 0.97 respectively). To test for associ-
ations between initial body condition and anti-predatory behav-
ior we used a Mann-Whitney U-Test. All statistical analyses were
conducted in JMP Pro (v14, SAS Institute Inc., Cary, NC).

We did not collect and individually mark snakes since it
would have been impossible to collect many of the snakes that
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rapidly fled into adjacent cover (e.g., deep rock crevices, den
sites, heavy vegetation) in a manner that did not harm the
snakes or lead to the potential envenomation of the research-
ers. Additionally, since contact prior to the trials would have
biased behavior, marking could not have been performed prior
to the initiation of the trials. To help prevent “double-testing”
of the same snake, integument patterns (specifically the darker
“hourglass” bands that may have been thin or wide, uneven,
broken on the dorsal side, etc.) were used as a basis for individ-
ual recognition and were supplemented by recordings of scale
abnormalities (Carlstrom and Edelstam, 1946; Shine et al., 1988;
Moon, et al., 2004). Post-hoc visual photo comparison between
each individual snake was conducted to remove any duplicate
trials. In total, we removed one snake trial from all analysis
after post-hoc comparison confirmed that it had been tested
during a prior sampling period.

RESULTS

In total, we recorded encounters with 69 snakes
across all 10 sites (Fig. 1). Of these 69 snakes, 15 escaped
immediately upon discovery without performing any
other anti-predatory behavior and were not available
for any further trials. During the initial approach, one
snake performed tail vibrating before fleeing, one snake
performed tail vibrating and a feigned strike before flee-
ing, and one snake attempted a strike. After accounting
for these 18 snakes, 52 snakes remained for further tri-
als. For a summary of the responses to each of the indi-
vidual trials (stepped next to (N = 52), stepped on (n =
33), and picked up (n = 14)), see Fig. 2. In total across
all trials, five snakes displayed tail-vibrating behavior and
one exhibited a feigned strike followed by fleeing (Fig. 2).
Across all trials, we recorded only two instances of strik-
ing (3% of all snakes).

There was no relationship between snake anti-preda-
tory behavior and either ambient temperature (ANOVA:
F3 65 P = 0.92) or snake body temperature (ANOVA: F, ¢,
P = 0.45). Similarly, there was no difference in anti-pred-
atory behavior between snakes that were initially coiled
or extended (U = 255, P = 0.496). Thus, across all con-
ditions snakes showed similarly low percentages of anti-
predatory behavior.

DISCUSSION

Overall, our results provide evidence to support the
hypothesis that copperheads respond to potential preda-
tors in a manner consistent with their cryptic patterning.
Specifically, copperheads are more likely to either remain
in crypsis or flee in the presence of a human rather than
display defensive behavior. Across the various trials of
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Fig. 1. Geographic distribution of the study sites across the state of Maryland. Each study site is represented by a pie chart with the binned
behavioral responses from all individuals at that site.
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the study, 93% of the snakes fled when we approached or
made physical contact with them. Furthermore, a higher
proportion of snakes (6%, n = 4) displayed no response
to any of our interactions (including being picked up)
than those snakes that struck during one of the trials
(3%, n = 2). While the proportion of strikes was low,
these results mirror the findings of other studies exam-
ining pit-vipers’ responses to humans and consistently
demonstrate that despite the public’s perception of these
species as being dangerous and aggressive, that Pope
(1958) was correct when claiming that snakes are “first
cowards, then bluffers, and last of all, warriors”

To examine how different intrinsic and extrinsic fac-
tors influenced anti-predatory response, we analyzed the
effect of the initial body posture and body temperature of
each individual, and ambient environmental temperature
on anti-predatory responses. While we did not collect
individuals to gather morphometric data, the extremely
low prevalence of snake strikes makes it highly unlikely
that any effect of sex or size class on a snake’s anti-pred-
atory response would have been detected. However, with
a larger sample size, differences in anti-predatory behav-
ior based on various intrinsic or extrinsic factors may be
detected. The published literature on the anti-predatory
behavior of snakes is full of conflicting results regarding
the role of intrinsic and extrinsic factors on anti-preda-
tory behaviors both between and among species (Shine
et al., 2000; Roth and Johnson, 2004). Unfortunately, our
work does little to elucidate the differences between these
conflicting studies, except perhaps to further emphasize
that differences in evolutionary history may be prohibi-
tive when attempting to produce general models of anti-
predatory behavior in snakes.

While for obvious safety reasons we were unable
to approach the snakes with an exposed hand or fore-
arm, other studies have also used a gloved apparatus to
simulate the human hand (Gibbons and Dorcas, 2002;
Glaudas 2004; Glaudas et al., 2005). While it is possible
that the difference in temperature between the gloved
apparatus and a human hand may have modified the
anti-predatory behavior of the copperheads due to their
heat-sensing capabilities, no study has yet assessed the
importance of thermal cues in the modification of anti-
predatory behavior in free-ranging pit-vipers. Since no
studies have examined the effect of predator temperature
on anti-predatory behavior, examining the literature on
the influence of temperature on predatory behavior may
be instructive. However, in the only field studies conduct-
ed to this point examining the importance of thermal
cues on predatory behavior, Shine and Sun (2003) found
that while adult snakes were more likely to strike at
warmer objects, temperature was not a predictor of juve-
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nile strikes, and Schraft et al. (2018) found that absolute
temperature was not an important predictor of predation
attempts.

The public perception of venomous snakes as aggres-
sive and dangerous leads to a suite of problems for the
conservation of viperid species (see Seigel and Mullin,
2009 for an overview). Most notable among these issues
are the large organized round-ups that may lead to local-
ized extirpation of rattlesnakes (Adams et al., 1994; Fitch,
1998; Burghardt et al.,, 2009) and the lack of resources
that are made available for habitat protection or manage-
ment of these species (Seigel and Mullin, 2009). While
some studies provide cautionary tales about the poten-
tial backfiring of educational material (Hoff and Maple,
1982), it is clear that increasing the public’s positive per-
ception of snakes will be a necessary component of any
long-term conservation plan (Seigel and Mullin, 2009).
More recent studies have shown that well designed edu-
cation programs focusing on biodiversity conservation,
the ecological role or snakes, or the use of antivenom for
medicinal use can improve feelings and attitudes about
snakes (Murphy and Xanten, 2007; Markwell and Cush-
ing, 2009). As part of this public outreach and education,
providing examples demonstrating the docile nature of
most venomous species may convince some individuals
to support legislation to prevent the organized killings
that persist to this day.

The results of this research provide previously una-
vailable information to inform the public of the docile
nature of copperheads and potentially assuage fears sur-
rounding the perceived aggressive nature of viperid spe-
cies. These striking results should prove useful in con-
vincing the proportion of the public that is still impres-
sionable of the copperheads’ benign nature and may
result in an increase in positive public perception. Future
conservation of imperiled viperid species may hinge on
the ability of scientists to persuade policy makers and
the public of the importance and docile nature of these
species (Seigel and Mullin, 2009). This study provides
further evidence that common venomous species are
not aggressive and rely on striking only as a last resort.
As Charas (1677) noted over 300 years ago, “The viper is
taken by many for an image of malice and cruelty; but in
reality, she is guilty of no such thing”.
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Abstract. This review presents an overview of research from 1998-2018 regarding interactions of Batrachochytrium
dendrobatidis with both potential hosts and predators. To this end, 23 different studies collected from the Web of Sci-
ence database along with two external journals were utilized, encompassing numerous taxonomic groups. Numerous
groups of animals were identified as potential vectors for the fungus, with crayfish and reptiles standing as the most
prominent and consistent non-amphibian hosts warranting their inclusion in any future broadscale distribution sur-
veys. an important area for future research. Additionally, Daphnia were noted to serve as predators of the zoospores
when exposed in mesocosm scenarios, reducing infection levels in corresponding tadpoles. Caecilians have also been
observed to be carriers of Bd, though the level as to which the chytrid impacts these organisms needs to be further
researched. In total, this review indicates that future research needs to begin including freshwater crustaceans, caecil-
ians and reptiles in field studies for presence/absence, while a broader range of taxa need to be tested to see whether

they serve as vectors or hosts in natural scenarios.

Keywords. Batrachochytrium dendrobatidis, crayfish, reptiles, Daphnia, fish, caecilians, alternate hosts, review.

INTRODUCTION

Since its identification in the late 1990s, amphibian
declines have been heavily attributed to a parasitic fun-
gus called Batrachochytrium dendrobatidis (Longcore et
al., 1999) as it spreads around the globe (Longcore et al.,
1999). A member of the fungal division Chytridiomy-
cota, the zoospores encyst in an amphibian’s skin, often
resulting in deleterious effects, posing especially diffi-
cult to eradicate to its ability to persist in areas for years
despite an apparent lack in hosts and easy spread via
multiple vectors. While anthropogenic actions and natu-
rally resistant amphibian species have long been consid-
ered potential vectors for Batrachochytrium dendrobatidis
(Bd), interest has steadily grown over the past decade
in whether non-amphibians could serve as either a vec-
tor for the disease or potentially as alternative hosts from
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which the fungus could complete its lifecycle (McMahon
et al., 2013). As the zoospores are specifically attracted to
highly keratinized cells, such as those in the frog’s skin,
early studies proposed and investigated whether the fun-
gus would be attracted to keratin from non-amphibious
sources such as snakeskin and crayfish with varying
results (Longcore et al., 1999; Piotrowski et al., 2004;
Rowley et al., 2006). Since then, research into the topic
has been few and far between, with the subjects ranging
from traditional aquatic species to those who may serve
as unconventional vectors such as reptiles.

MATERIAL AND METHODS

In this review, we sought to provide an overview regarding
research into the roles that taxa outside of the clade Batrachia
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(frogs and salamanders) play as potential hosts or predators of
Bd. To select studies for inclusion in this review, we combined
the Web of Science database along with the journals Herpeto-
logical Review and Herpetological Conservation & Biology to find
most of the studies/reports. When searching the database, each
major taxa group investigated, combined with the chytrid, were
used as keywords, with new taxa being included every time they
were first eluded to in a previous study. While it is possible that
some studies could have been overlooked due to differences
in keywords or not being present in the database, this search
method covered a broad range of taxonomic groups and serves
as a solid base for this research.

RESULTS

These studies have been conducted in a range of
fashions in both the lab and the field on animals ranging
from crayfish, to reptiles and even nematodes, with sever-
al such individuals found capable of carrying the fungus.
All investigated species were selected due to the pres-
ence of keratin either on surface structures or internally
(such as the gastrointestinal tract), while also being asso-
ciated with freshwater environments where they could
easily contract the pathogen. While macroinvertebrates
were the initial focus of this form of study, reptiles have
become increasingly more researched.

Potential Reservoirs

When it comes to invertebrates, crustaceans have
been the most prominently studied for a potential rela-
tionship with Bd, with two separate approaches for two
distinct groups. Decapods (crayfish and shrimp) were
first investigated as carriers for Bd in 2006 in a study on
both Caridina zebra (a shrimp) and Cherax quadricari-
natus (Queensland Red Claw) in field studies and in lab
infection studies that initially reported the presence of
the chytrid in both species before being retracted a year
later with false positives being attributed to an error in
the transcription of raw data (Rowley et al., 2006; 2007).
Despite this early controversy, a later study by McMa-
hon et al. (2013) confirmed the presence of zoospores
on both the carapace and in the gastro-intestinal tract
of three crayfish species; Orconectes virilis (Blue Cray-
fish), Procambarus alleni (Blue Crayfish) and Procamba-
rus clarkii (Louisiana Crayfish) both in captivity and in
the wild. This model study presents a few notable find-
ings, most importantly that tadpoles exposed to infected
crayfish were highly susceptible to having the patho-
gen transmitted to them in captivity (McMahon et al.,
2013). Discharge tubules being observed in the gastro-
intestinal tract of both captive and wild-caught crayfish
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also indicates that they can serve as reservoir hosts for
Bd (McMahon et al.,, 2013). Interestingly, these crayfish
were found to be both carriers and victims of Bd, with
gill recession occurring in individuals who were exposed
to either Bd filtrates or the zoospores themselves (McMa-
hon et al., 2013). The finding that in the natural systems
where crayfish tested positive for Bd, all the amphibians
were negative, also helps to indicate that the crayfish may
act as true alternate hosts in a broader cycle (McMahon
et al., 2013).

Some of these findings were corroborated by another
study, that identified Bd in both wild and farmed popu-
lations at 3.31% and 6% prevalence respectively across
various Procambarus species in Louisiana (Brannelly et
al., 2015). Unfortunately, this study was not conducted
with a concurrent amphibian survey to assess a potential
relationship between infection rates of the crayfish and
the amphibians, limiting the ecological importance of
this study. Additionally, the close quarters of the farmed
populations would easily result in cross-contamination
that might have inflated the number of positives found
in these populations. Inflated or not, the finding of Bd-
positive (Bd+) individuals pose an interesting potential for
disease spread as fishermen will often purchase live cray-
fish as bait, potentially introducing contaminated individ-
uals to Bd-negative (Bd-) sites. This potential vector needs
to be further explored on a larger scale, as the various
methods of transmission must be understood if we are
to curb the spread of this disease. These findings of cray-
fish positivity were not universal, however, as the study by
Betancourt-Roman et al. was performed in a similar fash-
ion but found no evidence of gill recession in Procamba-
rus alleni and a fairly low prevalence rate (5%) on sampled
carapaces (Betancourt-Roman et al., 2016). However, this
study was only performed with nine exposed individuals
in the lab (small compared to the previous two studies)
and the restriction of sampling to the carapace, excluding
the GI tract, could have potential resulted in false nega-
tives (Betancourt-Roman et al., 2016).

Research involving crustaceans was not limited to
crayfish, as a study by Paulraj et al. (2016) investigat-
ed the possibility of Macrobrachium rosenbergii (Giant
Freshwater Prawn) serving as a vector for Bd, due to the
prominent commercial species being heavily impact-
ed by fungal infections. A field survey was conducted
across 15 culture ponds in South India over the course
of four years, with infection being determined through
visual inspection and subsequent swabbing (Paulraj et al.,
2016). Physical signs of infection noted by the research-
ers included: dullness of color, abnormal protrusion of
scales, tufts of fungal growth, lethargic movement and
an overall spongy appearance (Paulraj et al., 2016). This
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study mirrored previous research on crustaceans with
a Bd prevalence of 17.4-38.8% being detected across the
sampled farming ponds with prevalence noted to be low-
est in the months of April, May, June, and highest in
October, November and December (Paulraj et al., 2016).
These findings continue to support the idea that the
infection may transfer from amphibians in the spring to
crustaceans in the fall, with this specific scenario needing
further study. Another study investigating the presence of
Bd on the island of Jamaica included two Sesarmid land
crabs and 12 crayfish (unidentified) in their survey, with
one of each being Bd+ (Holmes et al., 2014). Neither of
these studies investigated presence within the gastro-
intestinal tract (which was shown by previous studies
to have higher levels in crayfish compared to carapace
swabs) and did not directly observe discharge tubules,
but the potential that they mirror other decapods means
that these species should be investigated in a manner
similar to McMahon et al. (2013).

Certain fish have also been shown to function as res-
ervoirs in the laboratory, with samples taken from Danio
rerio displaying various stages of development, including
discharged mature zoosporangia, indicating the ability
to reproduce off the larvae (Liew et al., 2017). Infected
individuals were found to suffer from fin erosion at the
72-hour mark and later, along with skin blisters, the dis-
ruption of muscle striations, and an increased level of
degeneration with these same symptoms occurring in
larvae exposed to only filtered supernatants (Liew et
al., 2017). This damage seems to be similar in nature to
the negative impacts of Bd on crayfish, with the same
symptoms in filtered treatments indicating the presence
of some enzyme causing the damage rather than just
encystation. The ability for the chytrid to clearly encyst
and replicate successfully in D. rerio larvae further illus-
trates why the view of potential hosts for Bd needs to be
expanded and indicates that this is a knowledge gap that
should be focused on more extensively.

Potential Vectors

Reptiles ranging from squamates to those in the
clade Aves have been investigated the most, with the first
study being undertaken in 2012 (Garmyn et al., 2012).
Waterfowl have been of interest due to their consistent
exposure to water systems such as ponds and wetlands
where they would be likely to encounter Bd+ environ-
ments and serve as vectors between various sites. All
these studies focused on sampling the toe scales of vari-
ous individuals either through swabs alone or through
toe clippings. All living species that have been sampled
across two studies (Garmyn et al., 2012; Hanlon et al,
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2017) were found to have individuals positive for the
chytrid, with 14.9% of Branta canadensis, 19.5% of Anser
anser domesticus, 45% of Anas strepera, 50% Anas caro-
linensis and 62% of Anas platyrhynchos being Bd+. In the
laboratory it was also found that spores would adhere
and encyst to toe scales after 24-hours while desiccation
tests found that spores remained viable after 30 minutes,
indicating that the range of transmission would be based
off an animal’s flight speed over thirty minutes (Garmyn
et al.,, 2012). Furthermore, they were also able to have
zoospores produce zoosporangia from Day 4-14 after
initial exposure (Garmyn et al., 2012). Notably, in the
study by Garmin et al (2012) the feet of sampled water-
fowl were rinsed to remove transient spores differently
from the study by Hanlon et al (2017) and this could
have been the reason for increased levels of positive indi-
viduals. The fungus has also been detected from museum
specimens of waterfowl, but this appears to be more vari-
able depending on the sampling technique. When com-
paring specimens from both the La Paz Museum and
Seville Museum, 13 individuals were found to be Bd+
when performing tissue sampling while only one of those
same individuals was positive from swabs (Burrowes and
De la Riva, 2017). This study also found that the oldest
positive sample dated back to 1982 from an Anas flavi-
rostris (Yellow-billed Teal) and a Plegadis ridgwayi (Puna
Ibis) collected from Ulla Dam, Bolivia (Burrows and De
la Riva, 2017). Other species positive for Bd include Anas
georgica (Yellow-billed Pintail), Rollandia rolland (White-
tufted Grebe), Fulica ardesiaca (Andean Coot), Fulica
gigantea (Giant Coot), Lophonetta specularioides (Crested
Duck) and Spatula puna (Puna Teal), having been col-
lected from various sites across Bolivia (Burrows and De
la Riva, 2017).

Squamate reptiles have also been investigated as
potential vectors by testing for the fungus on the ven-
tral surface of multiple species and comparing its pres-
ence to nearby amphibian populations. Anolis lionotus
and A. humilis were found to be positive for Bd, with a
prevalence of 9% and 32% respectively among sampled
individuals and an overall prevalence of 16% in survey
sites in Panama (Kilburn et al., 2011). Three snake spe-
cies were also positive for the chytrid: Iimantodes cenchoa
(Blunthead Tree Snake), Nothopsis rugosus (Rough Cof-
fee Snake) and Pliocercus euryzonus (Cope’s False Coral
Snake), with one individual of each species being tested
and a total prevalence of 38% among all sampled snakes
(Kilburn et al., 2011). Habitat may have had an influence
on which species tested positive for the fungus with the
three species of snakes as A. humilis routinely encounter-
ing wet leaf litter that could retain spores, while A. liono-
tus is specifically noted as being semi-aquatic. It is possi-



42

ble that the snakes may have acquired zoospores through
predation upon infected amphibians, while Bd+ reptiles
may serve as vectors for the spread of this disease by
direct contact or indirect environmental spreading. This
study is markedly contrasted by a similar study conduct-
ed in Australia, which investigated whether Physignathus
lesueurii (Eastern Water Dragon) juveniles were positive
for Bd by conducting opportunistic sampling in Murray
Upper National Park (Phillott et al., 2009). While all of
the P. leseuerii were found to be negative, concurrently
sampled amphibians in the area were found to be positive
for Bd showing that the fungus is present in the region
(Phillott et al., 2009). The reason infection was not able
to set in on these agamids may be due to prolonged peri-
ods of desiccation or to the natural cutaneous microfau-
na present, but neither of these factors were specifically
investigated.

The potential for fish to be vectors has also been
investigated in two studies in a laboratory setting, includ-
ing Poecilia reticulata (Ornamental Guppies) and Gam-
busia holbrooki (Eastern Mosquitofish) and Danio rerio
(McMahon et al.,, 2013; Liew et al., 2017). While both D.
rerio and P. reticulata had high levels of Bd shortly after
initial exposure, the guppies showed a consistent decrease
in the genomic equivalents of Bd DNA and the mos-
quitofish showed no evidence of infection (Liew et al.,
2017). The previously mentioned colonization of D. rerio
in combination with these findings shows that Bd’s rela-
tionship to fish can vary extensively across taxa, with fish
serving as both potential hosts and/or vectors with more
extensive research being required to better shape how fish
relate to Bd ecology. Bacteria were also shown to have a
significant effect in mitigating infection of the larvae in
exposed zebrafish coinciding with research regarding
amphibian microbial communities having an impact on
susceptibilities (Liew et al., 2017). Forming a profile of
the three fish species’ bacterial communities would allow
comparison between susceptible and resistant amphib-
ians and may explain why infection was able to persist in
D. rerio larvae and produce mature zoosporangia while
infection waned in the P, reticulata and failed in G. hool-
brooki. Another important note is that if the mosquitofish
reacted to Bd in a similar manner to the guppies, the dif-
ference in time before sampling between these two stud-
ies could be responsible for the differences in susceptibil-
ity through false negative readings.

Abiotic factors may also be potential vectors of Bd
zoospores as explored in a study based in Honduras
that investigated zoospore presence in raindrops. Out of
the 20 rainfall events that Kolby et al. (2015) sampled in
this study, one was found to have a Bd+ sample with an
extremely low density As the study ensured collection
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sheets were emplaced in clearings to prevent through-
fall of contaminated water from the forest canopy, these
zoospores were at least from drops that were windblown
off contaminated amphibians and may have even been
directly carried by the precipitation (Kolby et al., 2015).
This study proposes a potentially game-changing method
of transportation if the zoospores can truly be transport-
ed through precipitation and definitely requires follow on
research to verify these findings and expand upon their
possible implications.

Predators

Taxa of the Order Cladocera (Water Fleas) and vari-
ous other micro-invertebrates have been investigated as
predators of the fungus and whether they might be effec-
tive as biological controls. Individuals of the genus Daph-
nia have been shown to have a clearly negative impact on
zoospore concentrations, reducing genomic equivalents
to nearly undetectable levels in a mesocosm experiment
combining infected tadpoles with more than ten Daph-
nia (Hamilton et al., 2012). Infected Rana aurora (North-
ern Red-legged Frog) tadpoles were used, with Daphnia
being noted to have an indirect positive effect on tadpole
biomass alongside a negative impact on overall tadpole
survivability (Hamilton et al., 2012). To verify that zoo-
spore presence in Daphnia intestines was due to preda-
tion, another study exposed starved individuals to the
zoospores and compared treatments with living and dead
individuals, finding significantly higher concentrations in
the intestines of living Daphnia (Buck et al., 2011). While
these studies show evidence that members of Daphnia
would be beneficial in fighting the chytrid, the reduced
scope of these makes it hard to draw any major generali-
zations, especially regarding natural systems.

Outside of Daphnia, microfauna presence in general
has been observed to be negatively correlated with zoo-
spore prevalence in natural systems with lab experiments
indicating that a portion of this impact comes from the
microfauna predating upon the zoospores (Schmeller
et al., 2014). One study noted that higher prevalence of
microfauna was a significant differentiator between low
and high prevalence sites (Schmeller et al., 2014), while
another noted the presence of a more diverse rotifer and
micro-arthropod community in bromeliads had a more
negative impact on Bd prevalence than the protist diver-
sity found in the surrounding streams (Blooi et al., 2017).
This information coupled with the studies on Daphnia
illustrate why it is important to consider Bd’s role in the
ecological community outside of simply being a parasite
if we desire to truly understand its distribution pattern
along with what may help curb its spread.
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Caecilians

Despite being amphibians, the finding that B. den-
drobatidis can infect caecilians is fairly recent and can
potentially provide information regarding the ecology of
the fungus that has been long overlooked. While their
secluded nature and primarily subterranean lifestyle
make them unlikely to serve as vectors, it is interesting
to note that this has not precluded them from encounter-
ing this fungus. Furthermore, it also continues to dem-
onstrate how broadly ranging this pathogen’s potential
hosts are, though the full impact of chytridiomycosis on
members of order Gymnophiona are hard to determine
due to the difficulties of studying members of this taxa.
The first study to investigate caecilians for Bd specifi-
cally sampled both African and South American species,
including nearly 200 individuals upon initial capture and
an additional 31 being tested after being kept in captiv-
ity for two years (Gower et al., 2013). While small in
terms of geographic coverage, this study was quite broad
regarding taxa diversity, including representatives from
10% of known species and at least one species from
12/34 known genera and 8/10 known families (Gower
et al.,, 2013). While none of the South American species
were positive for the chytrid, all African genera tested
had at least two positive individuals except Schistome-
topum, showing a broad range of infectivity (Gower et
al.,, 2013). Unfortunately, however, improper sampling
techniques initially including handling without gloves
could have led to false positives and inflated the present
findings. Another recent study also performed in Afri-
ca confirmed the prevalence of Bd in four species not
reviewed in the Gower study, providing confirmation
of the pathogen’s presence in African species of caecil-
ians (Thorpe et al., 2018). However, this study had small
sample sizes making it difficult to extrapolate the range
of this disease across the broader population. A third
study was also conducted in Africa as a broad survey of
caecilians and anurans for the fungus and found it to be
present on various caecilians but gave no specific identi-
fications regarding species sampled and which were posi-
tive for Bd (Hydeman et al., 2017). Overall, members of
Gymnophiona should be investigated more thoroughly to
determine the presence of Bd across the order worldwide,
though this may be difficult as a result of their isolated
and subterranean nature.

Unclear Relationships
Investigation of invertebrates was not limited to

crustaceans, with the nematode species Caenorhabdi-
tis elegans also being the subject of investigation in two
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separate studies due to their habitat overlap with amphib-
ians/crayfish and the similarity of function between their
tissues. Both studies utilized heat-killed Bd as controls
and determined mortality by counting both the living
and dead individuals present in each treatment (Shapard
et al., 2012; Betancourt-Roman et al., 2016). These two
studies had contradictory results, however, as Shapard et
al. noted an increase in mortality from control to infected
treatments, while Betancourt-Roman et al. saw no sig-
nificant differences between the two groups. While these
separate experiments were run as similarly as possible,
the Betancourt-Roman study noted that differing lab con-
ditions made the study hard to replicate and that double
the concentration of zoospores was used. In the Shapard
study, the use of staining dye to mark the zoospores dis-
played an apparent attachment of Bd to the external cuti-
cle of the nematodes, with the cuticle frequently becom-
ing breached afterward (Shapard et al., 2012). Due to
the effects of zoospores on the cuticle, it is probable that
the zoospores release proteolytic enzymes that serve to
degrade the collagen forming the cuticle, however this
enzyme was not isolated. This interaction between nema-
todes and Bd warrants further examination, due both to
the contradictory findings of these two studies and the
potential for use as either vectors or hosts (as indicated
by observed encystation in the laboratory).

The potential of other parasites to influence the prev-
alence of Bd in amphibians has also been investigated
across many field sites and multiple anuran species. A
negative correlation with both parasite abundance and
diversity was noted in Bd infected Rana aurora tadpoles
(Nieto et al., 2007). Echinostoma sp. specifically were
negatively correlated with Bd presence across various
amphibians while Ribeiroia ondatrae was positively corre-
lated with Bd presence at the site level (Stutz et al., 2018).
This aspect of disease interaction has been largely under-
researched and warrants further study to better under-
stand the overall ecology of the chytrid fungus.

DISCUSSION

When looking at this research it seems clear that
non-amphibian hosts pose a potentially important role
in both transmission and ecology of Batrachochytrium
dendrobatidis across numerous taxonomic groups. The
presence of Bd zoospores on the toe scales of water-
fowl could allow for the fungus to be spread across a
wide range, while the potential for zoospores to be dis-
persed via rainfall poses an even wider avenue for dis-
tribution. While birds are potentially capable of trans-
porting Bd the longest distance, the detected presence
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on some squamate and fish species raises the potential
these taxa could serve to distribute among large, inter-
connected water systems and wetlands. The presence of
zoospores in and on crayfish could also allow for a wider
spread of the fungus through anthropogenic methods,
especially as Bd has been observed successfully repli-
cating within their gastro-intestinal tract. Fishing espe-
cially could allow for the fungus to be spread easily and
much more rapidly than it would naturally, as infected
crayfish can be transported long distances to potential-
ly isolated water systems where the zoospores can then
become introduced via fecal matter or upon predation
of the crayfish. The finding that crayfish can be positive
for the disease while amphibians in the same system are
negative could also help explain how Bd has managed
to persist in systems after the initial extirpation of frogs.
Predation of the zoospores by various microfauna such
as Daphnia presents an alternate end of the spectrum by
potentially helping to explain how and why certain areas
have been more impacted by the presence of Bd. Repeat-
edly, lab studies would also observe that an enzyme pro-
duced by the zoospores had a negative impact on non-
amphibian species, with gill recession in crayfish, fin
erosion in fish and cuticle breaching in nematodes being
tied to this enzyme. While none of these studies identi-
fied the enzyme, the fact that filtrate has the same del-
eterious effects as zoospore presence could mean that
negative impacts experienced by non-amphibian hosts/
vectors are caused primarily by the enzyme, but future
research on the subject is needed.

CONCLUSION

Based on these findings, it is clear that an important
concern for Bd field surveys is the incorporation of other
known hosts outside of amphibians. The most likely taxa
to be carrying the fungus besides anurans and caudatans
seems to be crustaceans such as crayfish species within
the genus Procambarus which reside in largely the same
habitats as anuran species and have been observed to
have full lifecycles being conducted through the chytrid.
Birds could be a potentially important factor when try-
ing to model the chytrid’s spread across broad areas,
and should definitely be investigated further to observe
whether they are truly viable vectors for the zoospores.
This is especially true for waterfowls due to their ability
to fly long distances in the thirty minutes required for the
zoospores to become susceptible to desiccation, posing a
major potential threat to the prevention of this disease’s
spread. Transportation via rainfall poses a similar poten-
tial problem and should continue to be investigated to
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better determine the prevalence of this phenomenon and
how it may impact distribution. Similarly, predation of
zoospores by microfauna needs further research, poten-
tially utilizing a mesocosm approach, to test what taxa
have the largest impacts and how this interaction relates
to how Bd fits into the community at a larger scale. Final-
ly, it is important to continue investigating other taxa to
help broaden the list of potential hosts, with a special
focus on other crustaceans/macroinvertebrates and semi-
aquatic reptiles along with caecilian taxa when perform-
ing studies in South America or Africa.

ACKNOWLEDGMENTS

We would like to thank the members of Team Sala-
mander at the University of Tennessee: Chattanooga for
their continuous support throughout this process, who
helped improve the study via valuable discussions and
support.

REFERENCES

Betancourt-Roman, C.M., O’Neil, C.C., James, T.Y.
(2016): Rethinking the role of invertebrate hosts in
the life cycle of the amphibian chytridiomycosis path-
ogen. Parasitology 143: 1723-1729.

Blooi, M., Laking, A.E., Martel, A., Haesebrouck, F.,
Jocque, M., Brown, T., Green, S., Vences, M., Bletz,
M.C., Pasmans, F. (2017): Host niche may deter-
mine disease-driven extinction risk. PLoS One. 12:
e0181051.

Brannelly, L.A., McMahon, T.A., Hinton, M., Lenger, D.,
Richards-Zawacki, C.L. (2015): Batrachochytrium den-
drobatidis in natural and farmed Louisiana crayfish
populations: presence and implications. Dis. Aquat.
Organ. 112: 229-235.

Buck, J.C., Truong, L., Blaustein, A.R. (2011): Predation
by zooplankton on Batrachochytrium dendrobatidis:
biological control of the deadly amphibian chytrid
fungus? Biodivers. Conserv. 20: 3549-3553.

Burrowes, P.A. De la Riva, I. (2017): Detection of the
amphibian chytrid fungus Batrachochytrium dend-
robatidis in museum specimens of Andean aquatic
birds: Implications for pathogen dispersal. ]J. Wildlife
Dis. 53: 349-355.

Garmyn, A., Rooij, P.V,, Pasmans, F., Hellebuyck, T.,
Broek, W.V.D., Haesebrouck, F., Martel, A. (2012):
Waterfowl: Potential environmental reservoirs of the
chytrid fungus Batrachochytrium dendrobatidis. PLoS
One. 7: €35038.



Bd reservoir, vectors and predators

Gower, D.J., Doherty-Bone, T., Loader, S.P., Wilkinson, M.,
Koute, M.T., Tapley, B., Orton, E, Daniel, O.Z., Wynne,
E, Flach, E., Miiller, H., Menegon, M., Stephen, I.,
Brown, R.K,, Fisher, M.C., Cunningham, A.A., Garner,
T.W.J. (2013): Batrachochytrium dendrobatidis infection
and lethal chytridiomycosis in caecilian amphibians
(Gymnophiona). Ecohealth 10: 173-183.

Hamilton, P.T., Richardson, J.M.L., Anholt B.R. (2012):
Daphnia in tadpole mesocosms: trophic links and
interactions with Batrachochytrium dendrobatidis.
Freshwater Biol. 57: 676-683.

Hanlon, S.M., Henson, J.R., Kerby, J.L. (2017): Detection
of amphibian chytrid fungus on waterfowl integument
in natural settings. Dis. Aquat. Organ. 126: 71-74.

Holmes, 1., McLaren, K., Wilson, B. (2014): Precipitation
constrains amphibian chytrid fungus infection rates in
a terrestrial frog assemblage in Jamaica, West Indies.
Biotropica 46: 219-228.

Hydeman, M.E., Longo, A.V., Velo-Antén, G., Rodriguez,
D., Zamudio, K.R., Bell, R.C. (2017): Prevalence and
genetic diversity of Batrachochytrium dendrobatidis
in Central African island and continental amphibian
communities. Ecol. Evol. 7: 7729-7738.

Kilburn, V.L., Ibanez, R., Green, D.M. (2011): Reptiles as
potential vectors and hosts of the amphibian patho-
gen Batrachochytrium dendrobatidis in Panama. Dis.
Aquat. Organ. 97: 127-134.

Kolby, J.E., Ramirez, S.D., Berger, L., Griffin, D.W,,
Jocque, M., Skerratt, L.E. (2015): Presence of amphib-
ian chytrid fungus (Batrachochytrium dendrobatidis)
in rainwater suggests aerial dispersal is possible. Aero-
biologia 31: 411-419.

Liew, N., Moya, M.J.M., Wierzbicki, C.J., Hollinshead,
M., Dillon, M.]., Thornton, C.R., Ellison, A., Cable,
J., Fisher, M.C., Mostowy, S. (2017): Chytrid fungus
infection in zebrafish demonstrates that the pathogen
can parasitize non-amphibian vertebrate hosts. Nat.
Commun. 8: 15048.

Longcore, J.E., Pessier, A.P.,, Nichols, D.K. (1999): Batra-
chochytrium dendrobatidis gen. et sp. nov., a chytrid
pathogenic to amphibians. Mycologia 91: 219-227.

McMahon, T.A., Brannelly, L.A., Chatfield, M.W.H.,
Johnson, P.T.J., Joseph, M.B., McKenzie, V.J., Rich-
ards-Zawacki, C.L., Venesky, M.D.Rohr, J.R. (2013):
Chytrid fungus Batrachochytrium dendrobatidis has
nonamphibian hosts and releases chemicals that cause
pathology in the absence of infection. P. Natl. Acad.
Sci. USA 110: 210-215.

Nieto, N.C., Camann, M.A., Foley, J.E, . Reiss, ].O. (2007):
Disease associated with integumentary and cloacal
parasites in tadpoles of northern red-legged frog Rana
aurora. Dis. Aquat. Organ. 78: 61-71.

45

Paulraj, A., Musthafa, M.S., Altaff, K., Ali, A.R.H,,
Arockiaraj, J., Balasundaram, C.Harikrishnan, R..
(2016): Chytrid Batrachochytrium dendrobatidis fun-
gal infection in freshwater prawn, Macrobrachium
rosenbergii (de Man) - A new report. Aquaculture
464: 521-528.

Phillott, A.D., Garland, S.,Skerratt ,L.F. (2009): Eastern
Water Dragons (Physignathus lesuerii) are not impor-
tant alternate hosts of the frog chytrid fungus Batra-
chochytrium dendrobatidis. Herpetol. Conserv. Biol. 4:
379-383.

Piotrowski, J.S., Annis, S.L., Longcore, J.E.. (2004): Physi-
ology of Batrachochytrium dendrobatidis, a chytrid
pathogen of amphibians. Mycologia. 96: 9-15.

Rowley, J.J.L., Alford, R.A., Skerratt, L.E. (2006): The
amphibian chytrid Batrachochytrium dendrobatidis
occurs on freshwater shrimp in rain forest streams in
Northern Queensland Australia. Ecohealth 3: 49-52.

Rowley, J.J.L., Hemingway, V.A., Alford, R.A., Waycott,
M., Skerratt, L.E, Campbell, R., Webb, R.. (2007):
Experimental infection and repeat survey data indi-
cate the amphibian chytrid Batrachochytrium dend-
robatidis may not occur on freshwater crustaceans in
northern Queensland, Australia. Ecohealth 4: 31-36.

Schmeller, D.S., Blooi, M., Martel, A., Garner, TW.J.,
Fisher, M.C., Azemar, E, Clare, EC,, Leclerc, C., Jager,
L., Guevara-Nieto, M., Loyau, A., Pasmans, E (2014):
Microscopic aquatic predators strongly affect infection
dynamics of a globally emerged pathogen. Curr. Biol.
24: 176-180.

Shapard, E.J., Moss, A.S., San Francisco, M.]. (2012):
Batrachochytrium dendrobatidis can infect and cause
mortality in the nematode Caenorhabditis elegans.
Mycopathologia 173: 121-126.

Stutz, W.E., Blaustein, A.R., Briggs, C.J., Hoverman,
J.T., Rohr, J.R., Johnson, P.T.J. (2018): Using multi-
response models to investigate pathogen coinfec-
tions across scales: Insights from emerging diseases of
amphibians. Meth. in Ecol. Evol. 9: 1109-1120.

Thorpe, C.J., Lewis, T.R., Fisher, M.C., Wierzbicki, C.J.,
Kulkarni, S., Pryce, D., Davies, L., Watve, A., Knight,
M.E. (2018): Climate structuring of Batrachochytrium
dendrobatidis infection in the threatened amphibians
of the northern Western Ghats, India. Roy. Soc. Open
Sci. 5: 180211.






Acta Herpetologica 15(1): 47-54, 2020
DOI: 10.13128/a_h-7648

Genetic characteristics of an introduced population of Bombina bombina
(Linnaeus, 1761) (Amphibia: Bombinatoridae) in Moselle, France

JEAN-PIERRE VACHER"**, DAMIEN AUMAITRE3, SYLVAIN URSENBACHER>*

! Association BUFO, Musée d’Histoire naturelle et d’Ethnographie, 11 rue de Turenne, F-68000 Colmar, France
2 Section of Conservation Biology, Department of Environmental Sciences, University of Basel, St. Johanns-Vorstadt 10, CH-4056 Basel,

Switzerland

3 Conservatoire despaces naturels de Lorraine, 3 rue Robert Schuman, 57400 Sarrebourg, France
*info fauna - karch, University of Neuchitel, avenue de Bellevaux 51, CH-2000 Neuchdtel, Switzerland

* Corresponding author. Email: jpvacher@gmail.com

Submitted on: 2019, 16" December; revised on: 2019, 21" December; accepted on: 2019, 22" December

Editor: Adriana Bellati

Abstract. The fire-bellied toad Bombina bombina has recently been introduced in Moselle, north-eastern France, in an
area where the yellow-bellied toad Bombina variegata occurs naturally. Both species hybridize in a wide area through-
out Europe where their distribution overlaps. Therefore, there is a risk of introgression regarding the Bombina varie-
gata population in north-eastern France. In order to assess the status of the introduced population of Bombina bom-
bina and its origin, we investigated its genetic characteristics and structure using both mitochondrial (cytochrome
b) and nuclear DNA (microsatellites markers). The results demonstrated a lack of introgression in the Bombina var-
iegata population. Though experiencing a bottleneck effect, the introduced Bombina bombina population displays a
high genetic diversity. If a propensity for expansion is found within the introduced population of Bombina bombina, it
could be considered as a potential invasive species in France, and thus threaten the native species.

Keywords. Invasive species, population genetics, conservation, cytochrome b, microsatellites.

INTRODUCTION

Introduction of allochthonous species in natural
habitats represents one of the aggravating factors of the
current loss of biodiversity (Kats and Ferrer, 2003). Such
introductions may induce numerous effects on native
species, such as ecological competition, over predation,
transmission and dispersal of pathogens, and genetic
introgression (Mooney and Cleland, 2001; Strayer et al.,
2006). In the context of conservation biology, it is impor-
tant to understand the factors which enabled introduced
species to adapt to their new environment, in order to
define prevention, monitoring, and management plans
for these species (Strayer et al., 2006).

Amphibians are currently in the focus for conserva-
tion biologists as they represent the most endangered
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group of vertebrates worldwide (Stuart et al., 2004; Stuart
et al., 2008). Invasive alien species are a major threat to
amphibians (Kats and Ferrer, 2003). Among them, other
amphibian species can have an impact on native ones.
For example, they can be an important source of disper-
sal of the chytrid fungus Batrachochytrium dendrobatidis
(Bd), a pathogen which affects many amphibian species
around the globe and causes their decline (Ficetola et
al., 2008; Fisher and Garner, 2007; Garner et al., 2006).
Another possible threat linked with introduced species is
genetic introgression, which can, in some cases, lead to
local extinctions (Arntzen and Thorpe, 1999; Dufresnes
et al., 2016; Rhymer and Simberloff, 1996).

In France, at least six species of amphibians have
been introduced: Triturus carnifex, Discoglossus pic-
tus, Lithobates catesbeianus, Xenopus laevis, Pelophylax
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Fig. 1. Global distribution of Bombina bombina and B. variegata
and location of the newly introduced population in France. Map
sources: Naturalearth/TUCN.

ridibundus, and P. bedriagae (Duguet and Melki, 2003;
Lescure and de Massary, 2012). In 2009, an introduced
population of the fire-bellied toad Bombina bombina has
been discovered in the eastern part of the Moselle depart-
ment, close to the Sarre valley (Vacher and Pichenot,
2012) (Fig. 1). In this region, the yellow-bellied toad
Bombina variegata occurs naturally (Lescure et al., 2011;
Lescure and de Massary, 2012; Thiriet and Vacher, 2010).
This last species is considered as endangered in France
and listed as ‘Vulnerable’ on the national red list pub-
lished by the French Committee of the IUCN (UICN
France et al., 2015). The occurrence of introduced Bom-
bina bombina close to natural populations of B. variegata
raises conservation concern as B. bombina could lead to
the decline of B. variegata through introgression. Indeed,
hybridization has already been demonstrated where both
species are in contact in their native range (Gollmann
et al., 1988; Szymura, 1976; Yanchukov et al., 2006). In
order to characterize the status of this introduced popula-
tion, and its possible interaction with the native Bombina
variegata, we assessed if hybridization already occurred
between the native and the introduced species using
genetic markers as well as the putative origin of the intro-
duced individuals.

MATERIALS AND METHODS

Sampling design and laboratory methods

We collected 61 DNA samples from individuals morpho-
logically assigned to Bombina bombina from three localities
in Moselle (6.87°E, 48.92°N) and 64 samples from individu-
als morphologically assigned to Bombina variegata from four
neighbouring localities in Moselle and Bas-Rhin in 2011 and
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2012. DNA samples were collected through buccal swabbing
(Beebee, 2008; Pidancier et al., 2003). The two westernmost
Bombina bombina localities were 1 km distant from each other,
and the third was 5 km south-east from the others.

DNA was extracted from the buccal swabs using the QIA-
GEN DNeasy Blood & Tissue kit (QIAGEN"). As we suspected
that all Bombina bombina individuals would originate from the
same locality, we amplified by PCR a fragment of 1200 bp of the
mitochondrial cytochrome b (cytb) using L16245 and H17444
primers (Hofman and Szymura, 2007) from only five out of the
61 samples. Amplifications were performed following Hofman
and Szymura (2007) and sequencing were performed by Mac-
rogen (Amsterdam, the Netherlands). The new sequences were
deposited in GenBank (Table 1).

Ten microsatellite loci specifically developed for the fire-
bellied toad (BobomF2, Bobom5F, Bobom9H, BobomlA,
BobomF22, Bobom10F, Bobom8A, BobomD2, BobomB13 and
Bobom11D) were amplified by PCR for all 125 samples, follow-
ing the PCR conditions suggested by Hauswaldt et al. (2007)
and Stuckas and Tiedemann (2006). Forward dyed primers were
used in order to analyse them with an automatic sequencer
(AB3130xl Applied Biosystem). Allele lengths were then read
with the software PEAK SCANNER v.1.0 (Applied Biosystem).

Data analysis

We used cytb sequences from GenBank to confirm
taxonomic assignation of our samples. The cytb sequences
obtained were first aligned automatically using the software
MAFFT (Katoh and Standley, 2013), and then the alignment
was checked in MEGA (Tamura et al., 2011). We subsequent-
ly grouped our sequences with other Bombina bombina cytb
sequences published in a previous study on the phylogeography
of the species (Fijarczyk et al., 2011). After inferring the best
sequence evolutionary model in PartitionFinder v.1.1.1 (Lan-
fear et al., 2012), using a BIC approach, we constructed a phy-
logenetic tree with a Maximum Likelihood method in RAXML
v.8 (Stamatakis, 2014) under the GTR+G model. We used one
sequence of Bombina variegata as an outgroup to root our tree.
After visualizing the position of our samples in the tree, we
subsequently selected the sequences that were the closest to the
samples from Moselle, and constructed a haplotype network
using the software Hapview (Salzburger et al., 2011).

Each microsatellite locus was first examined for null allele
occurrence with MICRO-CHECKER v.2.2.3 (Van Oosterhout et
al.,, 2004) for each population. Loci showing a high probability
(P > 0.05) of null alleles were discarded from the dataset. For
each retained locus, we estimated allele frequency, allelic rich-
ness (Ap), observed and expected heterozygosity (Hy, Hg), and
intrapopulation structuration (Fj5) with the packages adegenet
(Jombart, 2008) and hierfstat (Goudet, 2005) implemented in R
(R Development Core Team, 2016). Moreover, Hardy-Weinberg
equilibrium was tested for each locus with allele randomizations
(1000 permutations per test) with the package pegas (Paradis,
2010) implemented in R. In addition, we evaluated the num-
ber of genetic clusters (K) using a Bayesian clustering approach
implemented in the software STRUCTURE v.2.3.3 (Pritchard et
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al., 2000). First, we conducted the analysis for the three puta-
tive populations of B. bombina, and then for B. bombina and B.
variegata populations together. We performed ten independ-
ent runs for each K, and tested between 1 and 3 for B. bombina
alone, and up to seven clusters for B. bombina and B. variegata
grouped together, according to the number of localities we sam-
pled. Each replicate was run for 400,000 iterations following a
burn-in period of 200,000. As the three sampled populations of
B. bombina were supposedly closely related, we used the admix-
ture model with allele frequencies that were correlated among
populations (Falush et al., 2003). In order to identify the most
likely value of K, the logarithmic probability of the data [Ln
P(D)] was estimated for each simulation. Additionally, the value
of AK, representing the second order of change, was estimated
(Evanno et al., 2005). Finally, we tested if a bottleneck effect
(significant heterozygosity excess) was detected within the pop-
ulation of Bombina bombina with the software BOTTLENECK
v.1.2.02 (Cornuet and Luikart, 1996; Piry et al., 1999), using a
Wilcoxon signed-rank test. Such an effect is expected after a
strong reduction in population size (Hedrick et al., 1986), such
as in recent introduced populations.

RESULTS
BLAST and haplotypes

The BLAST results showed that the five samples
matched with Bombina bombina cytb sequences deposit-
ed in GenBank. Maximum Likelihood inference suggests
that the samples from Lorraine are nested within a clade
that originates from Austria and Czech Republic (Fig.
2). The haplotypes found in Moselle cluster within hap-
logroup B3-1 (Fijarczyk et al., 2011), that contains speci-
mens from southern Europe. More precisely, one indi-
vidual of Moselle is identical to haplotype B14 (Fig. 3),
that includes specimens from Czech Republic, Slovakia,
Austria, Croatia, Serbia, Hungary, and Ukraine (Fijarc-
zyk et al,, 2011), and the four other haplotypes retrieved
from the specimens from Moselle only differ from B14 by
three to eight substitutions (Fig. 3).

Genetic variation and diversity

We detected an excess of homozygosity, thus the
probable presence of null alleles for BobomF2, Bobo-
mF22, and BobomD2 within B. bombina populations
only. Therefore, these markers were discarded from the
subsequent analyses for B. bombina, which were conse-
quently conducted with seven microsatellites markers
(Bobom5E, Bobom9H, Bobom1A, Bobom10F, Bobom8A,
BobomB13, and Bobom11D).

The number of alleles in B. bombina of Moselle varies
from three (Bobom5F and Bobom1A) to ten (Bobom9H)
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JFB98365 B83 Romania
JFB98358 B76 Austria
MN784158 Lorraine
JF898359 B77 Czech Republic
[— JF898357 B75 Austria
— MN784160 Lorraine
ai MN784157 Lorraine
MN784161 Lorraine
" MN784159 Lorraine
—— JF898351 B69 Bulgaria
JFB98366 B84 Romania
JFB898354 B72 Moldova
8 JFB898355 B73 Romania
JF898352 B70 Bugaria
JF898348 B66 Moldova
JFB898349 B67 Moldova
JFB898345 B63 Slovakia
JFB898344 B62 Serbia
JFB898364 B82 Hungary
—— JF898360 B78 Turkey
— JF898362 B8O Turkey
JFB898361 B79 Turkey
JFB98346 B64 Romania
_{ JFB898340 B58 Belarus

JF898339 B57 Ukraine
JFB98342 B60 Ukraine
JF898341 B57 Ukraine
JFB98343 B61 Ukraine
JF898336 B54 Russia
JFB898337 B55 Ukraine
JF898323 B41 Poland
—— JF898322 B40 Poland
JF898330 B48 Russia
— JF898327 B45 Kazakhstan
— JFB898328 B46 Kazakhstan
JF898334 B52 Russia
JFB98332 B50 Russia
JFB898331 B49 Ukraine
JF898320 B38 Poland
JFB898329 B47 Ukraine
JFB98338 BS56 Belarus
JF898335 B53 Russia
— JF898333 B51 Ukraine
JF898324 B42 Poland

Fig. 2. Best Maximum Likelihood inference obtained from RAxML
using ~1000 bp of cytb mtDNA of Bombina bombina. Bootstrap
values above 70 are given at each nodes. The tree is rooted on Bom-
bina variegata (not shown). The GenBank accession numbers are
provided, new sequences are indicated in bold.
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Nartheastern France [
Haplogroup 83-1 [l
Haplogroup 83-2 []

Fig. 3. Haplotype network based on a fragment of the mitochon-
drial cytb in Bombina bombina. The haplogroups were defined in
Fijarczyk et al. (2011). The five new haplotypes from the introduced
specimens in Moselle (this study) are represented in red. Each line
represents a single mutation, and the size of the circles represents

the frequency of a haplotype.

(B)

| forest density
@ Bombina bombina

,A ". A '-.

Jean-Pierre Vacher et alii

Fig. 4. (A) Clusters from retrieved in the STRUCTURE analysis
from seven microsatellite markers; (B) Distribution in space of the
two nuclear DNA clusters. The geographic coordinates are not pro-
vided on purpose. Map source: Global Forest Watch.

Table 1. GenBank accession numbers and additional information of the locality of the newly introduced Bombina bombina in France (in
bold) and the samples from GenBank used in the genetic analysis.

No Location Accession GenBank Reference No Location Accession GenBank Reference

1  Moselle, France MN784157 This study 27 Serbia JE898344 Fijarczyk et al., 2011
2 Moselle, France MN784158 This study 28 Romania JF898355 Fijarczyk et al., 2011
3 Moselle, France MN784159 This study 29 Moldova JF898354 Fijarczyk et al., 2011
4  Moselle, France MN784160 This study 30 Ukraine JF898339 Fijarczyk et al., 2011
5 Moselle, France MN784161 This study 31 Romania JF898365 Fijarczyk et al., 2011
6 Hungary JF898363 Fijarczyk et al., 2011 32 Czech Republic JF898359 Fijarczyk et al., 2011
7 Austria JF898357 Fijarczyk et al,, 2011 33 Ukraine JF898341 Fijarczyk et al., 2011
8 Romania JF898366 Fijarczyk et al,, 2011 34 Belarus JF898338 Fijarczyk et al., 2011
9 Bulgaria JE898352 Fijarczyk et al., 2011 35 Russia JE898330 Fijarczyk et al., 2011
10 Hungary JF898356 Fijarczyk et al,, 2011 36 Poland JF898321 Fijarczyk et al., 2011
11 Romania JE898353 Fijarczyk et al., 2011 37 Poland JF898326 Fijarczyk et al., 2011
12 Ukraine JF898347 Fijarczyk et al., 2011 38 Slovakia JF898325 Fijarczyk et al., 2011
13 Bulgaria JF898351 Fijarczyk et al,, 2011 39 Russia JF898334 Fijarczyk et al,, 2011
14 Bulgaria JE898350 Fijarczyk et al., 2011 40 Ukraine JF898333 Fijarczyk et al., 2011
15 Moldova JF898348 Fijarczyk et al., 2011 41 Russia JF898332 Fijarczyk et al,, 2011
16 Hungary JF898364 Fijarczyk et al., 2011 42 Ukraine JF898329 Fijarczyk et al,, 2011
17 Slovakia JF898345 Fijarczyk et al., 2011 43 Kazakhstan JF898328 Fijarczyk et al., 2011
18 Romania JF898346 Fijarczyk et al., 2011 44 Poland JF898324 Fijarczyk et al,, 2011
19 Belarus JE898340 Fijarczyk et al., 2011 45 Kazakhstan JF898327 Fijarczyk et al,, 2011
20 Turkey JF898362 Fijarczyk et al., 2011 46 Ukraine JF898337 Fijarczyk et al., 2011
21 Turkey JF898361 Fijarczyk et al., 2011 47 Russia JF898335 Fijarczyk et al,, 2011
22 Ukraine JF898343 Fijarczyk et al. , 2011 48 Ukraine JF898331 Fijarczyk et al., 2011
23 Ukraine JF898342 Fijarczyk et al., 2011 49 Poland JF898322 Fijarczyk et al,, 2011
24 Turkey JF898360 Fijarczyk et al., 2011 50 Russia JF898336 Fijarczyk et al,, 2011
25 Moldova JF898349 Fijarczyk et al., 2011 51 Poland JF898320 Fijarczyk et al,, 2011
26 Austria JF898358 Fijarczyk et al., 2011 52 Poland JF898323 Fijarczyk et al,, 2011
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Table 2. Microsatellite loci used for the genetic analyses of 61
individuals of Bombina bombina introduced in Moselle, north-
eastern France. The estimations were conducted with the adegenet
and hierfstat packages implemented in R. bp: base pairs; Ag: allelic
richness; Hy: observed heterozygosity; Hy: expected heterozygo-
sity; Fjg: intrapopulation structure index.

Microsatellite L((E}I: gh rﬁllrlrelllaejr Ap H, Hy Fj

Bobom5F 126-146 3 3 0.54 0.64 0.09
Bobom9H 115-203 10 7.6 0.83 0.86 0.00
BobomlA 341-353 3 2.95 0.57 0.54 -0.04
Bobom10F 207-223 4 3.97 0.75 0.73 -0.02
Bobom8A 275-315 5 3.77 0.61 0.63 -0.01
BobomB13 117-147 4 3.21 0.63 0.66 0.12
Bobom 11D 268-296 6 5.12 0.82 0.78 -0.05

(Table 1). The mean Ay was 4.23 (calculated from 61 dip-
loid individuals). The mean Hj value was 0.65, and the
mean H, value was 0.66. There was no significant differ-
ence between the overall values of H, and Hg (Bartlett’s
K-squared = 0.035, df = 1, P = 0.8). The overall F;g value
was 0.01 and ranged from -0.05 for Bobom 11D to 0.09
for Bobom 5F (Table 1).

Genetic structure of populations

The analysis conducted with STRUCTURE did not
reveal any population differentiation between the three
sampling sites of Bombina bombina in Moselle. In the
analysis conducted with all the samples of B. bombina
and B. variegata, both species formed two well-differen-
tiated clusters, indicating a complete lack of introgression

(Fig. 4).

Bottleneck

The BOTTLENECK analysis revealed a bottle-
neck effect within the Bombina bombina population of
Moselle. Indeed, the Wilcoxon test showed an excess of
heterozygotes compared to the expected equilibrium het-
erozygosity under both the SMM and TPM models (Wil-
coxon test: P = 0.007).

DISCUSSION

Globally, the genetic diversity observed in this intro-
duced population of B. bombina is rather high, since the
mean Hj value of 0.65 for seven loci is similar to the ones
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found in 11 natural populations of Bombina bombina that
occur in the core of the range of the species in Germany
and that averages 0.70 [0.59-0.78] for six loci (Dolgener
et al,, 2012). This could be explained by the introduction
of numerous individuals, maybe through different epi-
sodes. As the biggest population was observed in a series
of lakes that are used for fish farming, it is highly prob-
able that the presence of Bombina bombina in this area
resulted from the transport of tadpoles caught together
with young fishes from one or several close localities in
Central Europe. Such cases of translocations have been
observed in Brandenburg and in Saxony (Berger, 1996;
Dolgener et al., 2012), so it is very likely that the occur-
rence of B. bombina in Moselle might result from a simi-
lar event. As tadpoles are small organisms, it is possible
that hundreds, or maybe thousands of them have been
introduced, therefore maintaining a high genetic diversi-
ty. Still it was expected to detect a bottleneck effect with-
in this population as it is the case with recently intro-
duced populations (Lee, 2002; Puillandre et al., 2008). In
comparison with other amphibian species, the fire-bellied
toad does not have a high fertility rate, with around 300-
400 eggs per female per year (Gollmann et al.,, 2011).
Therefore, the high diversity and the high number of
alleles observed in some markers indicate that introduc-
tion of only a few founder individuals, as observed in
other introduction of amphibians in France such as the
bullfrog Lithobates catesbeianus (Ficetola et al., 2008), is
unlikely. We could think that even though the primary
source of the B. bombina population in Moselle resulted
from numerous tadpoles, they still represent a small frac-
tion of a broader population located in the core area of
distribution and that though a bottleneck effect could be
detected, it was not sufficient enough to affect the genetic
diversity of this population.

The discovery of Bombina bombina in Lorraine
is recent, certainly dating back to 2009 (Vacher and
Pichenot, 2012). Right now, its distribution is geographi-
cally restricted and does not directly overlap with that
of B. variegata (Fig. 4). As it can hybridize with B. var-
iegata in the wild, a monitoring of B. bombina in the
area should be set up to track the population dynam-
ics, its dispersal behaviour, the evolution of its distribu-
tion in the area, and to determine possible concurrence
with B. variegata. However, both species seem to display
contrasted ecological preferences in their native habi-
tat: B. bombina is known to prefer ponds or swamps for
reproduction compared to B. variegata that favours pud-
dles (Barandun and Reyer, 1997; Gollmann B. et al., 2011;
Gollmann G. et al., 2011; Kruuk and Gilchrist, 1997).
Consequently, we might expect that ecological compe-
tition should be limited. Moreover, B. bombina shows
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higher site fidelity, suggesting lower dispersal capacities
(Gollmann et al., 2011). Still, B. bombina seems to dis-
play a broader ecological tolerance by colonizing puddles
in areas where ponds are scarce and where both species
occur and hybridize (MacCallum et al., 1998). Therefore,
a close attention to habitat components in the landscape
(i.e., density of ponds and small lakes) should be inte-
grated in a monitoring protocol to track the dynamics of
this introduced population. The removal of a species at
an early stage is normally the best method to avoid future
competition with native species. We can consequently
recommend to monitor the competition between both
species of Bombina in the area, and perhaps also conduct
some actions to reduce or remove this introduced popu-
lation. Additionally, it would be necessary to scan for Bd
and maybe other pathogens within this introduced pop-
ulation, as they can represent a further threat on native
amphibian populations that occur in the area such as the
European tree frog Hyla arborea or the common frog
Rana temporaria (Ohst et al., 2013).

ACKNOWLEDGEMENTS

We are grateful to Laurent Godé from the Parc
naturel régional de Lorraine, Julie Lambrey from Conserv-
atoire despaces naturels de Lorraine, and Julian Pichenot
for their help on the field. We would like to thank Nico-
las Boileau and Valerie Zwahlen for their help in the
laboratory. A handling permit for Bombina variegata
was delivered to Jean-Pierre Vacher by the Préfecture du
département du Bas-Rhin and to Damien Aumaitre by the
Préfecture du département de la Moselle. This study was
funded by the Direction régionale de lenvironnement, de
laménagement et du logement Lorraine (Grand Est) in the
scope of the national action plan for Bombina variegata.
We also thank two anonymous reviewers whose remarks
helped enhance the manuscript.

REFERENCES

Arntzen, J.W., Thorpe, R.S. (1999): Italian crested newts
(Triturus carnifex) in the basin of Geneva: Distribu-
tion and genetic interactions with autochtonous spe-
cies. Herpetologica 55: 423-433.

Barandun, J., Reyer, H.U. (1997): Reproductive ecology
of Bombina variegata: characterisation of spawning
ponds. Amphibia-Reptilia 18: 143-154.

Beebee, T.J.C. (2008): Buccal swabbing as a source of
DNA from squamate reptiles. Conserv. Genet. 9:
1087-1088.

Jean-Pierre Vacher et alii

Berger, H. (1996): Zur Situation der Rotbauchunke in
Sachsen. In: RANA Sonderheft 1: Die Rotbauchunke
(Bombina bombina), pp. 73-77. Krone, A., Khnel,
K.D., Eds, Natur & Text, Berlin.

Cornuet, J.-M., Luikart, G. (1996): Description and power
analysis of two tests for detecting recent population
bottlenecks from allele frequency data. Genetics 144:
2001-2014.

Dolgener, N., Schrdder, C., Schneeweiss, N., Tiedemann,
R. (2012): Genetic population structure of the Fire-
bellied toad Bombina bombina in an area of high pop-
ulation density: implications for conservation. Hydro-
biologia 689: 111-120.

Dufresnes, C., Pellet, J., Bettinelli-Riccardi, S., Thiébaud,
J., Perrin, N., Fumagalli, L. (2016): Massive genetic
introgression in threatened northern crested newts
(Triturus cristatus) by an invasive congener (T. car-
nifex) in Western Switzerland. Conserv. Genet. 17:
839-846.

Duguet, R., Melki, E (2003): Les Amphibiens de France,
Belgique et Luxembourg. Biotope, Méze.

Evanno, G., Regnaut, S., Goudet, J. (2005): Detecting the
number of clusters of individuals using the software
structure: a simulation study. Mol. Ecol. 14: 2611-
2620.

Falush, D., Stephens, M., Pritchard, J.K. (2003): Infer-
ence of population structure using multilocus geno-
type data: linked loci and correlated allele frequencies.
Genetics 164: 1567-1587.

Ficetola, G.E, Bonin, A., Miaud, C. (2008): Population
genetics reveals origin and number of founders in a
biological invasion. Mol. Ecol. 17: 773-782.

Fijarczyk, A., Nadachowska, K., Hofman, S., Litvinchuk,
S.N., Babik, W, Stuglik, M., Gollmann, G., Choleva,
L., Cogalniceanu, D., Vukov, T., Dzuki¢, G., Szymura,
J.M. (2011): Nuclear and mitochondrial phylogeogra-
phy of the European fire-bellied toads Bombina bom-
bina and Bombina variegata supports their independ-
ent histories. Mol. Ecol. 20: 3381-3398.

Fisher, M.C., Garner, T.W.J. (2007): The relationship
between the emergence of Batrachochytrium dend-
robatidis, the international trade in amphibians and
introduced amphibian species. Fungal Biol. Rev. 21:
2-9.

Garner, T.W.J., Perkins, M.W., Govindarajulu, P., Seg-
lie, D., Walker, S., Cunningham, A.A., Fisher, M.C.
(2006): The emerging amphibian pathogen Batra-
chochytrium dendrobatidis globally infects introduced
populations of North American bullfrog, Rana cates-
beiana. Biol. Lett. 2: 455-459.

Gollmann, B., Gollmann, G., Grossenbacher, K. (2011):
Bombina variegata (Linnaeus 1758) - Gelbbauchunke.



Genetics of introduced Bombina bombina in France

In: Handbuch der Reptilien und Amphibien Europas,
Band 5/1. Froschluche I, pp. 303-361. Grossenbacher,
K., Ed., Aula Verlag, Wiesbaden.

Gollmann, G., Gollmann, B., Grossenbacher, K. (2011):
Bombina bombina (Linnaeus, 1761) - Rotbauchunke.
In: Handbuch der Reptilien und Amphibien Europas,
Band 5/1. Froschluche I, pp. 269-294. Grossenbacher,
K., Ed., Aula Verlag, Wiesbaden.

Gollmann, G., Roth, P., Hodl, W. (1988): Hybridization
between the fire-bellied toads Bombina bombina and
Bombina variegata in the karst regions of Slovakia and
Hungary: morphological and allozyme evidence. J.
Evol. Biol. 1: 3-14.

Goudet, J. (2005): hierfstat, a package for r to compute
and test hierarchical F-statistics. Mol. Ecol. Notes 5:
184-186.

Hauswaldyt, ].S., Schroder, C., Tiedemann, R. (2007): Nine
new tetranucleotide microsatellite markers for the
fire-bellied toad (Bombina bombina). Mol. Ecol. Notes
7:49-52.

Hedrick, PW.,, Brussard, P.E, Allendorf, EW., Beardmore,
J.A., Orzack, S. (1986): Protein variation, fitness, and
captive propagation. Zoo Biol. 5: 91-99.

Hofman, S., Szymura, ].M. (2007): Limited mitochondrial
DNA introgression in a Bombina hybrid zone. Biol. J.
Linn. Soc. 91: 295-306.

Jombart, T. (2008): adegenet: a R package for the multi-
variate analysis of genetic markers. Bioinformatics 24:
1403-1405.

Katoh, K., Standley, D.M. (2013): MAFFT Multiple
sequence alignment software Version 7: Improve-
ments in performance and usability. Mol. Biol. Evol.
30: 772-780.

Kats, L.B., Ferrer, R.P. (2003): Alien predators and amphib-
ian declines: review of two decades of science and the
transition to conservation. Divers. Distrib. 9: 99-110.

Kruuk, L.E.B., Gilchrist, J.S. (1997): Mechanisms main-
taining species differentiation: predator-mediated
selection in a Bombina hybrid zone. Proc. R. Soc. B
Biol. Sci. 264: 105-110.

Lanfear, R., Calcott, B., Ho, S.Y.W.,, Guindon, S. (2012):
PartitionFinder: combined selection of partitioning
schemes and substitution models for phylogenetic
analyses. Mol. Biol. Evol. 29: 1695-1701.

Lee, C.E. (2002): Evolutionary genetics of invasive spe-
cies. Trends Ecol. Evol. 17: 386-391.

Lescure, J., de Massary, J.C. (2012): Atlas des Amphibiens
et Reptiles de France. Biotope, Méze/MNHN, Paris.
Lescure, J., Pichenot, J., Cochard, P.O. (2011): Régression
de Bombina variegata (Linné, 1758) en France par
lanalyse de sa répartition passée et présente. Bull. la

Société Herpétologique Fr. 137: 5-41.

53

MacCallum, C.J., Nurnberger, B., Barton, N.H., Szymura,
J.M. (1998): Habitat preference in the Bombina hybrid
zone in Croatia. Evolution 52: 227.

Mooney, H.A., Cleland, E.E. (2001): The evolutionary
impact of invasive species. Proc. Natl. Acad. Sci. 98:
5446-5451.

Ohst, T., Graser, Y., Plotner, J. (2013): Batrachochytrium
dendrobatidis in Germany: distribution, prevalences,
and prediction of high risk areas. Dis. Aquat. Organ.
107: 49-59.

Paradis, E. (2010): pegas: an R package for population
genetics with an integrated-modular approach. Bioin-
formatics 26: 419-420.

Pidancier, N., Miquel, C., Miaud, C. (2003): Buccal swabs
as a non-destructive tissue sampling method for DNA
analysis in amphibians. Herpetol. J. 13: 175-178.

Piry, S., Luikart, G., Cornuet, J.-M. (1999): BOTTLE-
NECK: A computer program for detecting recent
reductions in the effective population size using allele
frequency data. J. Hered. 90: 502-503.

Pritchard, J.K., Stephens, M., Donnelly, P. (2000): Infer-
ence of population structure using multilocus geno-
type data. Genetics 155: 945-959.

Puillandre, N., Dupas, S., Dangles, O., Zeddam, ].L., Cap-
devielle-Dulac, C., Barbin, K., Torres-Leguizamon,
M., Silvain, J.E. (2008): Genetic bottleneck in invasive
species: The potato tuber moth adds to the list. Biol.
Invasions 10: 319-333.

R Development Core Team (2016): R: a language and
environment for statistical computing. R Found. Stat.
Comput. Vienna Austria.

Rhymer, J.M., Simberloff, D. (1996): Extinction by
hybridization and introgression. Annu. Rev. Ecol.
Syst. 27: 83-109.

Salzburger, W., Ewing, G.B., Von Haeseler, A. (2011): The
performance of phylogenetic algorithms in estimating
haplotype genealogies with migration. Mol. Ecol. 20:
1952-1963.

Stamatakis, A. (2014): RAXML version 8: A tool for phy-
logenetic analysis and post-analysis of large phylog-
enies. Bioinformatics 30: 1312-1313.

Strayer, D.L., Eviner, V.T., Jeschke, J.M., Pace, M.L.
(2006): Understanding the long-term effects of species
invasions. Trends Ecol. Evol. 21: 645-651.

Stuart, S., Hoffmann, M., Chanson, J., Cox, N., Berridge,
R., Ramani, P, Young, B. (2008): Threatened Amphib-
ians of the World. Lynx Edicions in association with
IUCN - The World Conservation Union, Conserva-
tion International and NatureServe.

Stuart, S.N., Chanson, J.S., Cox, N.A., Young, B.E., Rodri-
gues, A.S.L., Fischman, D.L., Waller, R.-W. (2004): Sta-
tus and trends of amphibian declines and extinctions
worldwide. Science 306: 1783-1786.



54

Stuckas, H., Tiedemann, R. (2006): Eight new microsatel-
lite loci for the critically endangered fire-bellied toad
Bombina bombina and their cross-species applicability
among anurans. Mol. Ecol. Notes 6: 150-152.

Szymura, J.M. (1976): Hybridization between discoglossid
toads Bombina bombina and Bombina variegata in
southern Poland as revealed by the electrophoretic
technique. Zeitschrift fiir Zool. Syst. und Evol. 14:
227-236.

Tamura, K., Peterson, D., Peterson, N., Stecher, G., Nei,
M., Kumar, S. (2011): MEGAS5: Molecular Evolution-
ary Genetics Analysis using Maximum Likelihood,
Evolutionary Distance, and Maximum Parsimony
Methods. Mol. Biol. Evol. 28: 2731-2739.

Thiriet, J., Vacher, J.-P. (2010): Atlas de répartition des
Amphibiens et Reptiles d’Alsace. BUFO, Colmar/
Strasbourg.

UICN France, MNHN, SHF (2015): La Liste rouge des
espéces menacées en France. Reptiles et Amphibiens
de France métropolitaine.

Vacher, J.-P.,, Pichenot, J. (2012): Bombina bombina (Lin-
naeus, 1761). Sonneur a ventre de feu. In: Atlas Des
Amphibiens et Reptiles de France, pp. 236-237. Les-
cure J., de Massary, J.C., Eds, Biotope, Méze/MNHN,
Paris.

Van Oosterhout, C., Hutchinson, W.E, Wills, D.P.M.,
Shipley, P. (2004) MICRO-CHECKER: software
for identifying and correcting genotyping errors in
microsatellite data. Mol. Ecol. Notes 4: 535-538.

Yanchukov, A., Hofman, S., Szymura, J.M., Mezhzherin,
S., Morozov-Leonov, S.Y., Barton, N.H., Niirnberger,
B. (2006): Hybridization of Bombina bombina and
Bombina variegata (Anura, Discoglossidae) at a sharp
ecotone in Western Ukraine: comparisons across tran-
sects and over time. Evolution 60: 583-600.

Jean-Pierre Vacher et alii



Acta Herpetologica 15(1): 55-57, 2020
DOI: 10.13128/a_h-8871

Adaptive significance of the transparent body in the tadpoles of
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Abstract. In Southern India, during the Southwest monsoon phase, the newly formed ephemeral water bodies har-
bour several species of tadpoles as well as some of their predators. Tadpoles of Microhyla ornata dwell in surface or
column zones of water. They face predation threat from aquatic insect predators and carnivorous tadpoles of other
anurans though they are invisible due to their transparent body form. We tested whether transparent body form of
M. ornata tadpoles is a useful attribute against predation by exposing tail fin stained (with the Nile blue) subjects to a
naturally occurring predator (Hoplobatrachus tigerinus tadpoles that detect prey using both visual and chemical cues).
The study shows that susceptibility of stained M. ornata tadpoles to predation increased significantly compared to the
unstained transparent individuals. We conclude that the transparent body form is of great significance in escaping

predation during the larval phase of life in M. ornata.

Keywords. Hoplobatrachus tigerinus, Microhyla ornata, predation, tadpoles, transparent body

Most anuran amphibians are opportunistic breeders;
in South India, they often breed communally in rain-
filled puddles soon after the onset of southwest mon-
soon. Therefore, tadpoles of several species coexist during
their aquatic larval phase (Saidapur et al., 2009). In such
ephemeral ponds, the tadpoles commonly experience
desiccation threat, competition for resources from homo-
specific and heterospecific members (Mogali et al., 2011a,
b, 2015, 2017). In addition, predation threat from aquatic
insects and their larvae are routinely encountered by the
herbivorous tadpoles in such ephemeral ponds (Skelly,
1997). Furthermore, the tadpoles of several species are
carnivorous or omnivorous (Saidapur et al., 2009). In
response to coexisting predators, the prey tadpoles have
evolved defence strategies that often involve utilization of
refuge shelters when available, reduced movements, high
burst speed when movement is necessary, species-specif-
ic habitat choices (Hiragond and Saidapur, 2001; Said-

ISSN 1827-9635 (print)
ISSN 1827-9643 (online)

apur et al., 2009; Hossie and Murray, 2010; Mogali, 2018;
Mogali et al., 2019) and so on. Within the community
of anuran larvae found in the ephemeral water bodies of
Southern India, tadpoles of Hoplobatrachus tigerinus are
notorious predators and hunt actively (Saidapur, 2001;
Saidapur et al., 2009).

Of the several species of anuran larvae found in
Southern India, the tadpoles of Microhyla ornata are
unique in many aspects; they are predominantly found
in the surface or column zone of the pond, devoid of
teeth, feed on micro-plankton, delicate, slow mov-
ers, remain still for longer time and more importantly,
their body is transparent (Hiragond and Saidapur, 2001)
and hence not easily visible. Despite a highly vulner-
able nature, M. ornata is highly successful and show
wide distribution throughout Asia and the Indian sub-
continent. Evidently, the success of any anuran species
with aquatic larval phase depends on the survival rate of
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their larvae, emergence on the land with optimum size
and, subsequent reproduction. We hypothesized that
transparent body of M. ornata tadpoles is a key feature
in ensuring their survival and escape from predation.
Therefore, we conducted experiments on M. ornata tad-
poles whose tail fins were stained with Nile blue or left
unstained and then tested for their efficiency to escape
from predation using highly predacious sympatric tad-
poles of H. tigerinus.

Six egg clutches of M. ornata were collected from
rain-filled puddles/ ponds located on the Karnatak Uni-
versity Campus, Dharwad (latitude 15.440407°N, lon-
gitude 74.985246°E) in June 2008. Each egg clutch was
placed separately in plastic tubs (42 cm diameter and 16
cm deep) containing 3 L of pond water. Eggs from all
clutches hatched almost synchronously at Gosner stage
19 (Gosner, 1960) a day after their collection. Soon after
hatching, the tadpoles of different clutches were mixed
and reared in 3 separate glass aquariums (75 cm L x 45
cm W x 15 cm H) each with ~ 600 tadpoles in 15 L of
pond water to provide plankton material for feeding. The
tadpoles in the Gosner stage 25-26 with comparable body
size (length 12.65 + 0.42 mm, Mean + SE) were used in
trials. The tadpoles of H. tigerinus (Gosner stage 27-28;
~ n = 70) were also collected from the rain-filled ponds
located on the University Campus. They were reared indi-
vidually to avoid cannibalism in plastic bowls (16 cm
diameter and 7 cm deep) in 0.5 L of aged tap water. Hop-
lobatrachus tigerinus tadpoles of Gosner stage 29-30 hav-
ing comparable body size (length 32.15 + 0.49 mm Mean
+ SE) were used in the trials.

The experiment was made with two sets of tadpoles
of M. ornata (n = 25 per set) chosen randomly. In the
first set of experiment, tadpoles of M. ornata (n = 25)
with a natural transparent body, were released into a
rectangular glass tank (40 cm L x 25 cm W x 30 cm H)
with 10 L of aged tap water that created a column height
of 10 cm. After acclimatization for 15 min, a single H.
tigerinus tadpole (starved for 24 h) was introduced into
the tank and left there for 24 h to estimate the quantum
of predation. After the trial period, the number of sur-
viving prey tadpoles was recorded to compute the num-
ber of tadpoles lost due to predation. In the second set
of experiment, the tail fins of prey tadpoles were applied
Nile blue (1 mg/mL water and filtered by using What-
man filter paper no. 40) using a fine brush before the
trials. The Nile blue coloured tadpoles (n = 25) were left
with one starved H. tigerinus tadpole for 24 h as in the
first set of experiment. After completion of the trial dura-
tion, the number of tadpoles consumed by the predator
was recorded. Twenty-five trials were carried out for both
sets of experiments. The data on the number of tadpoles
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Fig. 1. Number of Microhyla ornata (transparent or tail-fin stained)
tadpoles consumed by the predator, Hoplobatrachus tigerinus tad-
poles in trials of 24 h. Data represent Mean + SE and analyzed by
Mann-Whitney U test; n = 25 trials per group with 25 tadpoles
per trial. An asterisk indicates a significant difference between the
groups (P < 0.001).

consumed by the predator between the two experiments
were analyzed by the Mann-Whitney U test.

The results show that the predator consumed a sig-
nificantly greater number of prey tadpoles that had blue
tinge on their tail fins (U = 15.500, P < 0.001, Fig. 1)
compared to those that did not have any colour on the
tail fins. Thus, the insatiable predatory tadpoles of H.
tigerinus that are active chase hunters predated a signifi-
cantly smaller number of prey subjects that were trans-
parent compared to those whose tail fins showed blue
tinge due to Nile blue.

Most previous studies on prey-predator interactions
have dealt with the tadpoles residing in the substrate or
benthic zones (Relyea, 2001; Saidapur et al., 2009; Jara
and Perotti, 2010; Mogali et al., 2011a, 2012). It may be
noted that the aquatic insects and their larvae that prey
on tadpoles are generally found along with anuran larvae
at the substratum and these are mostly ‘sit and wait’ pred-
ators; they wait for the prey to come near before attack-
ing them (Luttbeg et al., 2008; Miller et al., 2014). Micro-
hyla ornata tadpoles are principally surface/ column zone
dwellers (Hiragond and Saidapur, 2001). Therefore, one
can expect the least predation of M. ornata tadpoles by
the aquatic insects and their larvae. On the other hand,
predatory H. tigerinus tadpoles are generally substrate
dwellers but also capable of moving all over. Besides they
are active chase hunters which make use of both visual
as well as chemical cues of the prey subjects in devour-
ing them (Hiragond and Saidapur, 2001; Saidapur et al.,
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2009). The predation threat from such predators is enor-
mous even to surface dwellers like the M. ornata tad-
poles. The present findings clearly show that M. ornata
tadpoles have a greater capacity to escape predation from
the active and chase hunting H. tigerinus tadpoles. How-
ever, a mere blue tinge of tail fins following application of
the vital dye Nile blue made them highly susceptible to
predation.

Nile blue used in this study was in micro quantities.
Hence, in such large quantity of water, chemical cues aris-
ing from the dye, if any, would be presumably very weak.
However, the study shows that H. tigerinus tadpoles per-
ceive even slightly coloured blue tinged M. ornata tad-
poles more efficiently than that of the transparent sub-
jects. Thus, it appears that less vulnerability of this tadpole
species to predation is largely due to its unique transpar-
ent body form. The present study, however, does not con-
vey us about the perception of the type of visual cues aris-
ing after application of Nile blue to prey tadpoles by H.
tigerinus tadpoles. Therefore, further additional and differ-
ently designed studies are needed to decipher the impact
of different colours/ wavelengths to know what exactly is
perceived by the predator. In conclusion, the transparent
body form of M. ornata tadpoles appears to be a key fea-
ture ensuring larval survival and escape from predators.
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Abstract. Multiple mechanisms have evolved for the defensive recognition of foreign components, such as microor-
ganisms. The majority of immunological studies with vertebrates have been focused on endothermic species, and rela-
tively little attention has been directed toward ectothermic vertebrates. We employed a colorimetric assay designed
to compare plasma hemolytic activities based on the serum complement system (CS) activities amongst some repre-
sentative reptiles, wild and domestic birds, and mammals. Results obtained from the hemolytic assays conducted with
plasma derived from all of the animal species used showed that broad-snouted caiman had the highest activity, and no
differences were observed in the hemolytic activities of plasma from birds or the other reptile species. In contrast, the
CS activity obtained with mammalian plasma was markedly lower than that from the other taxa. This assay has many
advantages, such as the requirement of small sample volume, reproducible results, and low cost. In addition, unsensi-
tized sheep red blood cell hemolysis can be successfully used for the evaluation of innate immune system activities in
non-mammalian species; however, for mammals, it should be combined with other immunological determinates to

evaluate integral innate immunocompetence.

Keywords. Innate immunity, immunocompetence, complement system, wildlife, domestic animals.

Organisms are continually exposed to a multitude
of pathogens through contact, ingestion, and inhalation.
Multiple mechanisms have evolved for the recognition of
foreign antigens such as microorganisms. These strategies
are the result of multiple cascade events that converge in
the release of molecular signals that stimulate the recog-
nition of foreign antigens. Those mechanisms are stra-
tegically divided in two distinct, but related, systems:
acquired immunity and innate immunity. The innate
immune system also plays a critical role in priming and
stimulating the adaptive immune response (Medzhi-
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tov and Janeway, 1997). The concept of innate immunity
refers to the first line host defense that serves to restrain
infection in the early hours after exposure to microor-
ganisms (Hoffmann et al., 1999). In turn, the adaptive
immune system, more complex in nature, activates innate
effector mechanisms in an antigen-specific manner as
a second line of defense. The connections between the
various immune components are not fully understood,
but recent progress has brought us closer to an integrat-
ed view of the immune system and its function in host
defense.
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The majority of studies on vertebrate immunity
have focused on endothermic species, and relatively
little attention has been focused on ectothermic spe-
cies (reviewed in Juul-Madsen et al., 2008; Hamon and
Quintin, 2016). These species are not commonly studied
because the features that control their growth, reproduc-
tion and general physiology are largely unknown. Howev-
er, some studies have shown that the complement system,
as part of the innate mechanism of fish and other poikil-
othermic vertebrates, is more diverse than that of higher
vertebrates, and thus a broader range of antigens can be
recognized (Sunyer et al., 1998).

Crocodilians exhibit well-characterized social behav-
iors and responses to stressors that can trigger serious
disputes between co-specific species, predators, and even
conflicts with human activities. As a result, they some-
times exhibit physical trauma, serious injuries and even
the loss of entire limbs. Frequently, these animals live in
environments, either natural or captive, containing a high
concentration of potentially pathogenic microorganisms.
In most cases, crocodilians tolerate these circumstances
without showing signs of infection (Siroski et al., 2010).

The colorimetric assay used in this study detects and
characterizes the serum complement system (CS, Mer-
chant et al., 2006). It is based on the disruption of sheep
red blood cells (SRBC) by immunological proteins circu-
lating in plasma. These proteins recognize SRBCs as for-
eign antigens and initiate activation of the CS cascade,
which culminates in the formation of a protein complex
that generates a pore (membrane attack complex, MAC)
in the SRBC membrane and its subsequent lysis. Upon
lysis, released hemoglobin is quantified using a spectro-
photometer and considered proportional to the CS activ-
ity. This assay is routinely used in clinical laboratories to
assess CS activity (Nagaki et al., 1980).

To compare plasma hemolytic activity amongst dif-
ferent species of vertebrates, we collected blood samples
from reptiles, wild and domestic birds, and mammals.
Blood samples from juvenile broad-snouted caiman (Cai-
man latirostris; n = 8) were obtained from the spinal vein;
from tegu lizard (Salvator merianae; n = 6), lagoon tur-
tle (Phrynops hilarii; n = 5) and painted turtle (Trache-
mys dorbigni; n = 6) from the caudal vein. Blood samples
were obtained from wild pochard ducks (Netta peposaca;
n = 5), domestic ducks (Anas domesticus; n = 5), and
swan geese (Anser anser domesticus; n = 6) from the bra-
chial vein. Blood of following mammals were obtained
from the jugular vein: maned wolves (Chrysocyon brach-
yurus; n = 4), spider monkeys (Ateles chamek; n = 5),
and horses (Equus caballus; n = 5). All blood samples
were collected using heparinized syringes. All animals
appeared healthy, and none were undergoing antimicro-
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bial treatment. Plasma was separated within 1 h of collec-
tion by centrifugation at 1500xg for 30 min, and stored at
-18°C until analysis.

The hemolytic assay was adapted and performed to
evaluate the hemolytic properties of serum CS activity
from different animals. As mentioned above, the SRBC
hemolysis assay is based on the hemolytic disruption
of SRBCs by means of serum immunological proteins
(Merchant et al., 2005; Merchant and Britton, 2006; Mer-
chant et al., 2009; Siroski et al., 2010). Fresh SRBCs were
obtained from heparinized whole blood collected from
the jugular vein of Merino sheep (Ovis aries). Whole
blood from sheep was washed several times with phos-
phate-buffered saline (PBS, pH 7.4) until the supernatant
was clear, and then a 2% SRBC (v/v) solution was pre-
pared (Siroski et al., 2010).

To make a comparison between the hemolytic prop-
erties of plasma caused by the serum CS from different
animals against SRBC, each sample was treated indepen-
dently. Validation assays were performed with the plasma
of each species with and without ethylenediaminetet-
raacetic acid (EDTA) and mild heat treatment (56°C for
30 min), both considered as classical inhibitors of the
CS (Morgan, 2008). The tests were conducted at labora-
tory ambient temperature (25°C + 2°C) by placing 0.5 ml
of plasma from each animal together with 0.5 ml SRBC
(2% v/v in isotonic saline). After 30 min incubation, the
mixture was centrifuged and 300 pl of supernatant was
transferred to a well of a microtiter plate for analysis on
microplate reader at 540 nm.

A positive control for hemolysis was obtained by
1% SRBCs solution and 0.1% (v/v) Triton X-100. This
mix was aggressively injected and ejected several times
through a tuberculin syringe until complete hemoly-
sis was confirmed with an optical microscope (Olym-
pus BH-2, Tokyo, Japan) at 400x. Optical density of the
supernatant was measured in a microplate reader at 540
nm, and was considered to be maximum hemolysis. The
samples were performed in quadruplicate to obtain val-
id statistical evaluations and results were expressed as
the percentage of maximum hemolysis (MH%; mean +
standard error). Statistical analysis was performed using
SPSS 16.0 software (SPSS for Windows 2007). Data were
tested for normality with the Kolmogorov-Smirnov test,
and homogeneity of variances between groups was veri-
fied by the Levene test. One-way analysis of variance
(ANOVA) and Tukey’s test were used to test for differenc-
es among groups, and a P value of 0.05 was considered
statistically significant.

The hemolytic method based on the rupture of sheep
red blood cells was very effective at estimating comple-
ment activity in every species tested. Plasma samples



Comparison of complement system activities

*

*
b1 I
duck i m.:k"-

Maned wolf

Maximun hemelysis (%)

Togulizand  Horss Spidar
monkmys
caimin

Fig. 1. Results obtained from the evaluation of the complement sys-
tem activity from reptiles, wild and domestic birds and mammals. *
Indicates significant differences.

from all species responded to the exposure to SRBC solu-
tion (2%). Results obtained from the hemolytic assays of
plasma derived from ten species of vertebrates showed
that C. latirostris plasma (86.38 + 5.1) had the highest
activity (P < 0.05; Fig. 1). No differences were observed
in the %MH generated with plasma from birds and rep-
tiles other than the caiman. However, the tegu lizard had
the second highest %MH (69 + 5.2) after caiman. There
were no significant differences between %MH of domes-
tic duck, swam geese and wild pochard ducks (63 *
5.6, 56 + 8.9 and 58 * 5.9, respectively). Conversely, the
%MH obtained with mammalian plasma was markedly
lower than those from birds and reptiles. While the spi-
der monkey exhibited 31 + 2.9 activity, the maned wolf
and horse had very low values of %MH (10 + 3.9 and
10.2 + 3, respectively).

In order to eliminate the possibility that the observed
hemolysis was mediated by other hemolytic mechanisms,
the CS assay included 2 classical inactivators of the serum
complement, mild heat treatment of the serum and eth-
ylenediaminetetraacetic acid (EDTA) (Morgan, 2008).
Untreated serum, preheated serum (56°C for 30 min),
and serum treated with 50 mM EDTA were exposed to
2% (v/v) SRBCs. Data demonstrated the ability of serum
to rupture SRBC membranes (Fig. 2). In this case, %MH
values of SRBCs with EDTA (4.4 + 2.11) and heat (3.2 +
2.17) were compared. The absorbance recorded indicated
that there were significant reductions in the maximum
hemolysis of SRBCs when complement-system inhibitors
were added (P < 0.001; Fig. 2).

The hemolytic activities found for C. latirostris in this
work were similar and comparable to that values previ-
ously reported from other crocodilian species, such as
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Fig. 2. Results obtained from the evaluation of the complement sys-
tem activity from Broad-snouted caiman serum+SRBC with EDTA
and heat.

Alligator mississippiensis (Merchant et al., 2005), Croco-
dylus porosus and Crocrodylus johnstoni (Merchant and
Britton, 2006) and Crocodylus acutus (Merchant et al.,
2010). These data provide evidence that the mechanisms
of complement activities for diverse crocodilian species
are similar. The differences between the %MH values of
each species is a consequence of different habitat where
they live and therefore exposure to the large variety of
pathogens.

The greater plasma hemolytic capacity of C. latirostris
compared with that of turtle plasma had already been
indicated by Ferronato et al. (2009) for Phrynops geof-
froanus, who suggested that the higher activity detected
in crocodilian species might be due to evolutionary pres-
sure selection on this group because their environment is
rich in potentially pathogenic microorganisms. The same
reasoning might be extended to the species S. merianae,
which showed high values, similar to those of turtles, but
lower than that obtained for C. latirostris. In addition, it
is interesting the fact that the values observed in these
other reptilian species are lower than that observed for
crocodilian species. The high complement activity of S.
merianae could be associated with the aggressive behav-
iors displayed toward member of their own species. These
conspecific aggressions may have been compensated by
the evolutionary development of potent innate immunity
(Merchant et al., 2010).

Birds have been shown to have a potent nonspecific
immune mechanism based on the alternative pathway of
CS activity. Mekchay et al. (1997) reported a significant
hemolytic capacity in the plasma of birds and reported
higher complement activities in wild birds than in captive
birds raised under intensive commercial breeding condi-
tions. These results are consistent with those previously
detected by Skeeles et al. (1988) that chickens reared for
human consumption exhibited lower CS activities com-
pared to wild turkeys. Differences could be related to the
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genetic composition of these birds or reflect a difference
in the environment in which the chickens were raised.
However, the results from our study revealed no differ-
ences between species of domestic and wild birds. The
antimicrobial activity of one species of commercial poul-
try (Gallus gallus) was high, similar to that of reptiles,
possibly resulting from a common evolutionary origin
and developed in response to periodic exposure to a sig-
nificant amount of pathogens (Siroski et al., 2010).

The highest hemolytic capacity among the plasma
samples derived from mammals was detected in spider
monkeys but was still much lower than that of non-
mammalian species. Similarly, in a study conducted
to determine levels of serum hemolysis in the plasma
of nine primate species against sensitized and desen-
sitized SRBC, the results were varied, but the plasma
from primates mostly caused only a slight hemolysis of
unsensitized SRBC (Ellingsworth et al., 1983). Other
determinations were performed with camel (Camelus
dromedarius) serum where lytic capacity was evaluated
against desensitized erythrocytes from different species.
They found that the erythrocytes in homologous spe-
cies (goats, sheep, rat and bovine) were resistant to lysis,
while the effect on heterologous erythrocytes was attrib-
uted to the presence of the alternative pathway (Olaho-
Mukani et al., 1995). Similar findings were previously
reported by Arya and Goel (1992) in buffalo (Bubalus
bubalis) serum. In a study focused on the complement-
mediated disruption of erythrocytes from 18 species
of mammals and birds, it was observed that erythro-
cytes were not lysed by homologous complement, with
the exception of guinea pig complement, which weakly
lysed homologous erythrocytes, but with only 37% lysis
maximum (Ish et al., 1993).

The low hemolysis values of erythrocytes exhibited
by mammalian serum suggests that this restriction might
be involved in the regulatory principle of non-specific
and role-specific factors (Van Dijk et al., 1983). From
these studies we can assume that plasma of some mam-
mals did not hemolyze the SRBCs because they were not
recognized as foreign and thus the mammalian CS was
considered to recognize more limited range of antigens to
trigger activation.

Although the main objective was to evaluate the dif-
ferences between the activities of CS in the plasma of the
various species studied, it is important to note that the
assessment of immune function in wildlife has become
an important tool for the investigation of ecological and
evolutionary processes. The variety of tests that can be
used in wild animals are often limited by the difficulty of
capture and handling, and also difficulties of recovery or
recapture, lack of specialized specific reagents, and small
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sample sizes of the study species (Matson et al., 2005). In
this case, the assay employed had many advantages, such
as the requirement of small sample volume, reproducible
results, and low cost for the assessment of immunocom-
petence. Hemolysis of SRBCs has been used to assess the
serum complement activity of crocodilians (Merchant et
al.,, 2005; Merchant and Britton, 2006; Merchant et al.,
2010; Siroski et al., 2010; Merchant et al., 2013a, 2013b),
varanids (Merchant et al., 2012), snakes (Baker and Mer-
chant, 2018), turtles (Ferronato et al., 2009; Baker at al.,
2019), and amphibians (Major et al., 2011). The results
showed that the test of unsensitized SRBC hemolysis
can be used successfully for the evaluation of the innate
immune system in a wide variety of species of reptiles
and birds, but for mammals it should be utilized with
other immunological determinations. These findings may
reflect underlying differences in the biology and life his-
tory of each species.

Our study confirmed that the hemolytic method was
very effective and advantageous at estimating comple-
ment activity in every species tested because small plas-
ma samples from all species responded to the exposure to
SRBC solution (Merchant et al., 2006). Furthermore, this
assay allows to be routinely used in clinical laboratories
to assess CS activity. Through the use of this hemolytic
assay, we demonstrated a greater plasma hemolytic capac-
ity of C. latirostris compared with other reptiles, birds
and mammals. This means that the higher activity detect-
ed in crocodilian species might be due to evolutionary
pressure selection on this group because their environ-
ment is rich in potentially pathogenic microorganisms
and they exhibit aggressive territorial defense behaviors.
Due to the close phylogenetic linkage with the reptiles,
we built similar deductions with the group of birds.

Finally, it is important to highlight that the use of
hemolytic method in the current study offered a contri-
bution to the knowledge of comparative immunology.
Also, it could be an appropriate tool to evaluate the role
of complement in the immune function for some other
wildlife species other than reptiles and for the investiga-
tion of ecological and evolutionary processes.
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Abstract. Many environmental factors such as temperature or food level may influence growth and mortality risks of
ectothermic vertebrates in both aquatic and terrestrial habitats. In this study, plasticity in growth rates, survival, larval
period, and size at metamorphosis were examined in Bufo gargarizans gargarizans larvae under different combinations
of temperature and food level. Our results showed that larvae metamorphosed at an older age when reared at 17.3°C.
A significant interaction between food level and temperature revealed that the food level has obviously affected length
of larval period when tadpoles raised at 17.3 °C, but not at 27.3 or 31.3 °C. Also, we found clear evidence that growth
rates are influenced by both temperature and food level. Interestingly, tadpoles reared at 17.3 °C had larger size at
metamorphosis than those reared at other temperatures, suggesting that B. g gargarizans larvae reared at cold temper-
atures have a longer developmental period but they are also larger as metamorphs than conspecifics reared at warmer
temperatures. Therefore, the global climate change or local manipulations of the environment may promote growth
and development of B. g. gargarizans larvae, but not large size at metamorphosis.

Keywords. Amphibia, Anura, Bufonidae, Bufo gargarizans gargarizans, larval period, metamorphic size, phenotypic

plasticity, China.

In animals with complex life cycles, such as amphib-
ians, metamorphic size and timing are important fitness
components (Arnold and Wassersug, 1978; Wilbur, 1980).
Many environmental factors such as temperature or food
availability may influence size and age at metamorphosis
(reviewed by Alvarez and Nicieza, 2002). Generally, low
temperatures resulted in a longer developmental periods,
but larger metamorphic size than conspecifics reared at
warmer temperatures because of differential effects on
growth and differentiation (Smith-Gill and Berven, 1979;
Alvarez and Nicieza, 2002). However, previous studies
indicated that the temperature variation of the reaction
norms among species and phylogenetic groups was a puz-
zling problem, suggesting an interplay between phylogeny
and adaptation to specific habitats (aquatic and terrestrial)
(e.g., Blouin, 1992; Morand et al., 1997; Joly et al., 2005).
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A steady food supply generally elicits a younger age
and larger size at metamorphosis (Werner, 1986). This
also correlates with younger age and larger size at first
reproduction, and thus potentially higher fecundity (Har-
ris, 1999; Werner, 1986; Semlitsch et al., 1988). This varia-
tion in metamorphic traits may have strong effects on lat-
er fitness as early metamorphosis, and large size at meta-
morphosis are favoured because of their positive effects on
juvenile survival and adult fecundity (Wells, 2007).

Temperature and food availability have been studied
in numerous anurans (see review by Angilletta and Dun-
ham, 2003), but little is known about how the interac-
tion between temperature and food availability can affect
tadpole growth and development (but see: Laugen et al.,
2005; Castano et al., 2010; Courtney Jones et al., 2015;
Yu et al,, 2015). In this study, we examined the potential
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interactive effects of food level, and rearing temperature
on the plasticity of metamorphic traits of Bufo gargari-
zans gargarizans, including the length of larval period,
survival, the size at metamorphosis, and growth rate. As
model species we used Bufo gargarizans gargarizans, a
widely distributed toad, breeding in different aquatic hab-
itats (Yu and Guo, 2013), which may offer a large varia-
tion in both temperature and resource availability during
larval development.

Bufo gargarizans gargarizans is sexually dimorphic
and is widely distributed in East Asia. Female toads are
the larger sex, and clutch size is positively correlated with
female body size (means = 9325 + 279.05, range = 3275-
15880; Yu and Sharma, 2012). It is an explosive breeder
with typical breeding habitats concentrated along the
vegetated edges of large still water bodies and a relative-
ly short breeding season (6-14 days; Wells, 2007; Yu and
Sharma, 2012). The tadpoles hatch after two weeks in the
breeding ponds. The timing of larval development in nat-
ural ponds is about 50-55 days, when water temperature
varies from 6 (at night of early-March) to 29 °C (at noon
of mid-April, mean temperature less than 25 °C, Yu, per-
sonal observations). Rich Spirogyra and pondweed grow
in pond, and provide food for B. g. gargarizans tadpoles
in the larval period (Wei et al., 2011).

During the peak period of breeding activity, we col-
lected a total of 25 amplectant pairs in one population
in Shihe County (32°08’N, 114°01’E; datum = WGS84),
Henan, the central plains of China, in mid-February
2012. Those animals were transported to laboratories
close to spawning sites. We kept pairs separately in plastic
cask (20 L) filled with approximately 12-15 cm of pond
water until the eggs were deposited. Once oviposition
was completed, we collected 40 fresh eggs from each of
the egg masses from 20 B. g. gargarizans females because
five female toads did not lay eggs. On the same day, we
put all fresh eggs into two 80 L plastic containers with an
automatic aerator, and we left them there until hatching.
A total of 360 tadpoles (Gosner stage 25; Gosner, 1960)
were randomly allocated to six experimental treatments
(n = 60). Larvae were fed with commercial fish food
(Bieyanghong, Biological Co. Ltd., Hangzhou, China,
protein content, PC; protein >45%, lipids >12%, algae
>12%, fiber >4%, ash <10%). Tadpoles were exposed to
a 13L:11D photoperiod throughout the study period and
the water in the containers was changed weekly.

We used a 2x3 factorial design to examine the effects
of food level and rearing temperature on larval growth
rates and post-metamorphic performance. To evaluate
the effects of food level, half of the tadpoles in each tem-
perature treatment were placed at low mass-specific food
level (25 mg food/g tadpole per day) and a half on a high
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food regimen (50 mg food/g tadpole per day) throughout
the experiment. These food levels were chosen to be con-
sistent with the previous study on this species by Zhang
et al. (2007). For each food regimen, three different tem-
perature levels were kept across the rearing period: low
(room) temperature (17.3 + 1.33 °C; mean * SD); middle
temperature (27.3 + 1.42 °C); high temperature (31.3 +
0.56 °C). The “low” and “middle” temperature were cho-
sen because they fall within the range this species expe-
riences in the field, while “high” temperature approached
the avoidance temperature (Ma and Long, 2005). Aquar-
ium heaters (Minjiang, BaolaiHD-200, Guangzhou,
China) were used to raise the water temperature in the
“middle” and “high” treatments. For each temperature
treatment, 120 individual vessels with foam board (60 for
each diet treatment), each of which is 300 ml, were ran-
domly placed in two rectangular tanks (110 x 90 x 60
cm; L x W x H). To further minimize the possible effects
of such heterogeneity, the positions of the 120 tadpole
containers within a given temperature were reassigned at
random every three days.

After the first metamorph (defined as the emer-
gence of at least one forelimb, Gosner stage 42) was dis-
covered, the six large tanks were checked daily and all
metamorphs found were collected and kept individually
in plastic vials (8 cm diameter) with sand and 1 mm of
water until tail re-sorption was completed (Gosner stage
46). Four variables were measured: (1) age at complete
metamorphosis (number of days from the beginning of
the experiment until complete metamorphosis, Gosner
stage 46); (2) SVL (snout-to-vent length) at complete
metamorphosis (SVL was measured with digital calipers
to the nearest 0.01 mm; (3) growth rate was measured
as the SVL at complete metamorphosis divided by the
age; (4) the percentage of surviving tadpoles that meta-
morphose.

We analysed the length of larval period, SVL at met-
amorphosis, and growth rate by using a generalized linear
model (GLM) with type III mean squares and tempera-
ture, food level, and their interaction as fixed factors. We
used log-linear model to test survival. If the overall GLM
or log-linear model results were significant, the data were
analysed with ANOVAs by using post-hoc multiple com-
parisons (Fisher’s LSD) or a Chi-square test to evaluate
differences between food levels or between temperatures
(SPSS 13.0, SPSS Inc., 2004, Chicago, IL, USA). All given
P-values are two-tailed, with values presented as means +
standard error.

The effects of rearing temperature or food level on
the length of larval period were significant (tempera-
ture, F, 153 = 266.50, P < 0.001; food level, F, |43 = 38.61,
P < 0.001), as well as their interaction (F, 5= 10.08, P
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< 0.001). Tadpoles raised at 17.3 °C took longer to meta-
morphose than those raised at 27.3 and 31.3 °C (all P <
0.05, Fig 1), while no difference was found between the
latter temperature treatments. Tadpoles feeding on high
food level reached metamorphosis earlier than those
raised at low food level (P < 0.001). A significant inter-
action revealed that tadpoles raised at 17.3 °C, high food
level reached metamorphosis earlier than those raised at
low food level (post-hoc tests: P < 0.001), but there were
not different at 27.3 or 31.3 °C (both P > 0.05; Fig. 1).

The rearing temperature significantly affected SVL at
metamorphosis (F, 143 = 3.68, P = 0.027, Fig. 1), but food
level, as well as temperature x food level interaction did
not (food level: F| 143 = 2.06, P = 0.153; interaction: F, ;g3
= 1.37, P = 0.257). Tadpoles reared at 17.3 °C had signifi-
cantly larger SVL at metamorphosis than those at 31.3 °C
(P = 0.016), or marginal significantly than those at 27.3
°C (P =0.051).

The rearing temperature or food level positively
influenced growth rate (temperature, F, ;g3 = 113.89, P <
0.001; food level, F, 143 = 25.72, P < 0.001, Fig. 1), but the
interaction between rearing temperature and food level
was not significant (F, 5 = 0.37, P = 0.694). Tadpoles
feeding on a high food level had a greater growth rate
than those raised at low food level (P < 0.05). Tadpoles
reared at 17.3 °C had a lower growth rate than those
raised at 27.3 and 31.3 °C (both P < 0.001), but there was
no difference between the latter two temperature treat-
ments (P = 0.350).

Survival at metamorphosis was affected by food level
(Z = -2.65, P = 0.008): tadpoles feeding on a high food
level had a higher survival rate than those raised at low
food level. In contrast, nor the rearing temperature, nor
the interaction between temperature and food level were
significant (temperature: Z = -0.81, P = 0.416; interaction:
Z =1.52, P = 0.129; Fig. 1).

In anuran amphibians, age and size at metamorpho-
sis may be reduced with increasing temperature (Harkey
and Semlitsch, 1988; Newman, 1998; Beck and Congdon,
2000; Merila et al., 2000; Laugen et al., 2003; Palo et al.,
2003; Liess et al., 2013; Courtney Jones et al., 2015; Yu
et al., 2015). Our results confirmed that B. g. gargarizans
metamorphosed at a younger age when reared at higher
temperature. However, tadpoles reared at low tempera-
ture had larger SVL at metamorphosis than those reared
at other temperatures, which are consistent with previous
studies (Atkinson, 1994, 1996; Angilletta and Dunham,
2003; Arendt, 2011; Yu et al.,, 2016).

Temperature can affect metamorphic size in two
ways. First, temperature is a major proximal factor deter-
mining growth and development, which cause large dif-
ferences in size at metamorphosis (Smith—Gill and Ber-
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Fig. 1. Influences of temperature and food level on age, SVL,
growth rate and survival at complete metamorphosis of B. g. gar-
garizans (Gosner stage 46; black columns = high temperature; grey
columns = middle temperature; open columns = low temperature).

ven, 1979). This is the expected outcome if growth rates
are more responsive to temperature than differentiation
rates. Second, temperature may influence the extent to
which food level can affect growth and development,
which in turn influence size at metamorphosis. In our
study, food level had no effect on SVL independently
from the temperature treatment. However, cold-reared
individuals had slow growth rates compared to tad-
poles in warmer temperatures. This was also reflected in
the age at metamorphosis, which was significantly older
at low temperatures compared to higher temperatures.
Therefore, we suggested that B. g gargarizans larvae
reared at cold temperatures have a longer developmental
period but they may also become larger as metamorphs
than conspecifics reared at warmer temperatures, inde-
pendently from the available food level.

The food availability during the larval stage has
important effects on timing of metamorphosis (Leips and
Travis, 1994). Several experimental studies have demon-
strated that high food availability with a large propor-
tion of protein can produce a two-fold effect, accelerat-
ing both growth and developmental rates (Nathan and
James, 1972; Steinwascher and Travis, 1983; Pandian and
Marian, 1985). Laugen et al. (2003) suggested the effect
of high food availability for maximum growth and devel-
opment rates were larger in the warm temperature treat-
ments. In this study, at low temperature, tadpoles raised
with high food level reached metamorphosis earlier than
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those raised at low food level, but they were not different
at middle and high temperature. Thus, the effects of food
availability on larval growth were partially dependent on
developmental temperature.
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