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Abstract. Despite the abundant data on habitat use of Vipera ammodytes, most studies are purely descriptive, merely 
listing the habitats in which the species is most often found. More complete studies evaluating the habitat preference 
of the species are lacking. The intraspecific variation (i.e., interpopulation or seasonal) in habitat and microhabitat 
utilization of the species also remains a poorly studied topic. In the current study, we assessed the general patterns 
of habitat and microhabitat use of V. ammodytes and their interpopulation and seasonal variations, based on habitat/
microhabitat availability. To achieve that, we studied five different populations along a latitudinal gradient in western 
Bulgaria. In all of the studied areas, V. ammodytes showed a clear preference for various stony and rocky habitats and 
microhabitats, overgrown with herbaceous and shrub vegetation, while it avoided bare habitats, dark deciduous forests 
as well as cultivated agricultural lands. There were clear interpopulation and seasonal variations in habitat and micro-
habitat preference and spatial niche utilization. Our results suggest that habitat and microhabitat use of V. ammodytes 
depend on a combination of many factors such as season, locally specific characteristics like habitat structure and 
availability, population dynamics, food availability, physical and microclimatic conditions, and possibly on the extent 
of the interspecific competition. 

Keywords. Reptilia, spatial niche, viperidae, snakes, nose-horned viper.

INTRODUCTION

A species’ habitat is defined as the biotic and abiotic 
conditions that allow the survival and reproduction of 
this species (Hall et al., 1997; Morrison, 2009). A micro-
habitat is a smaller-scale subset of a habitat, which rep-
resents a specific place or a physical requirement of the 
species in a given habitat (Connell, 1961; Lugo et al., 
1999; Petren, 2001; Bailey, 2009; Keith et al., 2020). A 
habitat can include several microhabitats, which may dif-
fer in their structure or conditions (i.e., vegetation, light 
exposure, humidity, temperature, air circulation) (Con-
nell, 1961; Lugo et al., 1999; Petren, 2001; Bailey, 2009; 
Keith et al., 2020). Therefore, when researching the spa-

tial niche of a particular species, it is important to assess 
both its habitat and microhabitat requirements to bet-
ter understand its utilisation of the environment. Such 
assessments are crucial for properly and effectively deliv-
ering conservation actions on a target species.

Many snakes are generally sedentary animals with 
low dispersal abilities so their distribution usually 
depends on both the climatic and habitat characteristics 
of the environment. The microclimatic and microhabitat 
conditions play a major role in snakes’ habitat selection 
(Vitt and Caldwell, 2014). For instance, the presence of 
stony microhabitats often plays a major role in the hier-
archical selection of habitats as they provide snakes with 
favorable thermal conditions for thermoregulation and 
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easy access to shelter from extreme environmental con-
ditions or predators (Reinert, 1993; Kurek et al., 2018). 
Habitat use may vary across seasons, age groups, and 
populations of the same species, or depending on the 
reproductive status of individuals (Reinert, 1984, 1993; 
Sweet, 1985; Shine, 1986; Seigel, 1986; Burger and Zap-
palorti, 1989; Luiselli et al., 1994; Charland and Gregory, 
1995; Webb and Shine, 1998). Habitat use variability can 
be due to different factors, such as habitat and microhabi-
tat availability, presence and location of suitable areas for 
hibernation and/or thermoregulation, or differences in 
food abundance between habitats (Reinert and Kodrich, 
1982; Huey et al., 1989; Madsen and Shine, 1996). More-
over, variability is also common in microhabitat use 
(Neumeyer, 1987; Brito, 2003; Martínez-Freiría et al., 
2010; Strugariu et al., 2011).

European vipers usually adhere to a certain small to 
medium-sized home range territory throughout most of 
their lives (Neumeyer, 1987; Naulleau et al., 1996; Saint 
Girons, 1997; Brito, 2003; Weinmann et al., 2004; Grait-
son, 2008; Plasinger et al., 2014; Dyugmedzhiev et al., 
2020). When hibernating sites, sites for thermoregulation, 
shelters from unfavorable climatic conditions or preda-
tors, and a sufficient food base are all available within a 
given small territory, vipers can inhabit it throughout 
the entire activity period (Saint Girons, 1952, 1980; Neu-
meyer, 1987; Naulleau et al., 1998; Thomas, 2004; Wol-
lesen and Schwartze, 2004). However, places suitable for 
hibernation, those with high food availability or with 
suitable summer’ microclimatic conditions, often do not 
coincide. In such places, vipers conduct seasonal migra-
tions from the hibernating areas to the summer habi-
tats, and in autumn, they return to the hibernating areas 
(Duguy, 1963; Viitanen, 1967; Prestt, 1971; Saint Girons, 
1980; Naulleau et al., 1998; Anderson, 2003; Wollesen 
and Schwartze, 2004; Graitson, 2008). The scales of these 
migrations depend on individual locality, with the biggest 
documented migrations being for Vipera berus (Linnaeus, 
1758), from England and Finland, where some individu-
als may travel up to 1.5-2 km from the hibernating areas 
to the summer habitats (Viitanen, 1967; Prestt, 1971).

The nose-horned viper, Vipera ammodytes (Lin-
naeus, 1758), is distributed from the western foothills 
of the Alps across the entire Balkan Peninsula and 
many Aegean islands to north-western and northern 
Asia Minor and the Lesser Caucasus (Speybroeck et 
al., 2016). Throughout its range, it inhabits a wide vari-
ety of habitats. However, the species is most frequently 
found in different types of open and sunny stony or 
rocky habitats with shrubs and grasses, also in differ-
ent types of open deciduous forests (Tuleshkov, 1959; 
Bruno, 1967; Beshkov, 1993; Ioannidis and Bousbouras, 

1997; Stumpel and Hahn, 2001; Heckes et al., 2005; 
Crnobrnja-Isailović et al., 2007; Plasinger et al., 2014; 
Mebert et al., 2015; Ghira, 2016). Within this wide vari-
ety of habitats, however, nose-horned vipers usually 
adhere to stony and rocky microhabitats (Beshkov, 1993, 
Mebert et al., 2015; Ghira, 2016). The microhabitat type 
is considered one of the main determinants for popula-
tion density of the species because optimal microhabi-
tats provide more access to shelter and a richer food 
base for the vipers (Ghira, 2016). 

Despite the abundant data on the habitat use of 
Vipera ammodytes, most studies only describe the vari-
ety of habitats in which the species is found. More com-
plete studies, taking into consideration habitat availability, 
in order to evaluate the habitat preference of the spe-
cies, are lacking. To date, the intraspecific variation (i.e., 
interpopulation or seasonal) in habitat and microhabitat 
use of the nose-horned viper also remains a poorly stud-
ied topic, with data mainly on the seasonal variations 
in habitat and microhabitat use. In Serbia, Montenegro, 
and Northern Macedonia, males are usually detected in 
spring, exploiting open deciduous forests with southwest 
exposure; females are most often detected in summer, in 
rocky habitats with east and south exposure (Crnobrnja-
Isailović et al., 2007). In Bulgaria, in early spring and 
late autumn, nose-horned vipers mainly inhabit rocky 
and stony sunny terrains with scarce vegetation (Beshk-
ov, 1993). From the late spring until the beginning of 
autumn, vipers conduct short migrations to adjacent 
habitats, such as herbaceous vegetation, shrublands, and 
forests, often close to water sources (Beshkov, 1993). To 
date, there are no studies comparing habitat and micro-
habitat use among different populations of the nose-
horned viper.

In Bulgaria, V. ammodytes is widespread throughout 
the country, except in the high mountains and urban-
ized or intensively cultivated agricultural lands (Sto-
janov et al., 2011). The current study aims to assess 
the general patterns of habitat and microhabitat use of 
V. ammodytes, based on habitat/microhabitat availabil-
ity. In light of the available literature on vipers’ habitat 
and microhabitat use, and under the assumption that 
nose-horned viper habitat and microhabitat use can 
vary among populations, the following hypotheses were 
tested: 1) V. ammodytes prefers various stony and rocky 
habitats and microhabitats, overgrown with shrubs and 
herbaceous vegetation; 2) habitat and microhabitat pref-
erence are highly dependent on their respective avail-
ability; 3) habitat and microhabitat preferences vary 
among different populations of V. ammodytes; 4) habitat 
and microhabitat use vary between the different seasons 
of the activity period.
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MATERIALS AND METHODS

Study sites

Five sites along the latitudinal gradient in western 
Bulgaria were studied: 1) near Karlukovo Village, north-
western Bulgaria (43°10’N, 24°3’E; 111-250 m a.s.l.); 
2) near Gara Lakatnik Village, north-western Bulgaria 
(43°5’N; 23°23’E; 352-733 m a.s.l.); 3) near Balsha Village, 
the central parts of western Bulgaria (42°51’N; 23°15’E; 
652-853 m a.s.l.); 4) near Bosnek Village, the central parts 
of western Bulgaria (42°29’N, 23°11’E; 942-1332 m a.s.l.); 
5) the “Gabrovitsa” area in the Kresna Gorge, south-
western Bulgaria (41°46’N, 23°9’E; 165-488 m a.s.l.; pre-
sented as “Kresna” in the tables and figures). Both sites 1 
and 2 are karst valleys along the Iskar River, with steep 
rock cliffs, and patches of deciduous forests. Site 3 is an 
abandoned quarry, surrounded by fields, bare hills, and 
deciduous forests. Site 4 is a middle-mountain karst val-
ley along the upper reaches of the Struma River, with 
rocky slopes, vegetated with shrubs and thin deciduous 
forests. Site 5 is a plain area along the middle reaches of 
the Struma River, vegetated with grass, scattered shrubs, 
and abandoned vineyards and surrounded by steep stony 
slopes overgrown with forest vegetation. Map and photo-
graphs of the sites are presented in Dyugmedzhiev et al. 
(2020). All sites fall in the temperate-continental climate 
zone except site 5, which lies in the continental-Mediter-
ranean zone (Kopralev, 2002).

Fieldwork

Fieldwork was conducted mainly between April and 
September from 2014 to 2017, and each site was visited 
regularly once per month in 2014 and twice per month 
from 2015 onwards. Visits were also made between Janu-
ary–March and October–December, however, they were 
not evenly distributed among sites. Each visit lasted 
one day. All visits were made on days with daily tem-
peratures above 15 °C, on which vipers’ activity could be 
expected (Dyugmedzhiev et al., 2021). Searches started 
when morning temperatures reached at least 15-16 °C: 
usually around 12:00 in winter, at 11:00 in March, Octo-
ber, and November, at 9:00 in April, May, and September 
and at 8:00 during the summer. From October to March, 
searches continued until ambient temperatures dropped 
below 13-14 °C, which was usually in the afternoon. From 
April to September, searches continued until dusk (i.e., 
around 30 minutes before dark), however, during some 
days vipers were also searched throughout parts of the 
night, usually until 23:00-24:00. Search efforts covered 
the entire vicinity of the study sites, with the exception of 

some physically inaccessible areas (e.g., too thick patches 
of shrubs, very steep rock cliffs). The same route scheme 
was followed in each visit, which covered parts of each of 
the different habitat types in a site. However, due to the 
different size areas of the different habitat types, the search 
effort was not equal across habitats. Vipers were located 
by sight as well as by inspection of potential shelters such 
as under stones and logs or inside rock crevices. Geo-
graphic position (Garmin eTrex 20; precision: 5 m), habi-
tat and microhabitat characteristics of the location were 
recorded for each viper or viper’s molt found. Habitat 
types were categorized visually, based on a list of habitat 
categories generated from the mobile application Smart-
Birds Pro (Popgeorgiev et al., 2015). A total of 24 habitat 
type categories were derived (see Table 1). Microhabitat 
characteristics of the location were categorized according 
to the percentage of trees/shrubs, grasses, stones/rocks, 
water surfaces, and roads within a radius of 2.5 m from 
the snake’s location (Martínez-Freiría et al., 2010; Mebert 
et al., 2015; Dyugmedzhiev et al., 2019). Based on the 
period of observation, seasons were categorized as spring 
(beginning of March-end of May), summer (beginning of 
June-end of August), and autumn (beginning of Septem-
ber-end of November). Captured vipers were measured 
(snout to vent [SVL] and tail length [TL]; precision 0.5 
cm), weighted (precision: 0.01 g), color marked, and pho-
tographed for individual identification (Dyugmedzhiev et 
al., 2018) and then released on the site of capture, usually 
within 15-30 min following the capture.

Statistical analyses 

Individuals found more than once throughout the 
day were included in the analyses only with the data from 
the first observation since the capture and measuring 
procedures can cause changes in vipers’ natural activity 
patterns. Pre-shedding vipers (2-3 days before the shed-
ding) usually avoided conducting long movements until 
they shed their skin and mostly basked or hid in shelters 
within a very small area, until shedding their skin. There-
fore, found molts were considered a reliable source of 
habitat and microhabitat selection of pre-shedding vipers. 
To avoid collecting data for the same molt in two differ-
ent field visits (pseudoreplication), each found molt was 
torn apart and removed from the site. Dead animals were 
excluded from the analyses, as it was impossible to objec-
tively assess whether they died while passing through the 
habitat on their way to a neighboring, more suitable one, 
or whether they actually stayed in this particular habitat 
prior to their death.  

Habitat preference was analyzed with Ivlev’s index. 
The index is calculated with the formula:
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             (1)

where U is the number of observed individuals in habi-
tat i / number of observed individuals in all habitats, 
and A is the size area of habitat i / total size area of all 

habitats (Kenward, 1992). Positive values of this index 
indicate that the habitat is used more often than expect-
ed, based on its availability, and negative values indicate 
that it is less used. Values of -1 of this index indicate that 
the habitat is not used at all. The area of each habitat 
type was drawn out via satellite pictures, obtained from 

Table 1. Description of the characteristics of the different habitat types in which vipers were searched for and the microhabitat characteris-
tics, presented by the percentage of trees/shrubs, grasses, and stones/rocks in the places where vipers were observed in each habitat. Values 
are expressed as “means ± SD (Min-Max)” when n > 1, “[absolute value]” when n = 1, or “–” when n = 0.

Habitat type
Microhabitat characteristics

Trees/Shrubs Grass Stones/Rocks

H1: Rocks / screes (natural) with scattered shrubs and trees growing on them 23.45 ± 8.57
(10 – 50)

18.97 ± 8.17
(0 – 40)

57.59 ± 8.72
(30 – 70)

H2: Abandoned quarries overgrown with a mixture of grasses, shrubs and scattered trees 26.38 ± 12.26
(0 – 50)

18.07 ± 13.73
(0 – 70)

55.71 ± 14.47
(20 – 90)

H3: Abandoned old buildings and ruins 13.33 ± 5.77
(10 – 20)

43.33 ± 25.17
(20 – 70)

43.33 ± 25.17
(20 – 70)

H4: Stone piles / stone walls  (man-made) overgrown with grass, and with only scattered 
shrubs present

17.5 ± 13.88
(0 – 30)

41.25 ± 18.85
(20 – 70)

40 ± 10.69
(20 – 50)

H5: Stone piles / stone walls (man-made) entirely or almost entirely overgrown with 
shrubs

30 ± 9.29
(10 – 50)

33.65 ± 12.05
(10 – 70)

36.15 ± 8.44
(20 – 60)

H6: Stone piles / stone walls (man-made) entirely or almost entirely overgrown with a 
mixture of trees and shrubs

40.5 ± 8.87
(20 – 50)

21.5 ± 14.61
(0 – 50)

38 ± 19.56
(10 – 60)

H7: Rocky / stony areas (natural), overgrown with a mixture of grass and shrubs 24.02 ± 14.57
(0 – 70)

32.61 ± 14.66
(0 – 80)

43.01 ± 13.73
(0 – 80)

H8: Rocky / stony road scarps (man-made) overgrown with a mixture of grass and shrubs 22.67 ± 10.81
(0 – 40)

23 ± 12.64
(0 – 50)

32.33 ± 9.35
(20 – 60)

H9: Light highly sparse deciduous forests with shrub undergrowth, growing on rocky / 
stony areas

30 ± 11.55
(20 – 40)

32.5 ± 9.57
(20 – 40)

42.5 ± 5
(40 – 50)

H10: Rivers and streams [10] [0] [30]
H11: Rocky / stony areas (natural) entirely or almost entirely overgrown with trees and 
shrubs

23.75 ± 15.98
(0 – 40)

25 ± 13.09
(10 – 40)

47.5 ± 19.82
(20 – 80)

H12: Light mediumly sparse deciduous forests with shrub undergrowth, growing on rocky 
/ stony areas

37.35 ± 14.42
(10 – 80)

18.09 ± 12.73
(0 – 60)

44.56 ± 15.3
(10 – 80)

H13: Bare or almost bare rocks / screes with a very sparse grass vegetation growing on 
them

20 ± 15.19
(0 – 40)

23.57 ± 10.08
(10 – 50)

57.86 ± 17.62
(30 – 90)

H14: Dirt roads 10 ± 14.14
(0 – 20)

15 ± 7.07
(10 – 20)

20 ± 0
(20 – 20)

H15: Ecotone – bordering area between a forest and an open habitat, overgrown with 
mixture of trees, shrubs and grasses

40 ± 13.09
(10 – 50)

48.75 ± 14.58
(30 – 80)

11.25 ± 8.35
(0 – 30)

H16: Shrubbery area without or with very few stones /rocks 35 ± 21.21
(20 – 50)

30 ± 14.14
(20 – 40)

35 ± 7.07
(30 – 40)

H17: Мeadows / pastures with scattered shrubs and no or very few stones /rocks on them 30.71 ± 13.28
(10 – 60)

45 ± 14.54
(30 – 70)

24.29 ± 11.58
(0 – 40)

H18: Asphalt roads – – –
H19: Abandoned bare or almost bare quarries with a very scarce vegetation – – –
H20: Dry ravines in thick and dark deciduous forests with shrub undergrowth – – –
H21: Grassy road scarps (man-made) without  or with very few rocks / stones – – –
H22: Mud / dirt / muck areas without vegetation – – –
H23: Bare sand screes without vegetation – – –
H24: Abandoned old gardens / vineyards / pastures, which are not cultivated or planted 
anymore – – –
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Google Earth Pro, and its size was calculated with Arc-
GIS v. 10.4.1. (ESRI, Redlands, CA, USA). Ivlev’s index 
was calculated for each available habitat type, both for 
the combined data from all populations and for each 
separate population. In order to assess the local varia-
tion in habitat preference, two types of habitat preference 
were derived, general and local. The estimated values of 
each habitat type’s Ivlev’s index based on the combined 
data from all populations were used as reference values 
to assess the general species’ habitat preference. The esti-
mated index values for each separate population were 
then used to assess the local preference of habitat types, 
which were then compared to the general preference for 
evaluating the interpopulation variations in habitat pref-
erence. For this purpose, habitat types were divided into 
four categories, based on the values of the Ivlev’s index: 
preferred, PR – habitat types with values between 0.5 and 
1;  often used, OU – habitat types with values between 
0.5 and 0; rarely used, RU – habitat types with values 
between 0 and -0.5; avoided, AV – habitat types with 
values between -0.5 and -1. Therefore, if a certain habi-
tat type is placed within different categories based on the 
values for general and local preference, this was consid-
ered as an indication of local variation in preference of 
this habitat type. 

To analyze the breadth of each population’s spatial 
niche, Levins’ index (B) was used. This index was calcu-
lated by the formula:

            (2)

where pi is the relative proportion of individuals found 
in habitat i compared to the number of individuals in all 
habitats (Krebs, 1999). The index was standardized via 
the formula:

         (3)

where B is the Levins’ index, and n is the number of hab-
itats, thus, the index vary from zero to one, with a value 
of zero indicating maximum specialization (all individu-
als are found in only one of the habitats), a value of one 
– absence of specialization (equal number of individuals 
in all habitats) (Cooper-Bohannon et al., 2016). A clus-
ter analysis (by the commonly used UPGMA algorithm) 
based on the Morisita’s similarity index was used to com-
pare the different populations in regard to habitat use and 
to assess potential latitude-based patterns in habitat use. 
This index was estimated using a frequency matrix rep-
resenting the number of observations of vipers in each 

habitat type for each separate population. This similar-
ity index was chosen, as it is the most robust and inde-
pendent of sample size when the number of individuals is 
used for its calculation (Wolda, 1981). The combined data 
for both a live individuals and found molts were used for 
the calculation of each of the three indices, used to assess 
general and interpopulation patterns of habitat use.

A correspondence analysis was used to evaluate the 
general seasonal variations in habitat use based on the 
combined data from all five populations. This analysis 
was used to clarify which habitat types are associated 
with each separate season (Rohlf, 1988). A frequency 
matrix representing the number of observations of live 
individuals in each habitat type for each of the seasons 
was used for this analysis. Habitat types in which vipers 
were never observed were excluded from this frequen-
cy matrix. When sample size allowed it, the differences 
within a separate population between the number of 
observations of vipers in a particular habitat type during 
the different seasons were analyzed with a χ2 test. Infor-
mation provided by the found molts were excluded from 
all analyses on seasonal variation of habitat and micro-
habitat use because often was not possible to assess in 
which season a particular moult was shed. Due to the 
smaller and uneven sample sizes for sites 4 and 5, in 
which most of the vipers were found in spring (Table S1), 
the seasonal patterns of habitat and microhabitat use of 
those populations were not analyzed.

Since a normal distribution of the data could not be 
achieved (Kolmogorov-Smirnov & Liliefors, P < 0.05), a 
Kruskal-Wallis H test was used to analyze the microhabitat 
use of the species. Due to the low percentage of water sur-
faces and roads, only the data for trees/shrubs, grasses, and 
stones/rocks were used as groups in the analyses. The use 
of each of these three groups was compared between dif-
ferent populations with the combined data for all seasons, 
as well as between different seasons for each separate pop-
ulation with sufficient sample size (i.e., sites 1, 2, and 3). 

Kruskal-Wallis H test, χ2 test, and correspondence 
analysis were processed with Statistica 10.0 (StatSoft, Inc. 
2011). Morisita’s similarity index was calculated using 
Past 3.25 (Hammer et al., 2001). Statistical significance 
was accepted at P < 0.05.

RESULTS

General habitat preference

A total of 708 records of Vipera ammodytes (651 a live 
individuals and 57 molts) from the five study sites were 
used to analyze the species’ habitat preference: 244 from 
Karlukovo (223 a live and 21 molts), 168 from Lakatnik 
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(160 a live and 8 molts), 163 from Balsha (149 a live and 
14 molts), 65 from Bosnek (58 a live and 7 molts) and 
68 from Kresna Gorge (61 a live and 7 molts) (Table S1). 
Vipers were found in 17 of all 24 available habitat types. 
The analyses of the combined data for all populations 
revealed that, based on the values of the Ivlev’s index, five 
habitat types are preferred (PR: H1-H5), four are often 
used (OU: H6-H9), four are rarely used (RU: H10-H13) 
and 11 are avoided (AV: H14-H24) (Fig. 1A).

Interpopulation variations in habitat use

In site 1 (Karlukovo), vipers were found in six of 
all 12 available habitat types: one habitat type classified 
as OU, two as RU, and three as AV (Fig. 1B). The habi-
tat types with the largest areas were the ones classified as 
OU, followed by the AV and the RU categories (Fig. 2). 
The PR category was the one with the smallest area (Fig. 
2; Table S1). The local preference of four habitat types dif-
fered from the general habitat preference – H2, H3, H10, 
and H13 (Figs. 1A and B). In site 2 (Lakatnik), vipers 
were found in seven of all nine available habitat types: two 
PR, one OU, and four RU (Fig. 1C). The most available 
habitat types were the OU and the RU, while the AV and 
the PR habitat types were with much smaller size (Fig. 2; 
Table S1). The local preference of three habitat types dif-
fered from the general habitat preference – H6, H7, and 
H9 (Figs. 1A and C). In site 3 (Balsha), vipers were found 
in eight of all 15 available habitat types: three PR, two OU, 
and three RU (Fig. 1D). The most available habitat types 
were the AV, followed by the RU, while the PR and the 
OU were with much smaller size (Fig. 2; Table S1). The 
local preference of three habitat types differed from the 
general habitat preference: H4, H6, and H12 (Figs. 1A and 
D). In site 4 (Bosnek), vipers were found in six of all 12 
available habitat types: four OU, one RU, and one AV (Fig. 
1E). The most available habitat types were the OU, fol-
lowed by the RU and the AV, while the PR covered a neg-
ligible size (Fig. 2; Table S1). The local preference of five 
habitat types differed from the general habitat preference: 
H1, H6, H10, H11, and H13 (Figs. 1A and E). In site 5 
(Kresna Gorge), vipers were found in seven of all 11 avail-
able habitat types: three PR, one OU, one RU, and two AV 
(Fig. 1F). The AV clearly dominated in abundance, while 
the PR, the OU, and the RU were with much smaller size 
(Fig. 2; Table S1). The local preference of three habitat 
types differed from the general habitat preference: H1, H6, 
and H15 (Figs. 1A and F).

In each of the five sites, V. ammodyes had very nar-
row niche breadth and the species used the available hab-
itat types very unevenly. The values of the Levins’ index 
were close to 0 for all sites. They were the lowest in site 

1 (Bst = 0.03), followed by sites 3 and 4 (Bst = 0.06 and 
0.07, respectively), and were the highest in sites 5 and 
2 (Bst = 0.13 and 0.19, respectively). The cluster analy-
sis showed no grouping pattern based on latitude. Site 4 
and site 1 were grouped together, followed by site 2. Site 
3 was grouped as an outside group from the latter three, 
and site 5 – as an outside group of the combined cluster 
of sites 1-4 (Fig. 3).

Seasonal variations in habitat use

The analysis of the combined data from all five popu-
lations revealed a clear seasonal variation in habitat use. 
The first two dimensions of the correspondence analysis 
explained 100% of the variance (Fig. 4). Separation based 
on the first dimension was weak. The second dimension, 
however, clearly separated summer from both spring and 
autumn. Three habitat types were grouped closer to sum-
mer than to spring and autumn – H1, H6, and H7. Four 
habitat types were grouped between spring and autumn 
(H2, H8, H11, and H12), and four were closer to spring 
(H4, H5, H15, and H17). The rest of the habitat types did 
not group close to any of the seasons. 

In site 1, there was a statistically significant difference 
between the number of observations of vipers in the dif-
ferent seasons for each of the two habitat types with suf-
ficient sample size for the χ2 test – H7 and H12 (Table 2). 
H7 was more used in summer than in the other two sea-
sons, while in H12, the opposite trend was present (Table 
S1). In site 2, four habitat types had a sufficient sample 
size for the χ2 test – H1, H7, H8, and H12. A statistical-
ly significant difference was present only for H1 and H7 
(Table 2), with both being more used in summer than 
in the other two seasons (Table S1). In site 3, two habi-
tat types had sufficient sample sizes for the χ2 test, H2, 
and H5, with statistically significant differences present 
only for H2 (Table 2). This habitat type was much more 
used in spring and autumn, while in summer vipers were 
found rarely in it (Table S1).

Interpopulation variations in microhabitat use

In the studied populations of V. ammodytes from the 
northern and central parts of western Bulgaria (Sites 1, 2, 
3, and 4), vipers were found mostly in stony-rocky micro-
habitats with less presence of grasses and trees/shrubs. 
Moving south to site 5 there was a gradual decrease in the 
amount of stones/rocks at the expense of an increase in 
grasses and trees/shrubs in the microhabitats occupied by 
the species, with the latter two components having equal 
presence to that of the stones/rocks (Fig. 5A). Statistically 
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Fig. 1. General and local habitat preference of V. ammodytes based on the values of the Ivlev’s index. А) Categorization of the different habi-
tat types, based on the values for general preference of the Ivlev’s index, calculated with the combined data from all five populations; cat-
egorization of the different habitat types, based on the values for local preference of the Ivlev’s index, calculated for Karlukovo (B), Lakatnik 
(C), Balsha (D), Bosnek (E) and Kresna Gorge (F). Different preference categories are presented with different colors: green bars – preferred 
habitat types, PR; blue bars – often used habitat types, OU; orange bars – rarely used habitat types, RU; red bars – avoided habitat types, AV. 
For abbreviations of the habitat types, see Table 1.
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significant differences were found between some of the 
populations. Regarding the presence of trees/shrubs, sta-
tistically significant differences were found between the 
population from site 5 and those from both sites 1 and 
2 (Table 3). Site 5 had the highest values for trees/shrubs 
presence, compared to all five populations, while site 2 
had the lowest values (Fig. 5A). In regards to the presence 
of grasses, both the populations from sites 3 and 5 differed 
significantly from each of the other populations (Table 3). 
The presence of grasses was the lowest in site 3 and was 
the highest in site 5 (Fig. 5A). In regards to the presence 
of stones/rocks, again the population in site 3 differed 
significantly from the other populations. The population 
from site 5 was significantly different from the other pop-
ulations, with the exception of site 4, where the result was 

Fig. 2. Area of the different habitat type categories in the different 
study sites, based on the values for the general habitat preference 
of the Ivlev’s index, calculated with the combined data from all five 
populations. The most abundant habitat types from each preference 
category are presented within the bar, except those from the AV 
category, which are presented combined. Habitat types with very 
small areas are presented combined as “Other”. For abbreviations 
and exact size of the habitat types, see Table 1 and S1, respectively.

Fig. 3. Similarity in habitat use of V. ammodytes between the five 
studied populations, based on the Morisita index.

Fig. 4. Grouping between habitat types used by V. ammodytes and 
seasons, based on the results from the first two dimensions of the 
correspondence analysis. For abbreviations of the habitat types, see 
Table 1.

Table 2. Results from the χ2 test between the number of observa-
tions of vipers during the different seasons in habitat types with 
sufficient sample size for each of the five populations. For abbrevia-
tions of the habitat types, see Table 1.

Population Habitat type χ2 df P

Karlukovo
H7 10.78 2 0.005

H12 11.51 2 0.003

Lakatnik

H1 14.33 2 0.0008
H7 8.38 2 0.02
H8 3.91 2 0.14

H12 1.91 2 0.39

Balsha
H2 14.87 2 0.0006
H7 1.99 2 0.37
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at the threshold of statistical significance (P = 0.05; Table 
3). The presence of stones/rocks was the highest in site 3, 
while it was the lowest in site 5 (Fig. 5A).

Seasonal variations in microhabitat use

Seasonal variations in the characteristics of the 
microhabitats used by V. ammodytes were present only 
in sites 1 and 3. In site 1 the presence of all three com-
ponents (trees/shrubs, grasses, and stones/rocks) varied 
across seasons (Fig. 5B). The presence of trees/shrubs was 
the lowest in summer and the results between summer 
and autumn were statistically significant (Table 4). The 
presence of grasses decreased in autumn and the results 
between summer and autumn were statistically signifi-

cant (Table 4). The presence of stones/rocks in summer 
was slightly higher than in the other two seasons and 
statistically significant differences were present between 
summer and spring (Table 4). In site 3, the presence of 
both grasses and stones/rocks differed significantly in 
summer, compared to spring and autumn (Table 4). The 
presence of grasses increased in the summer microhabi-
tats of vipers, in contrast to that of stones/rocks, which 
decreased during this season (Fig. 5D).

DISCUSSION

In the five study sites, V. ammodytes showed a very 
narrow spatial niche, exhibiting a preference for different 
types of stony and rocky habitats and microhabitats, cov-

Fig. 5. Comparison of the microhabitat characteristics, presented as the percentage of trees/shrubs (grey), grasses (white), and stones/rocks 
(black) in the places of observations of V. ammodytes. A) Five studied sites with the combined data from the different seasons; different 
seasons for Karlukovo (B), Lakatnik (C), and Balsha (D). Bosnek and Kresna Gorge are not presented, due to the insufficient sample size for 
these populations. 
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ered with herbaceous and shrubby vegetation (Fig. 1). In 
contrast, the species clearly avoided bare habitats, dark 
deciduous forests, and agricultural habitats without or 

with very low presence of stones (Fig. 1). Our results are 
in agreement with the available literature about habitat use 
of V. ammodytes (Tuleshkov, 1959; Bruno, 1967; Beshk-
ov, 1993; Stumpel and Hahn, 2001; Heckes et al., 2005; 
Plasinger et al., 2014; Mebert et al., 2015; Ghira, 2016). 

Interpopulation variations in habitat and microhabitat use

Although there were some clear differences in habitat 
use and spatial niche breadth between the different popu-
lations in the current study, no latitude-based patterns 
were evident. Interestingly, it seems that the availability 
of suitable habitats was not the only factor to explain the 
interpopulation variations in habitat use. For instance, 
even though the OU habitat type H7 was the most abun-
dant habitat in sites 1, 2, and 4, and its abundance was 
equal between the first two, in sites 1 and 4 (Fig. 2) this 
habitat was used much more often (and thus, was locally 
classified as OU), than in site 2, where it was classified as 
RU (Fig. 1). Similarly, the PR habitat type H2 was only 
slightly less abundant in site 1 compared to site 3 (Fig. 
2). However, in site 1 this habitat was used much more 
rarely (and was classified as RU) than in site 3, where it 
was one of the most preferred habitats (Fig 1), at least 
in spring and autumn (see below). Therefore, it appears 
that habitat use does not depend solely on the availabil-
ity of suitable habitats, but probably on a combination of 
factors. Such factors might be the local characteristics, 

Table 3. Results of Kruskal-Wallis H tests assessing differences in 
three microhabitat characteristics (Trees/Shrubs, Grasses, Stones/
rocks) among the five different populations.

Trees/Shrubs: Kruskal-Wallis H test: H = 20.56, P = 0.004, n = 648

Lakatnik Balsha Bosnek Kresna

Karlukovo 1 1 0.99 0.02
Lakatnik – 0.11 0.12 0.0009
Balsha 0.11 – 1 0.48
Bosnek 0.12 1 – 1

Grasses: Kruskal-Wallis H test: H = 58.06, P < 0.0001, n = 648

Lakatnik Balsha Bosnek Kresna

Karlukovo 1 < 0.00001 1 0.005
Lakatnik – 0.0003 1 0.0009
Balsha 0.0003 – 0.03 < 0.00001
Bosnek 1 0.03 – 0.008

Stones/rocks: Kruskal-Wallis H test: H = 75.62, P < 0.0001, n = 648

Lakatnik Balsha Bosnek Kresna

Karlukovo 1 0.003 0.21 < 0.00001
Lakatnik – 0.004 0.37 < 0.00001
Balsha 0.004 – 0.00003 < 0.00001
Bosnek 0.37 0.00003 – 0.05

Table 4. Results of Kruskal-Wallis H tests between the microhabitat characteristics in the places of observations of V. ammodytes during the 
different seasons in the population around Karlukovo (second row) and Balsha (sixth row). The p-values from the post-hoc tests testing for 
differences in the presence of the three microhabitat components between the different seasons in the two populations are presented in rows 
3-5 and 8-10, respectively. Sp – spring; Su – summer; Au – autumn.

Karlukovo

Shrubs:
Kruskal-Wallis H test:
H = 15.58, P = 0.0004, 

n = 220

Grasses:
Kruskal-Wallis H test:
H = 12.04, P = 0.002, 

n = 220

Stones/rocks:
Kruskal-Wallis H test:

H = 8.55, P = 0.01, 
n = 220

Su Au Su Au Su Au
Sp 0.09 0.55 Sp 1 0.07 Sp 0.03 1
Su – 0.00004 Su – 0.003 Su – 0.08

Balsha

Shrubs:
Kruskal-Wallis H test:

H = 3.99, P = 0.14, 
n = 147

Grasses:
Kruskal-Wallis H test:

H = 23.33, P < 0.00001, 
n = 147

Stones/rocks:
Kruskal-Wallis H test:

H = 19.99, P < 0.00001, 
n = 147

Su Au Su Au Su Au
Sp 0.19 0.56 Sp 0.00002 1 Sp 0.0004 1
Su – 1 Su – 0.0002 Su – 0.0001
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habitat structure, and microclimatic conditions of the site 
(Reinert, 1984; Burger and Zappalorti, 1989; Kurek et al., 
2018), population dynamics (Viitanen, 1967; Prestt, 1971; 
Luiselli et al., 1994; Charland and Gregory, 1995), or food 
abundance in the different habitats (Luiselli et al., 1994; 
Madsen and Shine, 1996; Luiselli, 2006). 

In contrast to habitat use, there were some latitude-
based patterns in vipers’ microhabitat utilization. In the 
populations from the northern and central parts of west-
ern Bulgaria (sites 1-4), vipers were found mainly in 
stony-rocky microhabitats with less presence of shrubs 
and grasses, a pattern also reported for populations from 
other parts of the species range (Mebert et al., 2015; Ghi-
ra, 2016). Going south, however, to the southernmost 
population (site 5), vipers were found in microhabitats 
with more shrub and grass presence, equal to that of the 
stones/rocks. The structure and conditions (e.g., vegeta-
tion, light exposure, temperature, humidity) of the differ-
ent microhabitats within a particular habitat may differ 
(Connell, 1961; Lugo et al., 1999; Petren, 2001; Bailey, 
2009; Keith et al., 2020) and this might be why latitude-
based differences were evident in microhabitat but not in 
habitat use. The observed differences in microhabitat use 
might be due to one of several reasons, or to a combi-
nation of most or all of them. First of all, these patterns 
might be a consequence of the specific characteristics of 
the different studied areas. Sites 1-4 were located in karst 
terrains, while site 5 in the Kresna Gorge was situated 
in a grassy-shrubby area. Secondly, the thermal condi-
tions of the environment might also affect these patterns. 
The valley of Struma River in south-western Bulgaria, 
in which the Kresna Gorge is located, falls into the con-
tinental-Mediterranean zone, which is characterized by 
overall higher temperatures (Kopralev, 2002). Ambient 
temperatures in the stony/rocky-dominated microhabi-
tats in this area might become too high, causing vipers to 
select more grassy and shrubby areas that provide more 
suitable temperatures. It is important to state, however, 
that the karst terrains in northern Bulgaria (i.e., Karlu-
kovo) are also characterized by overall high tempera-
tures (Nedyalkov et al., 2024), so this hypothesis seems 
less plausible. Another possible reason for the observed 
geographic differences in vipers’ microhabitat use could 
be the effect of interspecific competition. In the north-
ern and central parts of western Bulgaria, snake species 
richness is lower (up to six different species coexisting in 
sympatry and/or sintopy) than that in south-western Bul-
garia, where up to 12 different species coexist in sympa-
try and/or sintopy (Beshkov, 1978, Petrov and Beshkov, 
2001; Stojanov et al., 2011). It is possible that the stronger 
interspecific competition in this area, with species such as 
Malpolon insignitus (Geoffroy Saint-Hilaire, 1827), Plat-

yceps najadum (Eichwald, 1831) and Dolichophis caspius 
(Gmelin, 1789), which all share similar habitats and diets 
with V. ammodytes (Beshkov, 1978) may drive the latter 
to use suboptimal microhabitats. Microhabitat segrega-
tion is known to reduce competition between ecologically 
similar species and/or species with similar diets, which 
share the same habitat (Luiselli, 2006; Martínez-Freiría et 
al., 2010; Mebert et al., 2015; Dyugmedzhiev et al., 2019). 
Further studies are needed, however, to evaluate this 
hypothesis.

Seasonal variations in habitat and microhabitat use

Our results, showing some seasonal variations in 
habitat use of V. ammodytes, are in agreement with the 
results of Beshkov (1993). Such seasonal shifts in habi-
tat use are well-documented for other European viper 
species (Duguy, 1963; Viitanen, 1967; Prestt, 1971; Saint 
Girons, 1980; Naulleau et al., 1998; Anderson, 2003; 
Wollesen and Schwartze, 2004; Graitson, 2008). Our 
results however suggest that these seasonal variations in 
habitat use are much more complex than the basic sea-
sonal pattern described by Beshkov (1993) (see Intro-
duction), and dependent on the local characteristics of 
the area, inhabited by a particular population. The sea-
sonal variations were most prominent in sites 1 and 3. 
In site 1, vipers hibernating dens were usually located in 
habitat H12 (Dyugmedzhiev et al., 2020). Shortly after 
spring emergence, vipers moved from their dens to the 
adjacent, more open and sunny habitat H7, where they 
were found until mid-autumn. During summer, only 
pregnant females remained close to the hibernating are-
as, although they inhabited H7 and not H12. Around 
the beginning of October, all vipers again returned close 
to the hibernating areas, where they were usually found 
basking in H7, but near their hibernating dens in H12 
(usually between 20-100 m). By the second part of Octo-
ber and the first half of November, vipers moved to their 
hibernating dens in H12, where they spent the warm 
parts of the days basking. 

A similar pattern was evident in a different habitat 
type (H2) in site 3. In this site, vipers used a big aban-
doned old quarry as a hibernating area. Vipers inhabited 
this quarry from the period of spring emergence until 
the end of the mating period (usually around mid to 
late May (Dyugmedzhiev et al., 2020). After this period, 
only pregnant vipers as well as a few immature individu-
als were detected in this habitat, until the second half of 
September, when the rest of the vipers started to return 
(Dyugmedzhiev et al., 2020). As it appears, from late 
spring until autumn, most vipers migrate from the quar-
ry to the adjacent habitats. However, because we were 
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not able to detect a sufficient number of individuals in 
the vast area of those adjacent habitats, and none of the 
individuals captured there were identified as previously 
captured in the quarry, the true patterns and scale of this 
seasonal migration cannot be ascertained at this stage. 
Although it was evident that in site 2, habitats H1 and 
H7 were the vipers “preferred” areas during summer, our 
data is not comprehensive enough to point out the spring 
and autumn “preferred” habitats. 

According to Beshkov (1993), the seasonal shifts in 
habitat use of V. ammodytes could be explained by the 
search for optimal thermal and solar radiation condi-
tions, water sources, shelters, etc. However, food avail-
ability in the different habitat types might also play a role 
in these patterns (Viitanen, 1967; Prestt, 1971; Luiselli et 
al., 1994; Madsen and Shine, 1996; Luiselli, 2006). It is 
possible that spring/autumn habitats might have a more 
limited food base, such as small rodents, lizards, and cen-
tipedes, which are the most common prey of V. ammo-
dytes (Beshkov, 1977; Luiselli, 1996; Dyugmedzhiev, 2020; 
Anđelković et al., 2021; Tomović et al., 2022). The fact 
that most vipers rarely use those habitats during summer, 
which is the most active feeding period, especially for 
adult vipers (Dyugmedzhiev, 2020), might be considered 
as an argument in support of this hypothesis. Similarly to 
the current study, some seasonal differences in microhab-
itat utilization were also reported for V. ammodyes from 
Serbia, Montenegro, and North Macedonia (Crnobrnja-
Isailović et al., 2007) as well as for the ecologically simi-
lar Vipera latastei (Brito, 2003). These variations are most 
likely to be a consequence of the respective seasonal 
changes in habitat use.

Study limitations

There are some issues, coming from the method used 
to evaluate habitat preference, that need to be treated 
with caution. First of all, since the search effort was not 
even across each habitat type, it is possible that the use 
of some habitat types could be underestimated. Further-
more, the small overall areas of some habitat types, such 
as the abandoned buildings (H3) might cause an over-
estimation of the habitat preference compared to habi-
tats with large areas (such as the rocky/stony areas over-
grown with grass and shrubs, H7). Regarding the asphalt 
roads (H18), it is difficult to get a clear idea, based on the 
Ivlev’s index values alone, since the only vipers that we 
found in this habitat type were dead ones (and they were 
excluded from the analyses). In any case, it appears that 
the roads are acting like a barrier, disrupting the vipers’ 
home range.

CONCLUSIONS

Vipera ammodytes is a highly petrophilic species and 
in the studied areas showed a clear preference for various 
stony and rocky habitats and microhabitats, overgrown 
with herbaceous and shrub vegetation, while it avoided 
bare habitats, dark deciduous forests as well as cultivated 
agricultural lands. Habitat and microhabitat use seems to 
depend on a combination of many other factors such as 
season, locally specific characteristics like habitat struc-
ture and availability, population dynamics, food availabil-
ity, physical and microclimatic conditions, and possibly 
the extent of the interspecific competition. 
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Abstract. Urodele osteology is characterised by simplified skulls, loss of several bones and a specific sequence of cra-
nial and limb ossification. The relatively few studies devoted to the comparative analysis of isolated urodele bones are 
mostly focused on the vertebrae and occipital complexes, and to a lesser extent humeri. The tooth-bearing skeletal 
elements (premaxillae, maxillae, dentaries, and vomers) are strongly neglected in this respect, despite being robust and 
as such sometimes found as fossils. Herein, we provide for the first time a comparative study of dentigerous bones, 
focusing on the Italian urodeles. Thirteen of the 19 species present in Italy, representing all genera except one, were 
analysed, for a total of 70 dry-prepared skeletons. The morphology of dentigerous skeletal elements of Italian urodeles 
is described and pictured, providing diagnostic characters and dichotomous keys for the identification at the genus 
level in most cases, and species level in some. The diagnostic morphological characters were included in a phyloge-
netic analysis, the results of which demonstrate that the tooth-bearing elements can have a phylogenetic value useful 
for assessing the relationships of living taxa.

Keywords. Osteology, urodeles, phylogeny, dentigerous bones.

INTRODUCTION

The Italian geographic province (Lanza and Corti, 
1996) shows the highest amount of urodele endemism 
in Europe (Macaluso et al. 2021a, b, 2023a), including 
three endemic genera (Salamandrina, Speleomantes, and 
Euproctus; Lanza et al., 2007). How and when these taxa 
reached the Italian Peninsula is not yet fully understood 
as the Italian fossil record of urodeles is poor, mostly 
composed of isolated remains identified at best to the 
genus level, in a chronologic range spanning from the 
Miocene to the Holocene (among others, Abbazzi et al., 
2004; Colombero et al., 2017; Delfino, 2004; Delfino et 

al., 2011; Delfino and Bailon, 2000; D’Orazi Porchetti et 
al., 2012; Macaluso et al., 2021a; Venczel and Sanchiz, 
2006; Villa et al., 2018, 2020, 2021). Besides the rarity 
of fossils, our knowledge of the fossil record of urode-
les is hindered by the limited studies on the osteology of 
the extant species. In fact, even if some studies focus on 
extensive and comprehensive descriptions of one taxon 
or a few taxa, few studies were devoted to the compara-
tive analysis of isolated bones that represent nearly the 
entire Italian fossil record. At a European scale, the only 
inclusive and comparative studies are focused on verte-
brae, otic-occipital complexes, and humeri (Ratnikov and 
Litvinchuk, 2007, 2009; Ratnikov, 2015; Macaluso et al., 
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2023b), which are the most commonly found elements in 
the fossil record thanks to their general robustness (Mon-
ti, 2021; Macaluso et al., 2022). Among the skull ele-
ments (the second most common skeletal district in the 
fossil record composed of isolated remains; Monti, 2021; 
Macaluso et al., 2022), tooth-bearing skeletal elements 
(premaxillae, maxillae, dentaries, and vomers) are eas-
ily found because of their peculiar morphology and rela-
tive thickness. Despite being easily recognised as belong-
ing to Urodela or Amphibia due to the pedicellate teeth 
(Schoch, 2014), a generic or specific attribution is rarely 
reached because of a lack of comparative studies on the 
dentigerous elements. The aim of the current work is to 
provide taxonomically significant diagnostic characters at 
least at the genus level, and, when possible, at the species 
level, for Italian urodeles based on isolated dentigerous 
bones, as well as a dichotomous key for identification. 
Moreover, to provide a scaffold for the inclusion in phy-
logenies of extinct taxa, the most robust diagnostic mor-
phological characters are included in a character matrix 
to test whether or not the tooth-bearing elements carry 
phylogenetic value useful for assessing the relationships 
of living (and therefore also extinct) taxa.

MATERIAL AND METHODS

The morphology of dentigerous skeletal elements 
of Italian urodeles is described based on disarticulated 
dry-prepared skeletons, housed in the Massimo Delfino 
Herpetological collection (MDHC) of the Museo di Geo-
logia e Paleontologia dell’Università di Torino (MGPTU), 
at the Department of Earth Sciences of the University of 
Turin, and in the Museo Regionale di Scienze Naturali 
di Torino (MRSN). Thirteen of the 19 species present in 
Italy are considered, including two families, Plethodonti-
dae and Salamandridae, and seven genera, for a total of 
70 specimens (Table S1) and approximately 560 bones. 
All Italian genera are represented except Proteus, which is 
not included in this study due to its peculiar and derived 
palatal morphology (noteworthy is the absence of maxil-
lae; Fabre et al., 2020) and will be the subject of future 
studies. All the missing species belong to the genus Spe-
leomantes: this study includes Speleomantes ambrosii, 
Speleomantes italicus, and Speleomantes strinatii, whereas 
the species Speleomantes supramontis, Speleomantes sar-
rabusensis, Speleomantes flavus, Speleomantes genei, and 
Speleomantes imperialis are missing. For some taxa (S. 
ambrosii, S. italicus), only one specimen has been stud-
ied, whereas for others (Salamandra salamandra, Tritu-
rus carnifex) as many as 11 specimens were examined. 
Moreover, for Salamandra atra, the only available vomer 

was broken. For S. italicus MDHC 301, only the left 
maxilla and the dentaries are present. Euproctus plat-
ycephalus MDHC 405 does not preserve any dentigerous 
bone except for the dentaries. As such, it is important to 
underline that the characters concerning poorly repre-
sented species should be taken with caution due to the 
limited number of available specimens. Bones were pho-
tographed with a Leica M205 microscope equipped with 
the Leica application suite v3.3.0 or v4.10 at the Depart-
ment of Earth Sciences of the University of Turin. Ter-
minology follows Vater (2003), Buckley et al. (2010), and 
Villa et al. (2014).

Comparative and phylogenetic analysis

Dichotomous keys for identification and diagnos-
tic characters were obtained comparing the descriptions 
and the observations made on the different taxa and are 
reported in the discussion section below. We performed 
statistical counts on the teeth number using Excel v2307. 

A character matrix, including 13 species-level opera-
tional taxonomic units and 33 newly created osteological 
characters (supplementary file F1), was built with Mes-
quite v3.61 (Maddison and Maddison, 2019). All charac-
ters are related to the dentigerous bones (see Table S2 for 
the list of the characters). The hynobiid Pseudohynobius 
flavomaculatus was scored as outgroup, owing to its phy-
logenetic distance from the other operational taxonomic 
units (Duellman and Trueb, 1994; Kohono et al., 1991; 
Pyron and Wiens, 2011) and basing the scoring on the 
descriptions and pictures by Jia et al. (2021). 

The phylogenetic analysis was run using TNT v1.6 
(Goloboff and Morales, 2023) using the New Technol-
ogy search with all algorithms selected, the consensus 
stabilised five times with a factor of 75, and 1000 trees 
in memory, followed by a second round of tree bisection 
and reconnection.

RESULTS

Terminology and general morphology

The anatomical structures cited in the text are illus-
trated in Fig. 1.

Premaxilla. Premaxillae are paired bones placed at the 
anterior end of the skull; they articulate medially with each 
other, laterally with the maxillae and posteriorly with the 
vomers. They can be separated or fused together, and they 
are formed by three main parts: alary process, pars den-
talis, and pars palatina. The alary process is thin, dorsally 
elongated and curved in posterodorsal direction; it con-
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Fig. 1. Terminology followed for the dentigerous bones. A-D: right premaxilla of Salamandra atra (MDHC 394) in anterior (A), posterior 
(B), dorsal (C) and lateral (D) views. Abbreviations: appm, alary process of the premaxilla; cr. den, crista dentalis; ma. mx, margo maxillaris; 
ma. vp, margo vomeropalatinum; pdpm, pars dentalis of the premaxilla; pppm, pars palatina of the premaxilla; su. den, sulcus dentalis. E-F: 
left maxilla of Salamandra lanzai (MDHC 362) in medial (E) and lateral (F) views. Abbreviations: cr. den, crista dentalis; ma. a, margo ante-
rioris; ma. nas, margo nasalis; ma. orb, margo orbitalis; ma. prf, margo praefrontalis; pdm, pars dentalis of the maxilla; pfm, pars facialis of 
the maxilla; ppm, pars palatina of the premaxilla; pr. mx. a, processus maxillaris anterior; pr. mx. p, processus maxillaris posterior; su. den, 
sulcus dentalis. G-H: left dentary of Euproctus platycephalus (MDHC 507) in medial (G) and ventrolateral (H) views. Abbreviations: can. 
pr, canalis primordialis; cor, processus coronoideus; inc. den, incisura dentalis; pr. art, processus articularis; su. den, sulcus dentalis; symp, 
symphysis. I-K: left vomer of Salamandra salamandra (MDHC 205) in dorsal (I), lateral (J) and ventral (K) views. Abbreviations: dr, denti-
gerous ridge; ma. choa, margo choanalis; ma. imx, margo intermaxillaris; ma. ivp, margo intervomeropalatinum; ma. mx, margo maxillaris; 
ma. obsph, margo orbitosphenoideum; ma. psph, margo parasphenoideum; pr. maj, processus vomeropalatinus major; pr. min, processus 
vomeropalatinus minor; su. den, sulcus dentalis; vb, body of the vomer. Scale bars: 1 mm.
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tacts the anterior end of the frontal, and its posterior half is 
partially overlapped by the nasal. The pars dentalis bears a 
variable number of pedicellate teeth, which can be seen in 
anterior and lateral views, and it is slightly curved, usually 
thicker than the alary process; the dorsal margin can be 
straight or irregular. The pars dentalis articulates with the 
maxilla through the margo maxillaris. The pars palatina is 
always visible in posterior view. The margo vomeropalati-
num can be straight or may show some irregularities.

Maxilla. Maxillae are paired bones, which articulate 
anteriorly with the premaxillae, dorsally with the prefron-
tals and nasals and medially with the vomers; their poste-
rior end does not contact the pterygoid and extends only 
slightly beyond the posterior margin of the eye, without 
reaching the quadrate. Maxillae are formed by three main 
parts: pars facialis, pars dentalis, and pars palatina. The 
pars facialis develops in dorsal direction, it has a trapezoi-
dal shape with irregular margins, and it can be smooth or 
sculptured. It articulates with the prefrontal and the nasal 
through respectively the margo praefrontalis and the mar-
go nasalis and with the premaxillae through the processus 
maxillaris anterior. The margo anterioris and the margo 
orbitalis can be straight or irregular. The pars dentalis is 
narrow, regular and elongated and bears a variable number 
of pedicellate teeth that can be visible both in lateral and 
medial views; the pars dentalis can be straight or curved 
posterodorsally. The sulcus dentalis is visible on the medial 
surface of the pars dentalis, dorsally to the teeth. The pars 
palatina allows the whole maxilla to articulate with the 
corresponding premaxilla and can have variable shapes.

Dentary. Dentaries are elongated, paired and curved 
bones. They are robust and they are the primary bones 
forming the mandible. They touch each other anterome-
dially at the symphysis and their posterior portion articu-
lates medially with prearticulars and articulars. The pro-
cessus articularis is laminar. Posteriorly the bone is flat 
and smooth, with a pointy or rounded shape. The dorsal 
and ventral margins of the bone tend to fold up and they 
can be fused to a varying degree; due to the folding, the 
two margins are thicker than the bone between them. 
The two margins cover the canalis primordialis, which 
runs along the whole medial surface of the dentary. The 
space between the two margins is called the incisura 
dentalis, that is straight and regular and narrows in the 
anterior part due to the margins approaching. The latter 
come in contact in some species. The crista dentalis bears 
a variable number of pedicellate teeth, extending up to 
the processus coronoideus, a little triangular or trapezoi-
dal expansion that sometimes is absent and likely changes 
significantly throughout ontogeny.

Vomer. Vomers are paired elements that articulate 
anterolaterally with the premaxillae through the margo 

intermaxillaris and with the maxillae through the margo 
maxillaris. Dorsally, the vomers articulate with the par-
asphenoid and orbitosphenoids through respectively the 
margo parasphenoideum and the margo orbitosphenoi-
deum. The two vomers do not touch each other. This 
bone is made by two parts: the body of the vomer and 
the dentigerous ridge. The body of the vomer has a trian-
gular or a claw hammer shape and it develops in a pos-
terior direction; it is smooth on both the dorsal and ven-
tral surfaces, and it keeps the same thickness throughout. 
The body of the vomer shows a concavity on the margo 
choanalis, bounded by the processus vomeropalatinus 
major and the processus vomeropalatinus minor, which 
can be variably pronounced or even absent. Only in Spe-
leomantes, the concavity is bounded by the processus 
vomeropalatinus major and the dentigerous ridge. The 
dentigerous ridge is elongated and bears a variable num-
ber of pedicellate teeth that are regularly visible in lateral 
view. Dorsally to the teeth there is a very shallow sulcus 
dentalis. In T. carnifex and S. salamandra, there can be 
an aberrant condition with some supernumerary teeth 
developing outside the normal dental line.

Descriptions

In this section, the morphology of premaxillae (Figs 
2, 3), maxillae (Figs 4, 5), dentaries (Figs 6, 7), and vom-
ers (Fig. 8) are described for each taxon. The counts of 
the tooth positions are summarized in Table S3 (and dis-
cussed below in the section “Variation in the number of 
tooth positions”).

Plethodontidae
Speleomantes 

The species of the genus Speleomantes are grouped 
into a single description, emphasizing the differences 
between species.

Premaxilla (Fig. 2A-H). The premaxillae of the only 
studied specimen of S. italicus are missing. In Speleoman-
tes, the two premaxillae are not fused together. Only in 
S. strinatii MDHC 225, the two premaxillae are fused 
together: they are connected by a thin bridge well visible 
in anterior and posterior views on the ventral third of the 
medial margin of the alary process. This bridge is pierced 
by one foramen. The whole premaxilla of Speleomantes 
is three times higher than long. In lateral view, it shows 
an expansion that extends along its dorsal half. The dor-
sal half of the alary process ends with a rounded tip. The 
pars dentalis is of the same thickness as the alary process 
and it is straight. The margo maxillaris is medially round-
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ed. In posterior view, the pars palatina is developed in 
posterior direction, but it is not visible in anterior view, 
as it is covered by the dorsal half of the pars dentalis. It is 
subtriangular in shape, enlarging posterolaterally. 

Maxilla (Fig. 4A-L). In S. ambrosii, the pars facialis 
extends along the middle third of the crista dentalis. In 
S. italicus and S. strinatii, the pars facialis extends respec-
tively along the second fourth and the second and third 
fifths (MDHC 225) or the middle third (MDHC 486 and 
MDHC 521) of the crista dentalis. It has a smooth sur-
face, both in lateral and medial views. In lateral view, it 
shows a shallow concavity on the margo orbitalis and 
another one on the margo anterioris; these cavities are 
absent in S. italicus. The margins are rather straight in S. 
ambrosii and S. italicus, and irregular in S. strinatii. The 
right pars facialis of MDHC 225 shows one foramen. 
The teeth run for the whole length of the pars dentalis, 
including the processus maxillaris anterior. As such, the 
pars facialis does not reach the anterior end of the tooth 

row. The pars palatina runs along the whole dorsomedial 
margin of the pars dentalis. This pars is very small, with 
the same width for almost its entire length; it ends ante-
riorly in a flat and abrupt processus maxillaris anterior, 
with regular margins. 

Dentary (Fig. 6A-L). The margins fold up cover-
ing the anterior third of the canalis primordialis, which 
runs across the whole medial surface of the dentary, so 
that in medial view the incisura dentalis opens only along 
its posterior two thirds. In S. strinatii, only the ventral 
margin of the dentary folds up, thickening and covering 
a small part of the canalis primordialis. In medial view, 
the processus coronoideus has a parallelogram-like shape, 
with smooth edges. In S. italicus, the processus coronoi-
deus is almost absent. The symphysis shows an antero-
dorsal bulge in medial view. In ventral view, in S. stri-
natii, the ventral margin is thicker than the dorsal one.

Vomer (Fig. 8A-F). The vomers of S. italicus are 
missing. In ventral view, the body of the vomer has a 

Fig. 2. Premaxillae of Italian salamanders. A-D: right premaxilla of Speleomantes ambrosii (MDHC 301) in anterior (A), posterior (B), dor-
sal (C) and lateral (D) views; E-H: left premaxilla of Speleomantes strinatii (MDHC 486) in anterior (E), posterior (F), dorsal (G) and lat-
eral (H) views; I-L: left premaxilla of Salamandra lanzai (MDHC 362) in anterior (I), posterior (J), dorsal (K) and lateral (L) views; M-P: 
right premaxilla of Salamandra atra (MDHC 394) in anterior (M), posterior (N), dorsal (O) and lateral (P) views; Q-T: left premaxilla of 
Salamandra salamandra (MDHC 205) in anterior (Q), posterior (R), dorsal (S) and lateral (T) views; U-X: left premaxilla of Salamandrina 
perspicillata (MDHC 406) in anterior (U), posterior (V), dorsal (W) and lateral (X) views; Y-AB: left premaxilla of Salamandrina terdigitata 
(MDHC 333) in anterior (Y), posterior (Z), dorsal (AA) and lateral (AB) views. Scale bars: 1 mm.
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triangular shape, with a laterally directed tip. In dorsal 
and medial views, the margo choanalis shows a concav-
ity bounded by the processus vomeropalatinus major and 
the dentigerous ridge. The dentigerous ridge is mediolat-
erally directed, slightly posteriorly curved, forming with 
the margo intervomeropalatinum an acute angle. In later-
al view, the dentigerous ridge is curved. The margo inter-
vomeropalatinum and the margo maxillaris are regular 
and rather straight. 

Salamandridae
Salamandrinae
Salamandra lanzai 

Premaxilla (Fig. 2I-L). The two premaxillae are not 
fused together. The premaxilla is as long as or slightly 
shorter than high. In anterior view, the alary process ends 
abruptly. Still in the same view, the pars dentalis is thick, 
rectangular and curved posterolaterally, with either one or 
two foramina on its dorsal half. In dorsal view, the ventral 
half of the premaxilla is thickened at the articulation with 
the opposite premaxilla. In anterior view, the margo max-
illaris is vertical. The margo vomeropalatinum is generally 
straight in dorsal view, but it can show some irregularity. 
The dorsal margin of the pars dentalis expands in posteri-
or direction and, together with the expansion of the alary 
process, it forms a cavity, open on the anterior side. Dor-

sally to this cavity, there is another smaller one (missing 
on the right premaxilla of MDHC 362). The pars palatina 
is extremely small and cannot be seen in anterior view. In 
posterior view, the pars palatina keeps the same width for 
all its length, except for a widening at midlength.

Maxilla (Fig. 4M-P). In lateral view, the pars facia-
lis bears one to three foramina and has a variable thick-
ness. The pars facialis extends along the anterior half 
of the pars dentalis. In lateral and medial views, the 
margo anterioris is particularly irregular, with sharp 
edges, whereas the margo orbitalis is more regular and 
straight. Only the posterior fourth of the length of the 
pars dentalis is toothless. The pars palatina runs along 
the whole dorsomedial margin of the pars dentalis; it 
keeps the same width for almost its entire length, form-
ing a triangular and sharp processus maxillaris anterior, 
with irregular margins. The pars facialis does not signifi-
cantly extend on the processus maxillaris anterior, but it 
ends together with the tooth row anteriorly. In ventral 
view, the pars palatina of the left maxilla of MDHC 361 
expands medially with a V-shaped tip, whereas the pars 
palatina of MDHC 363, MDHC 465, and MDHC 450 
forms a medial triangular expansion with irregular mar-
gins by the posterior margin of the pars facialis. This tri-
angular expansion is interrupted by one or two foramina, 
well visible in ventral view.

Dentary (Fig. 6M-P). The symphysis is semicircular 
in medial view. The dorsal and ventral margins are not 

Fig. 3. Premaxillae of Italian newts. A-D: premaxilla of Triturus carnifex (MDHC 85) in anterior (A), posterior (B), dorsal (C) and left lat-
eral (D) views; E-H: premaxilla of Euproctus platycephalus (MDHC 507) in anterior (E), posterior (F), dorsal (G) and left lateral (H) views; 
I-L: premaxilla of Ichthyosaura alpestris (MDHC 416) in anterior (I), posterior (J), dorsal (K) and left lateral (L) views; M-P: premaxilla of 
Lissotriton vulgaris (MDHC 132) in anterior (M), posterior (N), dorsal (O) and left lateral (P) views; Q-T: premaxilla of Lissotriton italicus 
(MDHC 482) in anterior (Q), posterior (R), dorsal (S) and left lateral (T) views. Scale bars: 1 mm.
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Fig. 4. Maxillae of Italian salamanders. A-D: right maxilla of Speleomantes ambrosii (MDHC 301) in medial (A), lateral (B), ventral (C) and 
dorsal (D) views; E-H: left maxilla of Speleomantes italicus (MDHC 61) in medial (E), lateral (F), ventral (G) and dorsal (H) views; I-L: left 
maxilla of Speleomantes strinatii (MDHC 486) in medial (I), lateral (J), ventral (K) and dorsal (L) views; M-P: left maxilla of Salamandra 
lanzai (MDHC 362) in medial (M), lateral (N), ventral (O) and dorsal (P) views; Q-T: left maxilla of Salamandra atra (MDHC 394) in 
medial (Q), lateral (R), ventral (S) and dorsal (T) views; U-Y: left maxilla of Salamandra salamandra (MDHC 205) in medial (U), lateral 
(V), ventral (X) and dorsal (Y) views; Z-AC: right maxilla of Salamandrina perspicillata (MDHC 300) in medial (Z), lateral (AA), ventral 
(AB) and dorsal (AC) views; AD-AG: left maxilla of Salamandrina terdigitata (MDHC 333) in medial (AD), lateral (AE), ventral (AF) and 
dorsal (AG) views. Scale bars: 1 mm.



104 Sara Monti et alii

fused together, so that in medial view the incisura denta-
lis is fully open. Conversely, in MDHC 465, the two mar-
gins are fused together and the incisura dentalis is not 
visible. In medial view, the processus coronoideus is par-
ticularly small and it has a parallelogram-like shape, with 
smooth edges (in MDHC 362, it is almost not visible). 

Vomer (Fig. 8G-I). In dorsal view, the body of the 
vomer has a triangular shape, with a tip facing anteri-
orly. In dorsal view, the margo maxillaris forms a con-
tinuous convex anterolateral margin. The body of the 
vomer develops in posterodorsal direction. The pro-
cessus vomeropalatinus minor is poorly developed. 
The dentigerous ridge forms an angle of ca. 130° with 
the margo intervomeropalatinum in ventral and dor-
sal views. In ventral view, the dentigerous ridge is 
elongated and has a slightly sigmoid shape, with an 
anteromedially directed anterior end and a posterolat-
erally directed posterior end. The width of the denti-
gerous ridge is the same in the anterior two thirds of 
its length, whereas the posterior third can become nar-
rower. Almost all vomers are broken.

Salamandra atra

Premaxilla (Fig. 2M-P). The two premaxillae are not 
fused together. The premaxilla is as long as or slightly 
shorter than high. In anterior view, the alary process ends 
abruptly. A medial cavity is present on the medial margin 
of this process. Still in anterior view, the pars dentalis is 
as thick as the alary process, rectangular and curved pos-
terolaterally. The left premaxilla of MDHC 394a bears one 
foramen. In dorsal view, the ventral half of the premaxilla 
is thickened at the articulation with the opposite premax-
illa. In anterior view, the margo maxillaris is vertical. The 
margo vomeropalatinum is straight in dorsal view. The 
dorsal margin of the pars dentalis expands in posterior 
direction and, together with the expansion of the alary 
process, it forms a cavity, open on the anterior side. The 
pars palatina is poorly developed but can be seen in ante-
rior view too. In posterior view, the pars palatina devel-
ops in dorsal direction and keeps the same width for all 
its length, except for a widening at midlength.

Maxilla (Fig. 4Q-T). In lateral view, the pars facia-
lis bears one or two foramina and has a variable thick-
ness. The pars facialis extends along the anterior half of 
the pars dentalis. In MDHC 394a, in lateral and medial 
views, the margo anterioris is particularly irregular, with 
sharp edges, whereas the margo orbitalis is more regu-
lar and straight. Conversely, in MDHC 394b, both mar-
gins are straight. Only the posterior fifth of the length 
of the pars dentalis is toothless.  The pars palatina runs 
along the whole dorsomedial margin of the pars denta-

lis; it narrows at the anterior end, forming a triangular 
and sharp processus maxillaris anterior with irregular 
margins. The pars facialis does not significantly extend 
on the processus maxillaris anterior, but it ends together 
with the tooth row anteriorly. In ventral view, the pars 
palatina forms a medial triangular expansion with irreg-
ular margins by the posterior margin of the pars facia-
lis. This triangular expansion is pierced by two foramina, 
well visible in ventral view. In the left maxilla of MDHC 
394a, the medial margin of the pars palatina is broken at 
the level where the foramina should be located, resulting 
in the presence of a medially open concavity in place of 
the latter. The right maxilla of MDHC 394b is broken, 
thus, the presence of foramina or cavities cannot be eval-
uated.

Dentary (Fig. 6Q-T). The symphysis is semicircu-
lar in medial view. The dorsal and ventral margins are 
fused together in the anterior half of the dentary, so that 
in medial view the incisura dentalis opens only along its 
posterior half. Conversely, in MDHC 394b, the two mar-
gins do not completely fold up; they rise in the anterior 
half, giving to the bone a concave shape. In this same 
specimen, the canalis primordialis is, thus, fully visible. 
In the posterior half, the two margins are almost flat, and 
the bone widens. On the left dentary of MDHC 394a, 
there are no tooth positions on the anterior fourth of the 
bone. In medial view, the processus coronoideus is par-
ticularly small and it has a parallelogram-like shape, with 
irregular edges. Even if MDHC 394b shows unfolded 
margins, the latter are still thicker than the rest of the 
bone in this specimen as well.

Vomer (Fig. 8J). Vomers of MDHC 394a and the 
right vomer of MDHC 394b are missing, so the descrip-
tion is based on the broken left vomer of MDHC 394b. 
In dorsal view, the body of the vomer has a triangular 
shape, with a tip facing anteriorly. In the same view, the 
margo maxillaris forms a continuous convex anterolateral 
margin. The body of the vomer develops in posterodorsal 
direction. The processus vomeropalatinus minor is poorly 
developed. The dentigerous ridge forms an angle of ca. 
130° with the margo intervomeropalatinum in ventral 
and dorsal views. In ventral view, the dentigerous ridge 
is elongated and has a slightly sigmoid shape, with an 
anteromedially directed anterior end and a posterolater-
ally directed posterior end. The width of the dentigerous 
ridge is the same in the anterior two thirds of its length, 
whereas the posterior third can become narrower. In 
ventral view, the dentigerous ridge bears on the anterior 
third some teeth that are not visible in lateral and dor-
sal views. This happens because the lateral margin of the 
body of the vomer expands ventrally to cover the denti-
gerous ridge.



105Tooth-bearing elements of Italian urodeles

Salamandra salamandra 

Premaxilla (Fig. 2Q-T). The two premaxillae are not 
fused together. The premaxilla is as long as or slightly 
shorter than high. In anterior view, the alary process ends 
with a dorsal rounded or sharp tip. In posterior view, on 
the dorsal half of the pars dentalis, the medial margin can 
form two or three triangular expansions. In dorsal view, 

on the dorsal half of the pars dentalis, foramina can be 
either present or absent, varying in number from zero 
to three. In lateral view, in both premaxillae of MDHC 
23, in the left premaxilla of MDHC 124, and in the right 
premaxilla of MDHC 227, there is a cavity on the medi-
al margin of the alary process. In anterior view, the pars 
dentalis is of the same thickness of the alary process, rec-
tangular and, in dorsal view, it curves posterolaterally. In 

Fig. 5. Maxillae of Italian newts. A-D: left maxilla of Triturus carnifex (MDHC 38) in medial (A), lateral (B), ventral (C) and dorsal (D) 
views; E-H: left maxilla of Euproctus platycephalus (MDHC 507) in medial (E), lateral (F), ventral (G) and dorsal (H) views; I-L: left max-
illa of Ichthyosaura alpestris (MDHC 416) in medial (I), lateral (J), ventral (K) and dorsal (L) views; M-P: left maxilla of Lissotriton vulgaris 
(MDHC 132) in medial (M), lateral (N), ventral (O) and dorsal (P) views; Q-T: left maxilla of Lissotriton italicus (MDHC 482) in medial 
(Q), lateral (R), ventral (S) and dorsal (T) views. Scale bars: 1 mm.
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dorsal view, the ventral half of the premaxilla is thick-
ened at the articulation with the opposite premaxilla. In 
anterior view, the margo maxillaris is vertical. The margo 
vomeropalatinum is straight in dorsal view. In the same 
view, the dorsal margin of the pars dentalis expands in 
posterior direction and, together with the expansion of 
the alary process, it forms a cavity, open on the anterior 
side. Posterior to this cavity, there is another smaller cav-
ity (absent in MDHC 23, MDHC 227, MDHC 234, and 
MDHC 396). The pars palatina is poorly developed but 
can be seen in anterior view too. In posterior view, the 
pars palatina develops in dorsal direction and keeps the 
same width for all its length; only at midlength, it widens 
and forms a triangular expansion. 

Maxilla (Fig. 4U-Y). In lateral view, the pars facia-
lis bears two to six foramina and has a variable thick-
ness. The pars facialis extends along the anterior third of 
the pars dentalis. In lateral and medial views, the mar-
go anterioris is particularly irregular with sharp edges. 
The margo orbitalis is irregular too. In MDHC 124 and 
MDHC 387, the margo anterioris is vertical, forming 
a right angle in the ventral end, whereas in MDHC 234 
and MDHC 235, it is semicircular. The pars dentalis can 
be straight or bend posteroventrally in the posterior half 
(the anterior half is always anterodorsally directed). Only 
the posterior fourth of the length of the pars dentalis is 
toothless. The pars palatina runs along the whole dor-
somedial margin of the pars dentalis; it keeps the same 
width for almost its entire length, forming a triangu-
lar and sharp processus maxillaris anterior, with regular 
margins. The pars facialis does not significantly extend on 
the processus maxillaris anterior but it ends together with 
the tooth row anteriorly. In ventral view, the pars palatina 
forms a medial triangular expansion with irregular mar-
gins by the ventral half of the pars facialis. This triangular 
expansion is pierced by one to three foramina, well vis-
ible in ventral view. Between the pars palatina and the 
pars facialis, there are one to three cavities, well visible in 
dorsal view. In the left maxilla of MDHC 205 and MDHC 
212, the cavities are not separated, resulting in a larger 
one. In dorsal view, both maxillae of MDHC 227 and the 
left one of MDHC 234 show one foramen, anteriorly to 
the cavities.

Dentary (Fig. 6U-X). The symphysis is semicircular 
in medial view. In dorsal view, the anterior third of the 
right dentary of MDHC 23 bends medially, forming an 
almost right angle. The anterior half of the dorsal and 
ventral margins are fused together, so that in medial view 
the incisura dentalis opens only along its posterior half. 
In MDHC 212 and the left dentary of MDHC 364, the 
margins are not fused in the second fourth of the dentary 
from the anterior end, so that the incisura dentalis opens 

in this part of the bone and closes again posteriorly. In 
MDHC 124, MDHC 234, MDHC 235, and MDHC 387, 
on the other hand, the margins fuse only in the anterior 
fourth of the dentary. In dorsal view, between the folding 
of the dorsal margin and the crista dentalis, there are two 
to four foramina. In medial view, by the processus coro-
noideus, the dorsal margin of the bone is completely flat. 
Still in the same view, the processus coronoideus is par-
ticularly small and it has a parallelogram-like shape, with 
smooth edges.

Vomer (Fig. 8K-M). In dorsal view, the body of the 
vomer has a triangular shape, with a tip facing anteriorly. 
In the same view, the margo maxillaris forms a continu-
ous convex anterolateral margin. The body of the vomer 
develops in posterodorsal direction. In dorsal and ventral 
views, there are two concavities at the centre of the mar-
go choanalis: the largest one is bounded by the processus 
vomeropalatinus major and the processus vomeropalati-
nus minor, which is small and pointy, whereas the small-
est one is posteromedial to the processus vomeropalatinus 
minor. The left vomer of MDHC 212 and both vomers of 
MDHC 386 show just one concavity. In ventral view, the 
dentigerous ridge is elongated and has a slightly sigmoid 
shape, with an anteromedially directed anterior end and 
a posterolaterally directed posterior end. The width of the 
dentigerous ridge is the same in the anterior two thirds of 
its length, whereas the posterior third becomes narrower. 
The dentigerous ridge forms an angle of ca. 130° with the 
margo intervomeropalatinum in ventral and dorsal views. 
In lateral view, the dentigerous ridge is strongly curved. In 
ventral view, the dentigerous ridge bears on the anterior 
third some teeth that are not visible in lateral and dorsal 
view. This happens because the lateral margin of the body 
of the vomer expands ventrally to cover the dentigerous 
ridge. In ventral view, between the dentigerous ridge and 
the body of the vomer, there can be one to four cavities. 
The vomers of MDHC 386 do not show any cavity and 
the right vomer of MDHC 235 shows one foramen instead 
of the cavity.  The teeth on the dentigerous ridge are not 
properly aligned in a row.

Salamandrininae

The species of the genus Salamandrina are grouped 
into a single description, emphasizing the differences 
between species.

Salamandrina 

Premaxilla (Fig. 2U-AB). The two premaxillae are 
not fused together. The premaxilla is as long as or slight-
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Fig. 6. Dentaries of Italian salamanders. A-D: left dentary of Speleomantes ambrosii (MDHC 301) in medial (A), lateral (B), dorsal (C) and 
ventral (D) views; E-H: left dentary of Speleomantes italicus (MDHC 61) in medial (E), lateral (F), dorsal (G) and ventral (H) views; I-L: left 
dentary of Speleomantes strinatii (MDHC 486) in medial (I), lateral (J), dorsal (K) and ventral (L) views; M-P: left dentary of Salamandra 
lanzai (MDHC 362) in medial (M), lateral (N), dorsal (O) and ventral (P) views; Q-T: left dentary of Salamandra atra (MDHC 394) in 
medial (Q), lateral (R), dorsal (S) and ventral (T) views; U-X: left dentary of Salamandra salamandra (MDHC 205) in medial (U), lateral 
(V), dorsal (W) and ventral (X) views; Y-AB: left dentary of Salamandrina perspicillata (MDHC 300) in medial (Y), lateral (Z), dorsal (AA) 
and ventral (AB) views; AC-AF: right dentary of Salamandrina terdigitata (MDHC 332) in medial (AC), lateral (AD), dorsal (AE) and ven-
tral (AF) views. Scale bars: 1 mm.
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ly shorter than high. In anterior view, the alary process 
shows a thickening on its medial margin, which extends 
for the two ventral thirds of the alary process and makes 
the whole process thick and sturdy. The expansion is vis-
ible also in lateral view, giving to the process a semicircular 
shape. In dorsal view, the ventral half of the premaxilla is 
thickened at the articulation with the opposite premaxilla. 
Between the ridge and the alary process there are one to 
four foramina. Only MDHC 495 shows no ridge or foram-
ina. In anterior view, on the alary process one can find two 
to six foramina, which concentrate on the thick expan-
sion. MDHC 495 shows no foramina in the alary process. 
In anterior view, the pars dentalis is thick, rectangular and 
curved posterolaterally. In anterior view, the margo maxil-
laris is vertical. The margo vomeropalatinum is straight in 
dorsal view. In posterior view, the pars palatina develops in 
dorsal direction, medially enlarging. The posterior half of 
the alary process is not visible in posterior view. In posteri-
or view, the pars palatina of MDHC 407 is pierced by three 
foramina, whereas the left premaxilla of MDHC 342 bears 
one foramen. The pars palatina is well developed and it is 
visible in anterior view too. In lateral view, between the 
pars palatina and the pars dentalis, a foramen is visible at 
the dorsal margin of the pars dentalis. The cavities defined 
by the dorsal margin of the pars dentalis and the expan-
sion of the alary process, which are present in the speci-
mens of the genus Salamandra, are absent.

Maxilla (Fig. 4Z-AG). In lateral view, the pars facialis 
shows two to six foramina and has a variable thickness. 
In lateral view, the pars facialis shows one to four cavities, 
forming a shallow sculpturing composed only of depres-
sions and with no crests (except for MDHC 228, that 
shows no cavity). The pars facialis extends along the ante-
rior third of the pars dentalis. In medial view, the dorsal 
half of the pars facialis shows a triangular medial expan-
sion. This expansion develops in dorsal direction in Sala-
mandrina perspicillata and is not visible in lateral view, 
whereas it is posterodorsally directed and visible also in 
lateral view in Salamandrina terdigitata. The margo ante-
rioris and the margo orbitalis are regular, except for the 
left maxillae of MDHC 228 and MDHC 300, which are 
the only maxillae with an irregular margo orbitalis. In 
medial view, the processus maxillaris posterior is thick 
and dorsoventrally expanded; it is also posterodorsally 
directed, giving a semicircular shape to the whole pars 
dentalis. In dorsal view, the pars dentalis shows one to 
three cavities; MDHC 492 and MDHC 495 do not show 
any cavity. In lateral view, the pars dentalis, along its 
length, shows one to three foramina; however, no foram-
ina are present on the pars dentalis of the maxillae of 
MDHC 407, MDHC 492, and MDHC 494. Only the ante-
rior fourth of the length of the pars dentalis is toothed. 

The pars palatina runs along the anterior third of the 
dorsomedial margin of the pars dentalis. In medial view, 
the pars palatina narrows at the anterior end, forming a 
triangular and sharp processus maxillaris anterior, with 
regular margins. The pars facialis extends more anteri-
orly than the tooth row, on the processus maxillaris ante-
rior. In ventral view, the pars palatina has a semicircular 
shape with irregular margins. In dorsal view, between the 
pars palatina and the pars facialis, there are two cavities. 
Exceptions to this are the right maxillae of MDHC 406, 
in which the two cavities are replaced by two foramina, 
and MDHC 494, showing only one cavity.

Dentary (Fig. 6Y-AF). The symphysis is semicircu-
lar in medial view. Posteriorly, the bone is pointed. The 
dorsal and ventral margins are completely fused together, 
closing completely the incisura dentalis. In dorsal view, 
between the dorsal margin that folded up and the crista 
dentalis, the right dentary of MDHC 228 and both den-
taries of MDHC 407 show one foramen. In medial view, 
by the processus coronoideus, the dorsal margin of the 
bone is completely flat. The processus coronoideus is 
almost absent in all specimens, but MDHC 300 displays a 
prominent and triangular process. 

Vomer (Fig. 8N-S). In dorsal view, the margo max-
illaris forms a continuous convex anterolateral margin, 
which can be provided with sharp edges. In dorsal view, 
the anteromedial tip of the body of the vomer forms an 
expansion followed by a deep concavity that interrupts 
the margo intervomeropalatinum, which is otherwise 
straight. This structure gives the vomer a characteristic 
shape that resembles a claw hammer. The body of the 
vomer develops in posterodorsal direction. The processus 
vomeropalatinus minor is short. In ventral view, the den-
tigerous ridge is elongated and curved, forming a lateral 
concavity and having an anterolaterally directed anterior 
end and a posterodorsally directed posterior end. The 
width of the dentigerous ridge is the same in the ante-
rior two thirds of its length, whereas the posterior third 
becomes narrower. The dentigerous ridge forms an angle 
of ca. 180° with the margo intervomeropalatinum in 
ventral and dorsal views. In lateral view, the dentigerous 
ridge is straight (or slightly curved). In ventral view, the 
dentigerous ridge bears on the anterior fourth some teeth 
that are not visible in lateral and dorsal view. This hap-
pens because the lateral margin of the body of the vomer 
expands ventrally to cover the dentigerous ridge. 

Pleurodelinae
Euproctus platycephalus 

Premaxilla (Fig. 3E-H). The two premaxillae are 
fused together forming a single bone; they are connected 



109Tooth-bearing elements of Italian urodeles

Fig. 7. Dentaries of Italian newts. A-D: left dentary of Euproctus platycephalus (MDHC 507) in medial (A), lateral (B), dorsal (C) and ven-
tral (D) views; E-H: left dentary of Triturus carnifex (MDHC 85) in medial (E), lateral (F), dorsal (G) and ventral (H) views; I-L: left den-
tary of Ichthyosaura alpestris (MDHC 416) in medial (I), lateral (J), dorsal (K) and ventral (L) views; M-P: left dentary of Lissotriton vulgaris 
(MDHC 132) in medial (M), lateral (N), dorsal (O) and ventral (P) views; Q-T: left dentary of Lissotriton italicus (MDHC 482) in medial 
(Q), lateral (R), dorsal (S) and ventral (T) views. Scale bars: 1 mm.
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through the whole medial margin of the pars dentalis and 
half of the alary process. The dorsal halves of the alary 
processes remain close along all their length. In anterior 
view, the alary process bears one (MDHC 508) or seven 
(MDHC 507) foramina and it is weakly sculptured. The 
pars dentalis is of the same thickness as the alary process 
and it is curved; it bears three foramina on the ventral 
margin and another larger one where the left and right 
partes dentalis meet. The margo maxillaris is concave. In 
posterior view, the pars palatina is well developed poster-
odorsally, and it is visible also in anterior view. It keeps 
approximately the same width for its entire length and 
has regular margins.

Maxilla (Fig. 5E-H). The pars facialis extends along 
the anterior half of the crista dentalis and it has a smooth 
surface in medial view, whereas in lateral view the sur-
face is sculptured, with irregular pits and ridges. In lateral 
view, the right maxilla of both MDHC 508 and MDHC 
509 show three larger cavities, whereas the left maxilla 
of MDHC 509 shows two smaller cavities. MDHC 507 
hosts five larger cavities, positioned in a straight line 
on the ventral margin. The left maxilla of MDHC 508 
bears two foramina. In medial view, the right maxilla of 
MDHC 508 shows three cavities on the anterior margin 
and a foramen between the pars dentalis and the pars 
facialis. Between the pars facialis and the pars dentalis, 
one (left maxilla of MDHC 507, MDHC 508, right max-
illa of MDHC 509) or two (right maxilla of MDHC 507, 
left maxilla of MDHC 509) foramina can be seen. In lat-
eral view, on the pars dentalis of MDHC 508, three cavi-
ties can be seen. In posterior view, the pars facialis of the 
left maxilla of MDHC 508 has two cavities and one fora-
men on the anterior margin. In lateral view, on the margo 
anterioris of MDHC 508, two pointed expansions are vis-
ible. In medial view, the processus maxillaris posterior is 
covered by a ridge formed by the pars palatina. Less than 
the posterior sixth of the pars dentalis is toothless. The 
pars palatina runs along the whole dorsomedial margin 
of the pars dentalis, keeping the same width for the ante-
rior half of the latter. It narrows at the anterior end with-
out meeting the pars facialis, so the triangular and sharp 
processus maxillaris anterior is formed just by the pars 
facialis. The pars facialis extends more anteriorly than the 
anterior end of the tooth row.

Dentary (Fig. 7A-D). In medial view, the processus 
articularis is as thick as the rest of the bone. Posteriorly, 
the bone is pointed. The anterior half of the dorsal and 
ventral margins are fused together, so that in medial view 
the incisura dentalis opens only along the posterior half 
of the dentary. In MDHC 508, the two margins are fused 
for the anterior two thirds. In lateral view, three to seven 
foramina are visible. In medial view, the processus coro-

noideus has a triangular shape with smooth edges. The 
symphysis shows a dorsal bulge in the same view.

Vomer (Fig. 8W-Y). In dorsal view, the body of the 
vomer has a triangular shape, with a tip facing anterome-
dially. Still in the same view, the margo maxillaris forms 
a continuous convex anterolateral margin. The body of 
the vomer develops in posterodorsal direction, forming a 
pointy extension. The processus vomeropalatinus minor 
is poorly developed. On the margo intervomeropalati-
num, there is a triangular expansion dorsally directed. In 
ventral and dorsal views, the dentigerous ridge is straight 
and elongated; it forms an angle of ca. 180° with the mar-
go intervomeropalatinum. In lateral view, the dentigerous 
ridge is straight (or slightly curved). The margo orbito-
sphenoideum forms an expansion that runs for the two 
anterior thirds of the dentigerous ridge; in the last third, 
it ends suddenly. All the teeth are visible in lateral and 
dorsal views.

Triturus carnifex 

Premaxilla (Fig. 3A-D). The two premaxillae are 
fused together, forming a single bone. They are connect-
ed through the whole medial margin of the pars denta-
lis and half of the alary process. The premaxilla is as long 
as or slightly shorter than high. The dorsal halves of the 
alary processes end with a semicircular tip and point dor-
solaterally, getting far from each other. In anterior view, 
the dorsal half of the pars dentalis is rough, with five to 
17 foramina; in MDHC 18, MDHC 86, MDHC 357, and 
MDHC 491 the surface is sculptured, with irregular pits 
and ridges. There is a large foramen located at the meet-
ing point of the partes dentalis of the left and right pre-
maxillae. In anterior view, the rectangular pars dentalis 
is as thick as the alary process and it curves posterolat-
erally. In posterior view, the left pars dentalis of MDHC 
38, and the right partes dentalis of both MDHC 85 and 
MDHC 87 show one foramen. In the same view, MDHC 
357 shows numerous smaller pedicellate pleurodont 
teeth, that are not properly aligned in a row, probably for 
an aberrant condition.  In anterior view, the margo max-
illaris is vertical. The margo vomeropalatinum is straight 
in dorsal view. Between the alary process and the pars 
palatina, one to three foramina or an anterior cavity can 
be found; in this latter case, dorsally to the cavity there is 
another smaller one. In posterior view, the pars palatina 
is smooth, thinner than the pars facialis, and it keeps the 
same width for all its length, hiding the ventral fourth of 
the pars dentalis. The pars palatina is well developed in 
dorsal direction, being visible in anterior view too. The 
pars palatina of the left premaxilla of MDHC 353 shows 
one foramen.
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Fig. 8. Vomers of Italian urodeles. A-C: left vomer of Speleomantes ambrosii (MDHC 301) in dorsal (A), lateral (B) and medial (C) views; 
D-F: right vomer of Speleomantes strinatii (MDHC 486) in dorsal (D), lateral (E) and medial (F) views; G-I: left vomer of Salamandra lanzai 
(MDHC 362) in dorsal (G), lateral (H) and medial (I) views; J: left vomer of Salamandra atra (MDHC 394B) in ventral view; K-M: right 
vomer of Salamandra salamandra (MDHC 205) in dorsal (K), lateral (L) and medial (M) views; N-P: left vomer of Salamandrina perspicil-
lata (MDHC 406) in dorsal (N), lateral (O) and medial (P) views; Q-S: right vomer of Salamandrina terdigitata (MDHC 332) in dorsal (Q), 
lateral (R) and medial (S) views; T-V: right vomer of Triturus carnifex (MDHC 85) in dorsal (T), lateral (U) and medial (V) views; W-Y: 
right vomer of Euproctus platycephalus (MDHC 507) in dorsal (W), lateral (X) and medial (Y) views; Z-AB: right vomer of Ichthyosaura 
alpestris (MDHC 416) in dorsal (Z), lateral (AA) and medial (AB) views; AC-AE: right vomer of Lissotriton vulgaris (MDHC 132) in dorsal 
(AC), lateral (AD) and medial (AE) views; AF-AH: right vomer of Lissotriton italicus (MDHC 482) in dorsal (AF), lateral (AG) and medial 
(AH) views. Scale bars: 1 mm.
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Maxilla (Fig. 5A-D). In lateral view, the pars facia-
lis is weakly to strongly sculptured (with irregular pits 
and ridges); the sculpturing in MDHC 18, MDHC 85, 
MDHC 87, and MDHC 145 is formed mainly by ridges, 
with pits (or foramina) rare or absent. In dorsal view, 
the anterolateral margin of the right maxilla of MDHC 
353 shows a thin ridge that hosts two foramina. The pars 
facialis extends along the anterior half of the pars denta-
lis. In lateral and medial views, the margo anterioris and 
the margo orbitalis are irregular. In lateral view, the left 
pars dentalis of MDHC 85 shows 10 foramina distributed 
on a straight line. The posterior sixth of the pars denta-
lis is toothless, whereas in the anterior sixth of the bone, 
the pars dentalis is not present. In medial view, the teeth 
of MDHC 357 are not properly aligned in a row, probably 
as an aberrant condition. The pars palatina runs along the 
whole dorsomedial margin of the pars dentalis; it keeps 
the same width for the anterior half of the pars dentalis 
and it narrows at the anterior end, partly participating to 
the sharp processus maxillaris anterior, which shows regu-
lar margins. The pars facialis extends more anteriorly than 
the tooth row, on the processus maxillaris anterior. The 
pars palatina is pierced by one to eight foramina; however, 
in the right maxilla of MDHC 145 and both maxillae of 
MDHC 357, no foramen is visible. In some specimens, 
between the pars palatina and the pars facialis, there are 
one to five foramina, well visible in dorsal view. In dorsal 
view, on the pars dentalis, the right maxilla of MDHC 353 
shows seven foramina positioned in a straight line.

Dentary (Fig. 7E-H). The symphysis is semicircular 
in medial view. Posteriorly, the bone is pointed. In dor-
sal view, in MDHC 357, the posterior fourth is curved 
toward the medial margin, forming a flat surface, which 
shows two cavities. The anterior half of the dorsal and 
ventral margins are fused together, so that in medial view 
the incisura dentalis opens only along its posterior half. 
The canalis primordialis of the left dentary of MDHC 18 
and MDHC 357 is filled with the ossified Meckel’s car-
tilage. In dorsal view, between the folded dorsal margin 
and the crista dentalis, there can be one (MDHC 85), two 
(MDHC 299) or three (MDHC 87, MDHC 261) foram-
ina. In medial view, by the processus coronoideus, the 
dorsal margin of the bone is completely flat. MDHC 357 
shows numerous smaller pedicellate pleurodont teeth, 
arranged chaotically on the crista dentalis and between 
the regular teeth.  In medial view, the processus coronoi-
deus has a parallelogram-like shape, with smooth edges; 
on the other hand, the processus is triangular in MDHC 
85 and MDHC 87. Dentaries of MDHC 86 have no pro-
cessus coronoideus.

Vomer (Fig. 8T-V). In dorsal view, the body of the 
vomer has a triangular shape, with a tip facing antero-

medially. In dorsal view, the margo maxillaris forms a 
continuous convex anterolateral margin. The body of 
the vomer develops in posterodorsal direction, where it 
forms a pointy extension. In ventral view, the body of the 
vomer of MDHC 87 shows a cavity on the margo inter-
vomeropalatinum. The processus vomeropalatinus minor 
is well developed and pointy. On the margo intervomero-
palatinum, there is a dorsally directed and triangular 
expansion; the right vomer of MDHC 85 and the left 
vomers of both MDHC 299 and MDHC 491 bear a fora-
men on this expansion. In ventral view, the dentigerous 
ridge is straight and elongated. In lateral view, the den-
tigerous ridge is straight (or slightly curved). The width 
of the dentigerous ridge is the same in the anterior two 
thirds of its length, whereas the posterior third becomes 
narrower. The dentigerous ridge forms an angle of ca. 
180° with the margo intervomeropalatinum in ventral 
and dorsal views. All the teeth are visible in lateral and 
dorsal views; however, the anterior fourth of the denti-
gerous ridge is shallower in both vomers of MDHC 85, 
MDHC 86, MDHC 87, MDHC 299, and MDHC 391, as 
well as the right vomer of MDHC 145 and MDHC 261, 
so much so that the teeth are not visible in ventral and 
lateral views in these specimens. This happens because 
the lateral margin of the body of the vomer expands ven-
trally to cover the dentigerous ridge.

Ichthyosaura alpestris

Premaxilla (Fig. 3I-L). The two premaxillae are fused 
together forming a single bone. They are connected 
through the whole medial margin of the pars dentalis 
and half of the alary process. The whole premaxilla is as 
long as or slightly shorter than high. The separated dorsal 
portions of the alary processes point dorsolaterally, get-
ting far from each other. The pars dentalis is of the same 
thickness as the alary process and it is curved; it bears 
one foramen at the meeting point of the two alary pro-
cesses. MDHC 416 bears two foramina instead, whereas 
MRSN A82 10 does not bear any foramen. In anterior 
view, both partes dentalis of MDHC 416 bear four foram-
ina, positioned in a straight line; the two lines (one on 
the right and one on the left premaxillae) are symmetri-
cal. In anterior view, in MRSN A82 10B, the dorsal half 
of the pars dentalis bear five foramina, where the two 
premaxillae meet. The margo maxillaris is concave. In 
posterior view, the pars palatina is well developed dor-
soposteriorly, and it is visible also in anterior view. It 
keeps approximately the same width for all its length with 
regular margins.

Maxilla (Fig. 5I-L). The pars facialis extends along 
the anterior half of the crista dentalis. In medial view, the 
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pars facialis has a smooth surface, except for the pres-
ence of one to six foramina. Between the pars facialis and 
the pars palatina of the left maxilla of MDHC 352 and 
the right maxilla of MRSN A82 10, a large foramen can 
be seen. In lateral view, the margo anterioris is regular. 
The teeth portion that is visible also in anterior and lat-
eral views is more fragile than the one that is adherent to 
the crista dentalis. The posterior half of the pars dentalis 
is toothless. The pars palatina runs along the whole dor-
somedial margin of the pars dentalis, keeping the same 
width for the anterior half of the latter; it narrows at the 
anterior end, partly participating to the sharp processus 
maxillaris anterior, which shows regular margins. The 
pars facialis extends more anteriorly than the tooth row, 
on the processus maxillaris anterior. The pars palatina is 
pierced by two to eight foramina.

Dentary (Fig. 7I-L). The symphysis is semicircular in 
medial view. In medial view, the processus articularis is 
as thick as the rest of the bone. Posteriorly, the dentary is 
rounded. The dorsal and ventral margins are completely 
fused together in MDHC 352, whereas in MDHC 416 
they are fused for the anterior half, so that in medial view 
the incisura dentalis opens only along its posterior half. 
In medial view, the processus coronoideus has a triangu-
lar shape. 

Vomer (Fig. 8Z-AB). In dorsal view, the body of the 
vomer has a triangular shape, with a tip facing anterome-
dially. In ventral view, the body of the vomer of MDHC 
416 shows numerous little cavities. In dorsal view, the 
margo maxillaris is continuously convex. The body of 
the vomer develops in posterodorsal direction, forming a 
pointy extension. The processus vomeropalatinus minor 
is well developed and pointy. In ventral view, the margo 
interovomeropalatinum forms a concavity. Both in ven-
tral and lateral views, the dentigerous ridge is straight 
(or slightly curved) and elongated. The dentigerous ridge 
forms an angle of ca. 180° with the margo intervomero-
palatinum in ventral and dorsal views. The margo orbi-
tosphenoideum forms an expansion that runs for the two 
anterior thirds of the dentigerous ridge; in the last third it 
ends suddenly. All the teeth are visible in lateral and dor-
sal views.

Lissotriton vulgaris 

Premaxilla (Fig. 3M-P). The two premaxillae are 
fused together forming a single bone; they are connect-
ed through the whole medial margin of the pars dentalis 
and two ventral thirds of the alary process. The left (or 
right) half of the premaxilla is twice higher than long. 
The alary process is quite robust. The dorsal halves of the 
alary processes point dorsolaterally, getting far from each 

other. In anterior view, the dorsal half of the pars den-
talis shows numerous little cavities. The pars dentalis is 
as thick as the alary process and it is curved. It bears a 
small foramen at the meeting point of the two alary pro-
cesses. In MDHC 135, in the same place, there are two 
smaller cavities too, whereas in MDHC 168 and MDHC 
260, there are two other smaller foramina. The margo 
maxillaris is concave. The pars palatina is well developed 
dorsoposteriorly, and it is visible also in anterior view. It 
keeps approximately the same width for all its length with 
regular margins. In dorsal view, MDHC 133, MDHC 135, 
MDHC 168, and MDHC 260 display a foramen between 
the alary process and the pars palatina.

Maxilla (Fig. 5M-P). The pars facialis extends along 
the anterior two thirds of the crista dentalis. It has a 
smooth surface in medial view, whereas in lateral view 
it shows a thickening on the posterior half. In medial 
view, under this thickening the pars facialis bears either 
no foramen or one to two foramina. Both maxillae of 
MDHC 132 and the right maxilla of MDHC 133 show a 
cavity on the medial surface of the pars facialis. Between 
the pars facialis and the pars palatina, a cavity or a fora-
men can be seen. In lateral view, the margo anterio-
ris is irregular. In lateral view, MDHC 132, MDHC 133, 
MDHC 135, MDHC 168, and MDHC 259 show numer-
ous cavities positioned in a straight line on the pars den-
talis; other cavities are visible in dorsal view.  The teeth 
are limited to the anterior half of the crista dentalis. The 
pars palatina runs along the whole dorsomedial margin 
of the pars dentalis. It keeps the same width for the ante-
rior half of the pars dentalis and it narrows at the ante-
rior end, without meeting the pars facialis, so that the tri-
angular and sharp processus maxillaris anterior is formed 
just by the pars facialis. This latter portion of the bone 
extends more anteriorly than the tooth row, on the pro-
cessus maxillaris anterior. The pars palatina is pierced by 
one to five foramina.

Dentary (Fig. 7M-P). The symphysis is semicircular 
in medial view. The anterior half of the dorsal and ven-
tral margins are fused together, so that in medial view the 
incisura dentalis opens only along its posterior half. In 
dorsal view, three foramina are hosted between the folded 
dorsal margin and the crista dentalis in MDHC 135 and 
the right dentary of MDHC 259. The processus coronoi-
deus is completely absent.

Vomer (Fig. 8AC-AE). The body of the vomer has a 
triangular shape, it is smooth on both the dorsal and ven-
tral surfaces, and it keeps the same thickness throughout; 
also, it shows a tip facing anteromedially. It develops in pos-
terodorsal direction, forming a pointy extension. In dorsal 
view, the margo maxillaris is continuously convex. On the 
anterolateral portion of the margo intervomeropalatinum, 
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a dorsally directed and triangular expansion is present. The 
processus vomeropalatinus minor is well developed and 
pointy. In dorsal view, the concavity bounded by the pro-
cessus vomeropalatinus minor and the processus vomero-
palatinus major shows a thickened margin. In ventral view, 
on the medial portion of the margo interovomeropalati-
num, there is a shallow concavity. In the same view, the 
dentigerous ridge is straight and elongated. The margo orbi-
tosphenoideum forms a medially directed expansion, which 
runs for the whole length of the dentigerous ridge. The 
dentigerous ridge forms an angle of ca. 180° with the margo 
intervomeropalatinum in ventral and dorsal views. In later-
al view, the dentigerous ridge is straight (or slightly curved).

Lissotriton italicus 

Premaxilla (Fig. 3Q-T). The two premaxillae are 
fused together forming a single bone. They are connected 
through the whole medial margin of the pars dentalis and 
the ventral half of the alary process. The whole premax-
illa is as long as or slightly shorter than high. The dorsal 
halves of the alary processes point dorsolaterally, getting 
far from each other. In anterior view, the dorsal half of 
the pars dentalis shows numerous little cavities, located at 
the level of the fusion between the two alary processes. 
The pars dentalis is as thick as the alary process and is 
curved; in posterior view, it bears a small foramen locat-
ed at the meeting point of the two alary processes. In 
contrast to this general condition, however, MDHC 477 
and MDHC 482 show no foramina.  The margo maxilla-
ris is straight, with a small lateral tip anteriorly (visible in 
dorsal view). In posterior view, the pars palatina is well 
developed dorsoposteriorly, and it is visible also in ante-
rior view. It keeps approximately the same width for all 
its length with regular margins.

Maxilla (Fig. 5Q-T). The pars facialis extends along 
the anterior half of the crista dentalis and it has a smooth 
surface in medial view. In lateral view, it is weakly sculp-
tured. Between the pars facialis and the pars palatina, 
either a foramen or a cavity can be seen. In lateral view, 
the margo anterioris shows a concavity. In medial view, 
in MDHC 477, the processus maxillaris posterior is 
medially directed. In lateral view, the pars dentalis of 
MDHC 476 and MDHC 477 shows numerous cavities 
positioned in a straight line. The teeth are limited to the 
anterior half of the crista dentalis. The pars palatina runs 
along the whole dorsomedial margin of the pars dentalis 
and it is pierced by two or three foramina. It keeps the 
same width for the anterior half of the pars dentalis, and 
it forms a triangular and sharp processus maxillaris ante-
rior. The pars facialis extends more anteriorly than the 
tooth row, on the processus maxillaris anterior. 

Dentary (Fig. 7Q-T). The symphysis is semicircular in 
medial view. In MDHC 477, the anterior half of the bone is 
medially directed, whereas the rest of the bone is straight. 
The anterior two third (three fourth for MDHC 477) of the 
dorsal and ventral margins are fused together, so that in 
medial view the incisura dentalis opens only along its pos-
terior half. The processus coronoideus is completely absent. 

Vomer (Fig. 8AF-AH). The body of the vomer develops 
in posterodorsal direction, forming a pointy extension; it 
also has a triangular shape, with a tip facing anteromedially. 
In dorsal view the margo maxillaris is continuously convex. 
On the anterolateral portion of the margo intervomero-
palatinum a dorsally directed triangular expansion is pre-
sent. The processus vomeropalatinus minor is well devel-
oped and rounded. In dorsal view, the cavity in the middle 
of the margo choanalis presents a thicker margin. In ventral 
view, on the medial portion of the margo interovomero-
palatinum, there is a shallow concavity. In the same view, 
the dentigerous ridge is straight and elongated. This ridge 
forms an angle of ca. 180° with the margo intervomero-
palatinum in ventral and dorsal views. In lateral view, the 
dentigerous ridge is straight (or slightly curved). The margo 
orbitosphenoideum forms a medially directed expansion, 
which runs for the whole length of the dentigerous ridge.

Comparative and phylogenetic analyses

The teeth number for each element of each speci-
men is reported in Table S3. Concerning the phylogenetic 
analysis, as a result of the New Technology Search on the 
matrix with the 33 dentigerous bones characters, seven 
trees were retained, and six trees after the subsequent 
round of tree bisection and reconnection. The strict con-
sensus of these latter six trees is showed in Fig. 9. The 
Consistency Index (CI) is 0.89; the Retention Index (RI) 
is 0.914. The consensus tree displays seven nodes, exclud-
ing the one from which the outgroup diverges from the 
other clades, and a polytomy at the base of a clade group-
ing all members of Pleurodelinae and Salamandrina. Sal-
amandra and Speleomantes are subsequent sister taxa of 
the clade including Pleurodelinae and Salamandrina.

DISCUSSION

Diagnostic characters

Diagnostic characters for each group are provided 
below and the most important diagnostic characters at 
genus level are reported in Table S4. The diagnostic char-
acters reach the taxonomic level that was possible to 
achieve based on the data available for the study. Thus, in 
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few cases the diagnostic characters allow identification to 
species, whereas in most cases they provide information 
at the genus level only. The dentary was revealed not to 
be highly diagnostic, so that the family was the only level 
possible to achieve in most cases, except for Salamandri-
na (see below). Characters for which the diagnostic value 
is uncertain (because of the limited number of available 
specimens) are highlighted with an asterisk (*).

Family Plethodontidae (monogeneric family in Europe so 
the diagnostic characters of the genus are valid also for 
the family)

Speleomantes

Premaxilla. Three times higher than long. Alary 
process particularly long and slender. Medial margin of 

ventral half of premaxilla without any thickening. Pars 
palatina developed in posterior direction, not visible 
in anterior view. Pars palatina subtriangular in shape, 
enlarging posterolaterally. Alary process of S. ambrosii 
with expansion extending along its dorsal half, not visible 
in anterior and posterior views*.

Maxilla. Whole length of pars dentalis with teeth, includ-
ing processus maxillaris anterior. Pars palatina very small, with 
same width for almost its entire length. Processus maxillaris 
anterior absent (same in hynobiids). Pars facialis ending more 
posteriorly that anterior end of tooth row (same in hynobiids). 
No sculpturing in lateral view (same in hynobiids).

Dentary. Margin fused in anterior two thirds. Sym-
physis with dorsal bulge. Processus coronoideus generally 
absent in S. italicus*.

Vomer. Concavity bounded by processus vomero-
palatinus major and dentigerous ridge (same in hyno-

Fig. 9. Consensus tree obtained with a maximum parsimony phylogenetic approach using the matrix including the 33 dentigerous bones 
characters.



116 Sara Monti et alii

biids). Posteriorly curved dentigerous ridge in ventral 
view. Angle between dentigerous ridge and margo inter-
vomeropalatinum less than 90° (same in hynobiids).

Family Salamandridae 

Alary process of premaxilla rather short, and pre-
maxilla with curved pars dentalis. Pars palatina generally 
visible in anterior view (either poorly developed or well 
developed; in S. lanzai, not visible in anterior view). Pro-
cessus maxillaris anterior of maxilla present, pars facia-
lis ends together with tooth row or more anteriorly (pars 
facialis participating or not significantly to processus 
maxillaris anterior). Dentary symphysis with semicircular 
shape (same in hynobiids). Concavity on vomer bounded 
by processus vomeropalatinus major and variably devel-
oped processus vomeropalatinus minor.

Salamandra

Premaxilla. Dorsal margin of pars dentalis forming a 
thin ridge. Same width of pars palatina for all its length, 
except for midlenght, where it widens and forms a triangu-
lar expansion. Dorsal margin of the pars dentalis and alary 
process forming an anterior concavity (same in hynobiids). 
Salamandra salamandra shows two or three triangular 
medial expansions on the pars dentalis. Pars palatina of S. 
lanzai extremely small and not visible in anterior view. 

Maxilla. Pars facialis extended posteriorly to first 
third of pars dentalis. Posterior fourth to fifth of pars den-
talis toothless. Pars palatina with medial triangular expan-
sion with irregular margins (same in hynobiids). Proces-
sus maxillaris anterior formed mainly by pars palatina. 

Vomer. Angle between dentigerous ridge and margo 
intervomeropalatinum ca. 130°. Sigmoid curvature of 
dentigerous ridge in ventral view. Salamandra salaman-
dra shows two concavities on margo choanalis. Processus 
vomeropalatinus minor of S. salamandra small and pointy.

Salamandrina 

Premaxilla. Medial margin of alary process thick-
ened. Pars palatina medially enlarging. 

Maxilla. Pars facialis posteriorly extended to first 
third of pars dentalis. Processus maxillaris posterior 
thick and dorsoventrally expanded. Anterior fourth of 
pars dentalis is toothed. Pars palatina runs along ante-
rior third of dorsomedial margin of pars dentalis. Pars 
palatina semicircular (enlarging anteriorly and posteri-
orly) with irregular margins. Posterior half of pars den-

talis dorsally curved. In all specimens of S. perspicillata, 
dorsal half of pars facialis shows triangular medial expan-
sion, developed in mediodorsal direction and not visible 
in lateral view. Same expansion in two specimens of S. 
terdigitata posterodorsally directed, visible also in lateral 
view. Giving reduced sample (only eight specimens of 
S. perspicillata and four of S. terdigitata have been ana-
lysed), more in-depth study needed to confirm or refute 
diagnostic potential of this character.

Dentary. Dorsal and ventral margins completely 
fused or nearly so. 

Vomer. Pars facialis hammer shaped. In lateral view, 
margo intervomeropalatinum forming small rounded 
dorsal expansion.

Subfamily Pleurodelinae

Premaxilla fused, with pars palatina with same width 
for all its length. Maxilla with processus maxillaris pos-
terior pointy and thin, pars palatina with same width for 
anterior half of pars dentalis. Vomer with straight (or 
slightly curved) dentigerous ridge, margo intervomero-
palatinum forming triangular dorsal expansion in lateral 
view (except for Ichthyosaura, in which more rounded 
than triangular). Extension of body of the vomer pointed.

Euproctus platycephalus (only Italian species in the genus, 
so the diagnostic characters of the species are valid also 
for the genus).

Premaxilla. Dorsal halves of alary process remain 
close along all their length*. Weakly sculptured in ante-
rior view*. 

Maxilla. Sculptured in lateral view*. Less than poste-
rior sixth of pars dentalis toothless (same in hynobiids)*. 
Combination of processus maxillaris posterior pointy and 
thin and processus maxillaris anterior formed mainly by 
pars facialis*.

Vomer. Combination of processus vomeropalatinus 
minor poorly developed and margo intervomeropalati-
num flat in lateral view*.

Triturus carnifex (only Italian species of the genus, so the 
diagnostic characters of the species are valid also for the 
genus).

Premaxilla. Sculptured in anterior view. 
Maxilla. Posterior sixth of pars dentalis toothless.
Vomer. Combination of processus vomeropalati-

nus minor well developed and pointed and margo inter-
vomeropalatinum flat in lateral view.
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Ichthyosaura alpestris (only extant species in the genus, so 
the diagnostic characters of the species are valid also for 
the genus).

Premaxilla. Anterior margin of pars dentalis regular 
in dorsal view and rather trapezoidal in shape. 

Maxilla. Combination of posterior half of pars denta-
lis toothless and processus maxillaris anterior formed by 
pars facialis and part of pars palatina. 

Vomer. Combination of margo intervomeropalati-
num forming small rounded dorsal expansion in lateral 
view and processus vomeropalatinus minor well devel-
oped and pointed.

Lissotriton 

Premaxilla. Anterior margin of pars dentalis irregular 
in dorsal view and rather semicircular in shape. Premax-
illae of L. vulgaris fused along whole medial margin of 
pars dentalis and two ventral thirds of alary process. Left 
(or right) half of premaxilla of L. vulgaris twice higher 
than long. 

Maxilla. Combination of pars facialis extended to 
midlength of pars dentalis and pars palatina runs along 
anterior third of dorsomedial margin of pars dentalis. Lis-
sotriton italicus weakly sculptured in lateral view, whereas 
L. vulgaris not sculptured. In L. italicus, processus max-
illaris anterior formed by pars facialis and part of pars 
palatina. 

Vomer. Margo intervomeropalatinum bearing shal-
low concavity, with ticker margin in dorsal view. Margo 
orbitosphenoideum of L. italicus forms expansion medi-
ally directed that runs for whole length of dentigerous 
ridge. Processus vomeropalatinus minor of L. italicus well 
developed and rounded. 

Dichotomous key for identifications

Thanks to the diagnostic characters identified above, 
it has been possible to build a dichotomous key for the 
identification of the Italian urodele taxa. In few cases the 
identification reaches the species level, whereas in most 
cases it stops at the genus level. Characters that need to 
be confirmed with the study of a higher number of speci-
mens are highlighted with an asterisk.

Premaxilla

1. Not Fused  ...............................................................................  2

- Fused  .......................................................................................  7

2. The pars palatina develops for the whole ventral half of the 
alary process, so that the posterior half of the alary pro-
cess is not visible in posterior view  ......  Salamandrina spp. 

- The pars palatina develops posterodorsally, but the poste-
rior half of the alary process is visible in posterior view  .  3 

3. The premaxilla is as long as or slightly shorter than high   4 
(Salamandra spp.)

- The premaxilla is three times higher than long  ................  6 
(Speleomantes spp.)

4. In posterior view, on the ventral half of the alary pro-
cess, the medial margin can form two or three triangular 
expansions  ......................................  Salamandra salamandra

- The alary process is thin, dorsally elongated and ends 
abruptly  ..................................................................................  5

5. The pars palatina is extremely small and cannot be seen in 
anterior view  ............................................  Salamandra lanzai 

- The pars palatina is poorly developed but can be seen in 
anterior view*  .............................................  Salamandra atra

6. In lateral view, the alary process shows an expansion that 
extends along its dorsal half, not visible in anterior and 
posterior views*  ................................. Speleomantes ambrosii

- In anterior and posterior views, the alary process shows an 
expansion laterally directed that extends along its dorsal 
half*  .....................................................  Speleomantes strinatii

7. The dorsal portions of the alary processes remain close to 
each other along all their length  ..  Euproctus platycephalus 

- The dorsal portions of the alary processes point dorsolat-
erally, getting far from each other  ......................................  8

8. Ventral half of the alary process sculptured, with irregular 
pits and ridges  ............................................  Triturus carnifex

- Ventral half of the alary process smooth or with a few 
foramina or cavities  ..............................................................  9 

9. Anterior margin of the pars dentalis smooth and regular 
in posterior view and rather trapezoidal in shape  ...............
 Ichthyosaura alpestris

- Anterior margin of the pars dentalis irregular in posterior 
view and rather semicircular in shape   10 (Lissotriton spp.)

10. Left (or right) half of the premaxilla twice higher than 
long  ..........................................................  Lissotriton vulgaris

- Premaxilla is as long as or slightly shorter than high  ..........
 Lissotriton italicus 

Maxilla

1. The posterior end of the pars dentalis is dorsally curved  ....
 ....................................................................  Salamandrina spp.
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- The pars dentalis is straight  .................................................  2

2. The teeth run for the whole length of the pars dentalis, 
including the processus maxillaris anterior. As such, the 
pars facialis does not reach the anterior end of the tooth 
row  .............................................................  Speleomantes spp.

- The pars facialis does not significantly extend on the pro-
cessus maxillaris anterior, but it ends together with the 
tooth row anteriorly or the pars facialis extends more 
anteriorly than the tooth row, on the processus maxillaris 
anterior  ...................................................................................  3

3. The pars facialis does not significantly extend on the pro-
cessus maxillaris anterior, but it ends together with the 
tooth row anteriorly  .............................  4 (Salamandra spp.)

- The pars facialis extends more anteriorly than the tooth 
row, on the processus maxillaris anterior  ..........................  6

4. The posterior fifth of the length of the pars dentalis is 
toothless*  .....................................................  Salamandra atra

- The posterior fourth of the length of the pars dentalis is 
toothless  .................................................................................  5

5. The pars facialis extends along the anterior third of the 
pars dentalis  ...................................  Salamandra salamandra

- The pars facialis extends along the anterior half of the pars 
dentalis  ..................................................... Salamandra lanzai

6. The pars palatina keeps the same width for the anterior 
half of the pars dentalis; it narrows at the anterior end, 
partly participating to the sharp processus maxillaris ante-
rior, with regular margins  .........................  Triturus carnifex

- The pars palatina has the same width for almost its entire 
length; it either ends anteriorly in a flat, abrupt proces-
sus maxillaris anterior, with regular margins, or the pars 
palatina is subtriangular in shape, enlarging posterolat-
erally, or it has the same width for all his length except a 
widening at midlenght  .........................................................  7

7. No sculpturing on the pars facialis  .....................................  8 

- Pars facialis sculptured in lateral view, with irregular pits 
and ridges  ...............................................................................  9 

8. Pars facialis extended for more than half of the pars denta-
lis  ..........................................................  Ichthyosaura alpestris 

- Pars facialis extended for half of the pars dentalis or less  ..
 Lissotriton vulgaris

9. Processus maxillaris anterior formed just by the pars facia-
lis  ......................................................  Euproctus platycephalus

- Processus maxillaris anterior formed by the pars palatina 
and the pars facialis  .................................  Lissotriton italicus

Vomer

1. In dorsal view, body of the vomer hammer shaped (see 
description above)  ...................................  Salamandrina spp.

- In dorsal view, body of the vomer triangular  ....................  2

2. Processus vomeropalatinus minor is pointed and slender  ..
 ..........................................................  Salamandra salamandra

- Processus vomeropalatinus minor poorly or well devel-
oped and pointed or well developed and rounded  ...........  3

3. The dentigerous ridge forms an angle of ca. 130° with the 
margo intervomeropalatinum ...................  Salamandra spp.

- The dentigerous ridge forms an angle of ca. 90° or ca. 180° 
with the margo intervomeropalatinum  ..............................  4

4.  The dentigerous ridge is mediolaterally directed, slightly 
posteriorly curved, forming with the margo intervomero-
palatinum an angle of less than 90°  .......  Speleomantes spp.

- The dentigerous ridge forms an angle of ca. 180° with the 
margo intervomeropalatinum ..............................................  5

5. The processus vomeropalatinus minor is poorly developed  
 ...........................................................  Euproctus platycephalus

- The processus vomeropalatinus minor is well developed   6

6. On the margo intervomeropalatinum there is a triangular 
expansion dorsally directed …………. 7

- On the margo intervomeropalatinum there is a deep con-
cavity or the margo intervomeropalatinum is straight ........
 ...............................................................  Ichthyosaura alpestris 

7. Processus vomeropalatinus minor rounded  ......  Lissotriton 
italicus

- Processus vomeropalatinus minor forming a tip  ..............  8

8. Processus vomeropalatinus major particularly extended, 
giving the body of the vomer a trapezoidal shape  ...............
 .......................................................................  Triturus carnifex

- Processus vomeropalatinus major short, giving the body of 
the vomer a rectangular shape  .............  Lissotriton vulgaris

Dentary

1. The symphysis shows a dorsal bulge in medial view  ............
 .....................................................................  Speleomantes spp.

- The symphysis is semicircular  .............................................  2

2. Dorsal and ventral margins fused for at least the anterior 
five sixths  ..................................................  Salamandrina spp.

- Dorsal and ventral margins unfused or fused for the ante-
rior half or the anterior two third or less  ..............................
 ............................................ Pleurodelinae / Salamandra spp.
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Variation in the number of tooth positions

Urodeles (like most lissamphibians) have small and 
somehow delicate teeth that are attached to the inner side 
of the jaws (a condition called pleurodonty). Adult teeth 
usually have a zone of weakness, formed by fibrous, poorly 
mineralized tissue, giving sufficient flexibility to permit the 
crown to bent inwards into the oral cavity. This condition 
results from a developmental peculiarity of lissamphibians: 
the base of the tooth (pedicel of dentine) and its enamel-
covered crown mineralize from separate centres and fail 

to fuse during tooth formation. This state is called pedice-
ly (Schoch, 2014). As such, the number of teeth can be 
counted based on the number of pedicels (in other words, 
tooth positions) even though the crown is broken and lost, 
as it is the case in most of both dry-skeleton specimens 
and fossils. In general, the number of tooth positions is a 
character of uncertain value, as it changes during the dif-
ferent ontogenetic stages (Deban et al., 2000). However, 
through the data collected herein some consideration can 
be done. The number of teeth on the premaxilla (Fig. 10A) 
allows for the distinction of the genus Speleomantes (with a 

Fig. 10. Number of tooth positions in Italian urodele genera. A: tooth positions in the premaxilla at the genus level. In the fused ones, half 
of the premaxilla is considered. B: tooth positions in the maxilla at the genus level. C: tooth positions in the dentary at the genus level. D: 
tooth positions in the vomer at the genus level. The graphs are based on the data reported in Table S3.
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mean of four tooth position for S. ambrosii and S. strinatii; 
the studied specimen of S. italicus does not preserve the 
premaxillae) and Salamandridae. Salamandra (with a mean 
of 22 tooth position for S. lanzai, 19 for S. atra, and 25 for 
S. salamandra) is also distinguishable from the subfam-
ily Pleurodelinae (with a mean ranging from eight to 14 
for the different genera). Among this latter clade, it is not 
possible to identify single genera based on teeth number. 
Similarly, Salamandrina has a small difference in the mean 
number of teeth in the premaxilla compared to the Pleu-
rodelinae, but the difference is so small that it should not 
be considered as a possibly diagnostic character, given that 
the maximum number of teeth of Salamandrina overlaps 
with the minima of Pleurodelinae. As such, it seems that 
the number of teeth in the premaxilla can be a somehow 
reliable diagnostic character to distinguish Salamandra and 
Speleomantes from each other and from Pleurodelinae and 
Salamandrina. However, these three major groups can be 
already separated using many other diagnostic characters 
as seen above. Despite not being important for the diagno-
ses at species level, it seems that the number of teeth in the 
premaxilla possesses a quite significant phylogenetic value, 
separating taxa that are phylogenetically far and grouping 
together taxa that are close.

The number of tooth positions on the maxilla (Fig. 
10B) divides the genera into three major groups based on 
average numbers: Speleomantes, Euproctus, and Salaman-
dra (with an average number of tooth positions ranging 
from 24 to 36 in the different species of the genera), Trit-
urus, Ichthyosaura, and Lissotriton (with a mean ranging 
from 12 to 18), and Salamandrina (from nine to 10). As 
such, the number of teeth in the maxilla could have a lit-
tle diagnostic value, but the minimum number of tooth 
positions of Speleomantes is very close to the maxima of 
Ichthyosaura, Lissotriton, and Triturus, and the maximum 
number of tooth positions of Salamandrina overlaps the 
number of tooth positions of Pleurodelinae. As such, the 
number of tooth positions in the maxilla is not signifi-
cant. Also, it has not much phylogenetic significance, giv-
en that for example Salamandra has a similar number to 
Speleomantes despite being very far phylogenetically from 
it (belonging to two different families that are separated 
by many branches of American and Asian taxa). Simi-
larly, Euproctus is within the range of Salamandra and 
Speleomantes, despite belonging to the same subfamily of 
Triturus, Lissotriton, and Ichthyosaura.

The number of tooth positions in the dentary (Fig. 
10C) shows a similar range in all the genera, only weakly 
separating Salamandra from the other genera. This makes 
again the dentary the dentigerous bone with the most con-
servative morphology within Italian urodeles. The number 
of tooth positions of the vomer (Fig. 10D) is very variable, 

and the ranges of all considered salamandrids extensively 
overlap. Speleomantes has a lower number of teeth, some-
how as expected given that the morphology of the vomer 
is clearly dissimilar and shows a way shorter dentigerous 
ridge compared to Salamandridae.

Intra- and interspecific variation

Some characters observed in the tooth-bearing ele-
ments exhibit significantly more variability than oth-
ers, like the position and the number of foramina and/
or cavities, which are highly-variable intra- and interspe-
cific characters: in every dentigerous bone there can be a 
varying number of foramina and/or depressions, or they 
can be completely absent. Concerning the margins of the 
bone, generally, the margo orbitalis of the maxilla is regu-
lar, whereas the margo anterioris is irregular. However, that 
is not true for all the species and even interspecifically: for 
example, in S. atra and S. salamandra, the two margins can 
be different in specimens of the same species. The dentary 
is particularly devoid of taxonomic significance in all the 
genera, even when considering variable identifying char-
acters: the symphysis is different in Speleomantes, where it 
shows a dorsal bulge, but this character is also present (to a 
lesser extent and with a less regular shape) in Triturus car-
nifex MDHC 85. This suggests that the dorsal bulge could 
be a character showing a degree of intraspecific variation. 
Other characters in the dentary, such as the level of margin 
fusion, the thickness of the margins, and the general shape 
of the bone, are consistent across all species or are not sig-
nificant, likely linked with different ontogenetic stages. As 
far as the vomer is concerned, in most specimens of Trit-
urus all the teeth are visible in lateral view, but in some 
specimens (e.g. MDHC 261), the teeth are not visible due 
to the lateral margin of the body of the vomer expanding 
to a more ventral level than the dentigerous ridge.

Phylogenetic analysis

The phylogenetic analysis resulted in a well-supported 
Salamandridae clade, with Speleomantes excluded from it. 
The genera Salamandra and Speleomantes are monophyl-
etic in the resulting tree. The two species of Salamandrina 
and the two Italian species of Lissotriton are also correctly 
grouped together. Salamandra is the sister group of the 
clade formed by Salamandrina and all the species of Pleu-
rodelinae. The position of Salamandrina, in a polytomy 
with Pleurodelinae, is in line with the affinities pointed out 
by other morphological phylogenetic analyses (Marjanovic 
and Witzmann, 2015; Macaluso et al. 2022), but contrary 
to what is currently concluded by molecular phyloge-
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netic studies (Zhang et al., 2008; Pyron and Wiens, 2011; 
Rancilhac et al. 2021). The general morphological affin-
ity between Salamandrina and the newts (including sev-
eral characters on the dentigerous bones as e.g. the straight 
dentigerous ridge of the vomer) could be the result of 
either shared plesiomorphic characters, which seems more 
likely at least in the case of the vertebrae (Macaluso et al. 
2022, 2023b), or due to evolutionary convergence.

CONCLUSION

The present work successfully provides taxonomi-
cally significant diagnostic characters at the genus (and 
in some cases species) level for the extant Italian urode-
les, including some taxa with poorly studied osteology, 
such as Speleomantes spp. and Euproctus platycephalus. 
Italian urodeles exhibit rather reliable diagnostic charac-
ters on premaxillae, maxillae, and vomers, but not in the 
dentaries, for which only the family level can be reached. 
Some characters are extremely variable, such as the num-
ber and the position of foramina and concavities and the 
regularity of the margins of the bones. The phylogenetic 
analysis based on newly defined characters on the tooth-
bearing bones resulted in the recognition of the well-sup-
ported monophyletic Salamandridae and Pleurodelinae. 
Salamandrina was recovered as part of the Pleurodelinae 
clade, in agreement with previous phylogenetic analyses 
based on morphology, but in contrast with the results of 
the analyses based on molecular data.
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Abstract. The European Leaf-toed Gecko, Euleptes europaea, a rock-dwelling nocturnal gecko characteristic of Medi-
terranean Islands, is facing local extinctions and population decline at the margins of its range. Population monitoring 
through artificial retreat-sites (ARS) was implemented on French’s Grand Rouveau and If islands to study the effects 
of management measures. We used Generalized Linear Models to identify: (i) the environmental variables (such as 
substrate, vegetation, and exposure to wind and sun) influencing the maximum number of individuals observed in 
ARS (studied in both islands); and (ii) the factors influencing ARS daily use (occupancy), including individual attrib-
utes such as age and weight, external temperature, and disturbance (Grand Rouveau only). The maximum number of 
geckos appeared to be determined by the thermal properties of ARS, as mediated by exposure to the dominant wind 
and sunlight, rather than by the structure of the habitat and nearby vegetation. An individual gecko’s presence in an 
ARS was positively related to its presence in the same ARS on the previous day and negatively related to its age, the 
temperature of the previous night, and the number of days of disturbance. These results provide insights into the fac-
tors governing the selection and use of ARS by the European leaf-toed gecko and open perspectives on the use of ARS 
for the monitoring and conservation of this and other elusive terrestrial reptiles. 

Keywords. Anthropogenic disturbance, gecko, habitat selection, Mediterranean islands, retreat-site, thermoregulation.

INTRODUCTION

Due to their isolation and unique environmental char-
acteristics, including simplified food webs and small pop-
ulation sizes, islands are areas of high conservation value 
(Rodrigues et al., 2004, Gros-Désormeaux, 2012). They 
are often characterized by unique ecological assemblages, 
including many endemic and paleo-endemic species that 
have disappeared from the continent (Rodrigues et al., 

2004, Blondel and Cheylan, 2008, Nias et al., 2010, Rober-
ston et al., 2011, Gros-Désormeaux, 2012, Médail, 2017). 
With more than 10,000 islands and islets, about 5% of the 
world’s total, the Mediterranean basin is a global hotspot 
for island environments (Blondel et al., 2010, Bellard et 
al., 2014, Médail, 2017) and one of 36 terrestrial biodiver-
sity hotspots (Médail and Myers, 2004). Conservation chal-
lenges in the Mediterranean region include multiple forms 
of environmental exploitation and transformation, includ-
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ing biological invasions, that are compounded by contem-
poraneous climate warming (e.g., Cheylan and Poitevin, 
1994, Hulme et al., 2008, Underwood et al., 2009, Blondel 
et al., 2010, Médail, 2017, Lefebvre et al., 2019, Silva-Rocha 
et al., 2019, MedECC, 2020, Médail, 2022).

The European Leaf-toed Gecko Euleptes europaea 
(Gené, 1839), family Sphaerodactylidae, is endemic to the 
Mediterranean region and characteristic of Mediterrane-
an Islands. Although its distribution has been described 
as a biogeographical enigma (Delaugerre and Cheylan, 
1992), it is thought to have regressed from the continents 
resulting in a fragmented and mainly insular distribution 
(Delaugerre, 1981a, Delaugerre, 1981b, Renet et al., 2008, 
Vacher and Geniez, 2010, Fig. 1). Indeed, apart from a 
few continental stations in Tuscany (Italy), Liguria (Italy), 
Campania (Italy) and the Alpes-Maritimes (France), the 
species is only present on the islands of the western Med-
iterranean region: Corsica and Sardinia and their islets, 
the Galite archipelago (Tunisia), the Tuscan archipelago 
(Italy) and the islands of the Provencal coast (France) 
(Delaugerre et al., 2011, Di Nicola et al., 2022).  The 
European Leaf-toed Gecko is the smallest species of 
gecko in Europe (on average 6-7 cm in length includ-
ing tail, Arnold and Ovenden, 2014). It is an insectivo-
rous and strictly nocturnal species avoiding light, which 
is active from dusk to dawn. It is a rock-dwelling species 
that lives in cracks and micro-cracks in rocks and build-
ings (Dardun, 2003). These natural shelters are of major 
importance for this poikilothermic species, which takes 

advantage of the heat stored by the rock to regulate its 
body temperature (Delaugerre, 1984). These cracks could 
also provide shelter from adverse weather conditions and 
diurnal predators (Delaugerre and Corti, 2020).

Having been qualified as a species pre-adapted to 
the island environment because of its low biomass and 
its ability to survive in very small populations, it is the 
vertebrate that is found on islands with the most dras-
tic conditions in the Mediterranean regions, includ-
ing very small area, reduced food web and low biomass 
(Delaugerre and Corti, 2020). However, this species 
is declining at the margins of its range and facing local 
extinctions both on islands and the continent (Dardun, 
2003, Delaugerre, 2003, Salvidio and Delaugerre, 2003, 
Vacher and Geniez, 2010, Delaugerre et al., 2011, Corti et 
al, 2022). The exact causes of these declines are unknown 
but could be due to a combination of factors, including 
predation by the Black Rat Rattus rattus and the feral Cat 
Felis catus (Tranchant et al., 2003, Vacher and Geniez, 
2010, Delaugerre et al., 2019), restoration of old build-
ings which serve as a refuge for the European Leaf-toed 
Gecko (AGIR écologique, 2016, Rennet and Monnet, 
2021), competition with the Turkish Gecko Hemidactylus 
turcicus and the Common Wall Gecko Tarentola mauri-
tanica (Linnaeus, 1758) (Renet and Monnet, 2021), intro-
duction of new pathogens brought by the Common Wall 
Gecko (Delaugerre and Cheylan, 1992), abandonment 
of pastoralism leading to the closure of environments 
(Renet et al., 2013), urbanization (Renet et al., 2013), and 

Fig. 1. Global distribution of the European Leaf-toed Gecko (in red) and locations of ARS on the left: If Island, and on the right Grand 
Rouveau Island. The three ARS used for the CMR protocol are circled in red. 



125Retreat-sites selection and daily occupancy by Euleptes europaea

increase in the frequency of forest fires (Delaugerre and 
Cheylan, 1992). For these different reasons, the species is 
classified near threatened in the red list of Reptiles and 
Amphibians of the Mediterranean Basin and endangered 
in the red list of the Provence-Alpes-Côte d’Azur region 
in France (Cox et al., 2006, Marchand et al., 2017).

The European Leaf-Toad Gecko is an elusive species 
that is strictly nocturnal and can inhabit remote islands. 
As a consequence, the research on the species in activ-
ity, aiming for a better understanding of its ecology and 
conservation status, faces significant logistical challeng-
es. A variety of monitoring techniques have been test-
ed, including nighttime prospection with flashlights of 
potentially favorable rocky microsites (Delaugerre, 2002, 
Krebs et al., 2015, Couturier et al., 2020). However, night-
time prospections typically resulted in a small number 
of data points, insufficient for proper monitoring of the 
species (Vincent Rivière, pers. obs.). Because terrestrial 
ectotherms often use retreat-sites to regulate their body 
temperature and achieve their eco-physiological needs 
(Huey et al., 1989, Grillet et al., 2010), several studies 
have used artificial retreat-sites (ARS) to monitor reptiles 
or attempt to restore their habitat (Webb and Shine, 2000, 
Croak et al., 2010, Grillet et al., 2010, Moore et al., 2022). 
Monitoring of the European Leaf-toed Gecko using arti-
ficial retreat-sites was thus set up on the island of Grand 
Rouveau (Var, France) in 2014 and on the island of If 
(Bouches-du-Rhône, France) in 2016 (AGIR écologique, 
2016, Cheylan et al., 2018) using three stacked roman 
roof tiles covered with stones (Fig. 2, Cheylan et al., 
2018). These ARS were typically colonized rapidly (in 
less than a month) and their occupancy reached up to 
76% on If Island, making these ARS a promising tool to 
monitor European Leaf-toed Gecko populations (AGIR 
écologique, 2016, Cheylan et al., 2018). But, to the best of 

our knowledge, no study has investigated the individual 
and environmental factors involved in the selection and 
daily use of ARS by the species.

Our overall objective is to provide important knowl-
edge on the ecological preferences and life habits of the 
species that can be used to improve monitoring proto-
cols and conservation measures targeted for the Euro-
pean Leaf-toad Gecko. Specifically, this study has two 
main objectives, namely identifying: (i) the environmen-
tal variables such as substrate, vegetation, and exposure 
to wind and sun influencing the maximum number of 
individuals observed in ARS; and (ii) the factors influ-
encing ARS daily use (occupancy), including individual 
attributes such as age and weight, external temperature, 
and disturbance.

MATERIAL AND METHODS

Study sites

The island of If (43.279806°N, 5.325575°E) is part of 
the Frioul archipelago, off the coast of Marseille (Bouche-
du-Rhône, France), in the heart of the Calanques Nation-
al Park. In response to the restoration of the ramparts 
of If ’s castle, measures were taken to reduce the dam-
age caused to the population of the European Leaf-toed 
Gecko on this island. Long-term monitoring of this pop-
ulation via artificial retreat-sites (ARS) has been imple-
mented on If since September 2016 (AGIR écologique, 
2016) in order to monitor the impact of the restoration 
and the effectiveness of the compensation measures. 
Twenty-seven ARS are currently positioned on If Island. 
They have been empirically arranged so that at least one 
ARS is placed within each main vegetation assemblage 

Fig. 2. A) Example of European Leaf-toed Gecko artificial retreat-site (ARS) left «open» to visualize the structure. B) Functional ARS com-
pletely covered with stones.
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of the island (Fig. 1a). Since 2016, European Leaf-toed 
Geckos are counted in every ARS 2 to 3 times a year. 

The island of Grand Rouveau (43.08038°N, 
5.76757°E) is part of the Embiez archipelago off the town 
of Six-Fours-Les-Plages (Var, France). Most of the land 
is owned by the Conservatoire du Littoral and its man-
agement is entrusted to the city of Six-Fours-Les-Plages, 
in association with the “Initiative pour les Petites Iles de 
Mediterranée” (PIM initiative) (AGIR écologique, 2021). 
Monitoring of the European Leaf-toed Gecko population 
by ARS started in 2014 on Grand Rouveau (Cheylan et 
al., 2018). Thirty-three ARS are currently positioned on 
the island, with at least one ARS within each main veg-
etation assemblage of the island (Fig. 1b). Since July 2014, 
European Leaf-toed Geckos are counted in every ARS 2 
to 3 times a year, with at least one survey in the spring 
and one in autumn. 

Field protocol for environmental variables and gecko num-
bers within retreat-sites

The collection of environmental data occurred in 
April 2021 for If Island and April 2022 for Grand Rou-
veau Island. The complete list of variables collected is pro-
vided in Table 1. The number of geckos was characterized 
by our response variable called max_num (see Table 1) 
which corresponds to the maximum number of individu-
als observed in the retreat-site since the beginning of the 
monitoring (2014 for Grand Rouveau Island and 2016 for 
If Island). On average, each ARS was surveyed 14.6 times 
(SD = 3.4), out of a maximum possible number of 19 
between July 2014 and April 2022. The survey of an ARS 
is done by moving the ARS inside a box before opening it, 
in such a way that no individual can be missed or escape. 

We verified that our response variable max_num did 
not depend on the number of sampling periods, used as 
a proxy for the time since installation of the ARS: Spear-
man’s rank correlation coefficient, rho = -0.08, P = 0.56. 
Our data set included candidate variables measured 
within a radius of 5 or 10 meters around the site, vari-
ables describing the environmental conditions at the ARS 
itself, including classes of exposure to the major winds 
of the region (variables N_WNW and ENE_ESE) as well 
as sun exposure in classes at different orientations (E, 
SE, S, SW, and W) and cumulatively (Sun_pc), as well 
as the distance in meters from the retreat-site to the sea 
(Sea_d) and to the nearest ARS (Arti_g), with the latter 
two measured in QGIS 3.16 (QGIS Development Team, 
2022). Variables concerning wind and sun exposure 
are categorical (with 3 levels), whereas variables such as 
Sun_pc, Sea_d or Arti_g are numerical. For a complete 
description of variables in our data set, refer to Table 1.

Field protocol for Capture-Mark-Recapture and retreat-site 
occupancy

A protocol of Capture-Mark-Recapture (CMR) was 
carried out on the island of Grand Rouveau. All individu-
als of three ARS (#22, #23 and #37, see Fig. 1 for loca-
tion) were captured during the daytime monitoring of 
April 14, 2022. These ARS were selected because they 
were adjacent to each other and held the highest num-
ber of geckos for the island. Each gecko was individually 
marked using water and pigment markers (edding 4040 
CREATIVE marker) with a unique combination of leg 
marks (see Fig. S1 for an example of marked individuals). 
Because there is no known or suspected predator of the 
European Leaf-toad Gecko on either island, an increased 
predation risk due to colorful marking was not perceived 
as a significant issue for this study. For each marked 
individual, we recorded the site of capture as well as its 
weight and age class (see Table 2 for complete variable 
description). Sex was not recorded as it could not be safe-
ly determined for sub-adults and juveniles based on mor-
phological features. All individuals were then returned 
to their ARS. These three ARS were surveyed daily for 
the next 4 days, allowing us to record the presence his-
tory of the marked individuals during these 4 recapture 
events. In addition, nighttime and daytime temperatures 
were obtained from the nearest weather station (at Cape 
Cépet, ~15 km from Grand Rouveau) using the web-
site www.meteociel.fr. New arrivals during the protocol 
(n = 3 individuals) were processed in the same way and 
included in the study. 

Statistical analyses for environmental variables and num-
bers within retreat-sites

All statistical analyses were performed with R 4.0.4 
(R Core Team, 2021). The relationship between the 
maximum number of individuals observed in each ARS 
(our response variable max_num, see Table 1) and our 
set of candidate environmental variables was modeled 
using Generalized Linear Models and a negative bino-
mial distribution (function glm.nb in R’s MASS package). 
This distribution is suitable for over-dispersed discrete 
variables including many low-count data and a few high 
counts that stretch the distribution (Zuur et al., 2009). 
To reduce the risk of overfitting with our large, full set 
of 39 explanatory variables (for 60 data points), we used 
a conservative forward model selection approach as fol-
lows. First, starting from the (constant) null model, an 
explanatory variable was entered into the best model 
only if it resulted in a drop in the second-order AIC 
criterion (Akaike Information Criterion: Akaike, 1974), 

http://www.meteociel.fr
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calculated using the AICc function in R’s MuMIn pack-
age, and if the corresponding regression coefficient was 
significant at the 5% level (in the case of a factor with 
multiple levels, at least one contrast needed to be signifi-
cant). In addition, to reduce the risk of detecting spuri-
ous correlations due to increased type I errors, we limit-
ed the number of interactions tested to seven potentially 
meaningful pairwise interactions among the set of vari-
ables retained after forward selection, excluding interac-
tions between sun or wind exposure and the presence of 
a particular grass species. None of the seven tested inter-

actions were significant (not shown) and thus none were 
included in the best model. 

To assess model validity, we first used the qresid 
function of R’s statmod package to obtain randomized 
quantile residuals which are normally distributed (Dunn 
and Smyth, 2018). Next, normality of the residuals was 
tested using a Shapiro-Wilk test (Shapiro and Wilk, 
1965), the homogeneity assumption was tested using 
Levene’s test (Levene, 1960) for each categorical variable 
included in the best model, independence was assessed 
by looking at the spatial distribution of the residuals, and 

Table 1. Description of environmental variables and gecko numbers within artificial retreat-sites (ARS). Legend: max_num is the response 
variable; explanatory variables calculated within a radius of 5 or 10 meters from the retreat-sites are identified at the end of the description 
with the notation ‘(5m)’ and ‘(10m)’, respectively; the variable Gen_sp is actually referring to a set of 12 variables based on 12 plant species 
for which we determined whether they were dominant within the 5-meter radius of the ARS (value = 1) or not (0), such as Atr.sp referring 
to small bushes of Atriplex sp., and Hor.mur to the grass Hordeum murinum; for the variable Stru (soil structure): 0 = a single substrate; 1: 
heterogeneous, with large substrate patches; 2: heterogeneous, with a mosaic of small patches; for sun exposure at different orientations 
(variables E to W): 0 = entirely shaded for this orientation, 1 = partially shaded for this orientation, 2 = entirely exposed for this orientation; 
for wind exposure of the retreat-site for the two major winds in this region (variables N_WNW and ENE_ESE): 0 = entirely protected from 
the wind; 1 = partially protected from the wind, 2 = entirely exposed to the wind. For each variable, its type (Num = numerical; Cat =  cat-
egorical) and the values that it can take are presented as well. See text for details. 

Variable Description Type Values/Range

max_num Maximum number of geckos observed in the ARS Num 0 to x
Site Island on which the ARS is located Cat If, Rouveau
Sea_d Distance from the sea (in meters) Num 0 to x
v0_5 Cover of the vegetation layer from 0 to 5 cm (5 m) Num 0 to 100 %
v5_15 Cover of the vegetation layer from 5 to 15 cm (5 m) Num 0 to 100 %
v15_40 Cover of the vegetation layer from 15 to 40 cm (5 m) Num 0 to 100 %
v40 Cover of the vegetation layer above 40 cm (5 m) Num 0 to 100 %
Goel Number of yellow-legged gull (Larus michahellis) nests (5 m) Num 0 to x
Pod.sp Known presence of Podarcis lizards (P. siculus on If, P. muralis on Rouveau) on the ARS Cat 0 / 1
Gen.sp For 12 plant species, significant presence or not (5 m) Cat 0/1
Rock Cover of rocky substrate (5 m) Num 0 to 100 %
Earth Cover of other non-sandy and non-rocky natural substrate (5 m) Num 0 to 100 %
Stone Cover of construction stone (5 m) Num 0 to 100 %
Sand Cover of sandy substrate (5 m) Num 0 to 100 %
Conc Cover of concrete substrate (5 m) Num 0 to 100 %
Stru Soil structure (see legend for details) Cat 0,1,2
Nat_g Presence of natural (rocky) habitat for the species (10 m) Cat 0 / 1
Arti_g Distance from the nearest ARS (in meters) Num 0 to x
Ant_g Presence of anthropogenic habitat (10 m) Cat 0 / 1
Mov ARS moved since the beginning of the monitoring Cat 0 / 1
Rep ARS repaired since the beginning of the monitoring Cat 0 / 1
E Sun exposure of the ARS to the east Cat 0,1,2
SE Sun exposure of the ARS to the south-east Cat 0,1,2
S Sun exposure of the ARS to the south Cat 0,1,2
SW Sun exposure of the ARS to the south-west Cat 0,1,2
W Sun exposure of the ARS to the west Cat 0,1,2
Sun_pc Total sun exposure (sum of each direction of exposure) Num 0 to 10
N_WNW Wind exposure of the retreat-site to the ‘Mistral’ (dominant wind) Cat 0,1,2
ENE_ESE Wind exposure to the second major wind in the region Cat 0,1,2
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R’s density function was used to compare the distribution 
of observed max_num with those predicted by the model.

Statistical analyses for CMR and retreat-site occupancy

Because detection probability was always one (the 
survey method allows the detection of the total number 
of individuals present in an ARS) and we did not detect 
any movement between ARS, we did not attempt to esti-
mate transition probabilities (using a multi-state CMR 
model), as initially planned; instead, we focused on indi-
vidual occupancy, the probability for a gecko to be found 
at its shelter-site on any given night. To account for 
repeated measures of our binary response variable (Pres) 
over time, the influence of potential explanatory variables 
was assessed using Generalized Linear Mixed Models 
(GLMM) with the function glmmTMB in R’s glmmTMB 
package, using a Bernoulli distribution and a logit trans-
formation. The candidate variables included Pres-1, the 
presence or absence of the individual in the ARS on the 
previous day, to account for possible temporal autocor-
relation. Only recapture data were analyzed in order to 
have Pres-1 value available for every Pres value. The com-
plete list of variables is provided in Table 2.

The selection of the optimal model explaining ARS 
daily use (occupancy) was performed using the top-down 
strategy which is adapted to mixed models (Zuur et al., 
2009). To identify the random part of the model, we used 
REML estimators (REstricted Maximum Likelihood; see 
Bolker et al., 2009, Zuur et al., 2009) to compare four 
models with identical fixed effect structure (an additive 
model including all possible fixed effects factors) but dif-
ferent random effect structure, namely a different random 

intercept for each individual (1|Ind), a random slope for 
each individual that depended on the number of days 
of ARS disturbance (0 + D_site|Ind), as well as random 
intercepts and slopes that were either correlated (1 + D_
site|Ind) or uncorrelated (1|Ind) + (0 + D_site|Ind). The 
optimal structure of the random component was selected 
using the AICc criterion (Akaike Information Criterion 
corrected for small numbers, Bolker et al., 2009, Hervé, 
2014). The optimal fixed structure was then determined 
using forward model selection and Maximum Likelihood 
(ML) estimators, which are more relevant in the case of 
model comparisons with different fixed effects (Pinheiro 
and Bates, 2004, Millar, 2011). Although forward model 
selection did not include any interaction, we tested a pos-
teriori whether the inclusion of potentially relevant pair-
wise interactions resulted in lower AICc; the model with-
out any interaction was retained as the best model (not 
shown). Finally, the best model was fitted using REML 
estimators to get a more reliable estimate of the different 
parameters (Zuur et al., 2009).

To assess model validity, we used an approach adapt-
ed to GLMM models implemented in R’s DHARMa pack-
age (Hartig, 2022). Instead of conventional residuals, the 
method uses simulated scaled residuals (obtained with 
the simulateResiduals function) that are bounded between 
0 and 1. If the model has been specified correctly, a uni-
form (flat) distribution is expected for the scaled residu-
als (Hartig, 2022). We first tested whether the overall dis-
tribution, the number of outliers, and the dispersion of 
the scaled residuals conformed to expectations using the 
functions testUniformity, testOutliers and testDispersion, 
respectively. In addition, for all fixed-effect predictors 
included in the best model (after transforming numerical 
variables such as Night_temp into categorical predictors) 

Table 2. Variables description for Capture-Mark-Recapture and ARS occupancy. Pres was our response variable, Ind was used as a random 
factor, and all other variables were used as candidate explanatory (fixed effect) variables. For each variable, its type (Num = numerical; Cat 
= categorical) and the values that it can take are presented.

Variable Description Type Values / Range

Ind Unique identifier of the individual Cat 1 to 77
Pres Presence or absence of the individual in the ARS Cat 0/1

Pres-1 Presence or absence of the individual in the ARS 
on the previous day Cat 0/1

Site ARS where the individual was captured and returned Cat 22, 23, 37
Weight Weight (g) of the individual when first captured Num 0.31 to 2.66

Age_class Age class of the individual, based on morphological features. Adults and subadults could not 
be safely distinguished and thus they are grouped together. Cat Adult or juvenile

Night_temp Temperature, in °C, of the night before the daily survey, as measured at 3 AM on the same 
day (data taken from www.meteociel.fr) Num 9 to 20

Day_temp Temperature, in °C, at 1 PM the day of the survey (www.meteociel.fr) Num 17 to 22
D_site Number of consecutive days of ARS disturbance Num 1 to 5

http://www.meteociel.fr
http://www.meteociel.fr
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we used the testCategorical function to check for within-
group deviations from uniformity and between-group 
deviation from homogeneity.

RESULTS

Environmental variables and numbers within retreat-sites

The best model included the variables N_WNW, S, 
SW, Atr.sp, and Hor.mur (Table 1 for variable description, 
Table 3, Fig. 3). A site completely exposed to the wind 
from N to WNW (level = ‘2’ of N_WNW) held fewer 
individuals than a site partially or completely protected 
from the wind for this orientation (levels = ‘1’ and ‘0’, 
respectively; both P < 0.001, not shown), while moder-
ate or partial exposure to N to WNW winds (level = ‘1’) 
yielded higher values of max_num than any other situa-
tion (although the difference between levels ‘1’ and ‘0’ 
was not significant: Table 3). In addition, sites partially or 
completely exposed to the southern sun (levels ‘1’ and ‘2’ 
of variable S) had significantly larger numbers of Euro-
pean Leaf-toed Geckos than sites in the shade for this 
orientation (level = ‘0’, both P < 0.03), while, moderate 
or partial sun exposure to the SW (level = ‘1’ of variable 
SW) yielded significantly higher values of max_num than 
either a lack of or complete sun exposure for this orien-
tation (levels ‘0’ and ‘2’ of variable SW, both P < 0.001, 
not shown). Finally, retreat sites that were surrounded by 
vegetation dominated by the grass Hordeum murinum or 
small bushes of Atriplex sp. held significantly larger num-

bers of European Leaf-toed Geckos than the sites which 
did not (Table 3).

The hypothesis that quantile residuals followed a nor-
mal distribution could not be rejected (Shapiro test, W = 
0.99, P = 0.79). The null hypothesis that the variances did 
not differ among the different levels of each explanatory 
variable could not be rejected for any of the five explana-
tory variables in the best model (Levene’s test: all P > 
0.05). However, the existence of spatial autocorrelation 
in the residuals, notably at Grand Rouveau Island, sug-
gests that the independence hypothesis is not respected 
(Fig. S2). We thus used the glmmfields function in R’s 
glmmfields package to run the same (best) model while 
accounting for spatial autocorrelation (Anderson and 
Ward, 2019). The coefficients obtained were very similar 
to those obtained previously (not shown), suggesting that 
our results are also robust to this violation, although it 
should be noted that the contrast between the levels ‘0’ 
and ‘2’ of the variable S was no longer significant at the 
5% threshold in the spatial model (estimate = 0.70, 95 
%, CI = [-0.06; 1.47]). Finally, although the distribution 
of y-values predicted by the model resembles reality, the 
best model tends to underestimate the highest observed 
values (Fig. S3).

CMR and retreat-site occupancy

The total dataset of the CMR protocol consisted of 
203 captures (first captures and recaptures) of 77 unique 

Table 3. Coefficients and their Standard Error (SE) for the best 
model explaining the maximum numbers of European Leaf-toed 
Gecko observed within the ARS. For each categorical variable 
(N-WNW, S, and SW), the coefficients reflect the effect of a given 
level compared to the effect of level ‘0’ that is included in the inter-
cept (e.g., 0.15 is the predicted difference, on the log scale, between 
gecko number when the ARS is partially protected from the wind 
[N-WNW = 1] and when it is entirely protected from the wind 
[N-WNW = 0]); significance levels: ‘***’: P < 0.001, ‘**’: P < 0.01, 
‘*’: P < 0.05). See Table 1 for variable description.

Variable / Level Coefficient SE z P-value

(Intercept) 1.10 0.19 5.62 1.86e-08 ***
N-WNW / 1 0.15 0.25 0.58 0.56
N-WNW / 2 -1.52 0.27 -5.64 1.71e-08 ***
S / 1 0.83 0.29 2.82 0.005 **
S / 2 0.71 0.32 2.20 0.028 *
SW / 1 1.37 0.33 4.11 3.88e-05 ***
SW / 2 -0.39 0.31 -1.25 0.21
Atr.sp / 1 1.89 0.48 3.93 8.58e-05 ***
Hor.mur / 1 0.88 0.27 3.20 0.001 **

Fig. 3. Model-based predictions, including 95% confidence inter-
vals, for the maximum number of geckos found in artificial retreat-
sites (max_num) as a function of different parameter combinations; 
the predictions are based on the best model but after grouping 
modalities with similar effects to reduce the number of parameter 
combinations and provide greater clarity: S = 1,2 corresponds to S 
= 1 or S = 2, SW = 0,2 corresponds to SW=0 or SW=2. Atr.sp and 
Hor.mur were fixed to 0. See Table 1 for the description of variables.
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individuals, with only 3 individuals being new arrivals 
(not captured during the first day but captured during 
one of the four days of recapture); 19 individuals were 
captured only during the first day, and not during any of 
the four days of recapture. On the first day, the ARS #22, 
#23 and #37, selected for the CMR protocol, were respec-
tively occupied by 17, 36 and 21 unique individuals.

The best model identified by the top-down approach 
suggested that the probability of presence of geckos in 
their ARS (occupancy) was greater when the individ-
ual was present the previous day as well as for juveniles 
as compared to adults and subadults but was negatively 
related to the temperature of the previous night and the 
number of days of disturbance (Table 4 and Fig. 4). In 
addition, the random effect structure selected by AICc 
(0 + D_site | Ind; Akaike weight = 0.466) suggested the 
existence of between-individual variation in the response 
to disturbance. 

The hypothesis that the distribution of the scaled 
residuals was uniform could not be rejected (one-sample 
Kolmogorov-Smirnov test: D = 0.037, P = 0.80) and no out-
lier was detected (DHARMa bootstrapped outlier test, P = 
1). However, the dispersion of the residuals was lower than 
expected (dispersion = 0.728, P < 0.001), which resulted 
in a loss of statistical power (as opposed to overdispersion 
which results in inflated type I errors: Hartig, 2022). Such 
reduced power could explain, at least in part, the fact that 
some of the variables included in the final model (after 
selection by AICc) were not significant at the 5% level (see 
Table 4). For each of the fixed effects but one, we could not 
reject the null hypotheses of (within-group) uniform dis-
tribution and (between-group) homogeneity (one-sample 
Kolmogorov-Smirnov and Levene’s tests, respectively: all P 
> 0.37, except Pres-1 for which all P < 0.01).

Because Pres-1 was the least significant variable 
included in the best model (Table 4: z = 1.29, P = 0.20), 
we investigated the influence of Pres-1 by re-running all 
analyses after dropping it, yielding an alternative ‘best 
model’ called bm2. The difference in AICc between 

the best model and bm2 was less than 2 (ΔAICc = 1.9, 
Akaike weight for bm2 = 0.28). After dropping Pres-1, 
all explanatory variables retained the sign of their coef-
ficient, but all became significant at the 5% level (com-
pare with Table 4; Night_temp: Est = -0.10, z = -2.13, P = 
0.03; Age_class: Est = 3.00, z = 2.02, P = 0.04; D_site: Est 
= -1.14, z = -4.73, P < 0.001), and none of the hypothe-
ses examining the validity of the model could be rejected 
anymore (not shown). This suggested that our conclu-
sions regarding the influence of fixed-effect variables are 
robust to the violations found when Pres-1 is included.

DISCUSSION

Importance of the thermal properties of the retreat site

The first objective of this study was to determine the 
environmental variables affecting the number of Europe-
an Leaf-toed Gecko present in the artificial retreat-sites. 
Consistent with studies in other reptiles (e.g., Huey, 1982), 
we found that three of the variables included in the best 

Table 4. Coefficients and their Standard Error (SE) on the logit 
scale for the best model explaining the probability of presence with-
in the artificial retreat-site for an individual of European Leaf-toed 
Gecko; significance levels: ‘*’: P <0.05, ‘.’: = P <0.1. See Table 2 for 
variable description.

Variable / Level Coefficient SE z P-value

(Intercept) 1.953 1.675 1.166 0.244
Pres-1 1.090 0.847 1.287 0.198
Night_temp -0.101 0.044 -2.277 0.023 *
Age_class / Juvenile 2.088 1.153 1.811 0.070 .
D_site -0.618 0.371 -1.665 0.096 .

Fig. 4. Probability of presence (variable Pres) of a gecko in its ARS, 
as estimated from the best model’s fixed effect coefficients and the 
inverse logit function, as a function of: (i) the number of days of 
disturbance (variable D_site; x-axis); we only show estimates for 
the two most extreme values, namely 2 and 5 days of disturbance; 
(ii) the individual’s age class (Adult/Subadult or Juvenile, repre-
sented by circles or squares, resp.); (iii) presence or absence of the 
individual at the ARS on the previous day (filled or empty symbols, 
resp.); and (iv) the previous night’s temperature; only the two most 
extremes temperatures in the data set are shown: T = 9 °C, shown 
in blue, and T = 20 °C, shown in red.



131Retreat-sites selection and daily occupancy by Euleptes europaea

model relate to exposure to the wind or sun, suggesting a 
strong influence of the thermal properties of the retreat-
sites (Table 3; Discussion below). Indeed, for nocturnal 
poikilotherms that do not engage in direct insolation and 
spend the day in their retreat-sites such as the European 
Leaf-toed Gecko, the Turkish Gecko Hemidactylus turcicus 
(Hitchcock and McBrayer, 2006), the Broad-headed Snake 
Hoplocephalus bungaroides (Webb and Shine, 1998a), 
and the Marbled Southern Gecko Christinus marmoratus 
(Kearney and Predavec, 2000), thermoregulation depends 
on the choice of a retreat-site and the position occupied 
within that site (Huey, 1982, Webb and Shine, 1998a, 
Kearney and Predavec, 2000). Within their retreat-site, 
European Leaf-toed Geckos manage to maintain their 
body temperature above the atmospheric temperature 
even when inactive (Delaugerre, 1984).

Complex combined effect of exposure to the sun and wind 
on retreat site selection

As may have been anticipated, sites partially or com-
pletely exposed to the southern sun had more European 
Leaf-toed Geckos than sites in the shade for this orien-
tation (Fig. 3). Interestingly, however, such difference was 
minimal for retreat-sites that were completely exposed to 
north to west-northwest winds (Fig. 3), locally called the 
‘mistral’, and characterized by strong, cold, and dry winds 
(Guenard et al., 2005). Overall, sites completely exposed 
to the mistral held fewer geckos than other sites (see 
Results and Fig. 3). This suggests the mistral is a limiting 
factor for the European Leaf-toed Gecko, likely because 
exposure to strong winds, especially in open habitats, 
leads to a reduction of temperature for the substrate and 
reptiles’ body through convection (Logan et al., 2015, 
Ortega et al., 2017). While ARS made of rocks and tiles 
can provide shelter from desiccation, protecting Europe-
an Leaf-toed Geckos from direct wind and maintaining 
some moisture (Edgar et al., 2010), ARS should not be 
immune to wind-induced cooling.  

Additional findings suggest that the sun and wind 
exposure act in combination to determine ARS qual-
ity for European Leaf-toed Gecko, although future stud-
ies directly investigating the thermal properties of ARS 
and the temperature of the geckos will be necessary to 
fully address this question. In the present study, more 
geckos were found in ARS that were partially exposed 
to the mistral and partially exposed to the southwestern 
sun, as compared to ARS that were either sheltered from 
or completely exposed to the mistral and southwestern 
sun (Results and Fig. 3). These results suggest that over-
heating is also a concern, and that only a narrow frac-
tion of all possible environmental conditions provide 

optimal ARS conditions. Because of thermal inertia of 
the rock and slow heat absorption, nocturnal reptiles in 
retreat-sites tend to reach their optimal temperature in 
the afternoon (Webb and Shine, 1998a, Kearney, 2002). 
A complete absence of cooling provided by the mistral 
or a strong exposure to afternoon and evening sunshine 
could thus lead to temperatures beyond those optimal or 
even tolerable for the species (Walls, 1983, Kearney, 2002, 
Edgar et al., 2010). This may be particularly true during 
hot weather, raising the possibility of seasonal variation 
in the thermal properties of ARS. For instance, in sum-
mer the nocturnal gecko Christinus marmoratus prefers 
high-shaded rocks to medium and low-shaded ones and 
better tolerates low-shaded rocks when they are thick 
(Kearney, 2002). Anecdotal data suggest that more Euro-
pean Leaf-toed Geckos may be found in spring and fall, 
as compared to summer, in ARS of both Grand Rouveau 
and If islands (pers. obs), although future work will be 
needed to better understand possible seasonal variation 
in their patterns of activities.

Additional effect of surrounding vegetation on retreat site 
selection

In addition to variables related to sun and wind 
exposure, the best model also included the presence or 
absence of two plant groups: the bushy species of the 
genus Atriplex and the grass species Hordeum murinum. 
This result about Atriplex sp. is consistent with recent 
papers highlighting the importance of vegetated habitats, 
and especially woody habitat, for this gecko long-per-
ceived as solely associated with rocky environments. Salvi 
et al. (2023) described observations and adaptations con-
sistent with an agile arboreal locomotion and Deso et al. 
(2023) described the arboreal behavior of E. europaea on 
the alien Eucalyptus sp. species on two islands. It is worth 
noting, however, that Atriplex sp. were dominant (see 
Table 1 for definition) in two ARS only in our samples, 
suggesting that the inclusion of this variable in our best 
model might be an artifact of such a small sample size. 
Conversely, we are not aware of any study establishing a 
relationship between E. europaea and Hordeum marinum 
or any other grass species. Patches of Hordeum might 
shelter arthropods and thus provide a food supply for 
the European Leaf-toed Gecko, a hypothesis that requires 
further testing.

Model limitation for retreat site selection

The best model appears insufficient to precisely pre-
dict gecko numbers in the most favored retreat-sites. 
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First, the uncertainty around the estimates, as quantified 
by the amplitude of the confidence intervals, strongly 
increases when the estimated densities exceed approxi-
mately 15 individuals (Fig. 3). Second, the best model 
appears to slightly underestimate the densities in the 
best retreat-sites (Fig. S3). Although it is always possible 
that we missed an important environmental predictor 
(despite our large data set: Table 1), the small difference 
between observed and predicted values could be related 
to the gregarious behavior of the European Leaf-toed 
Gecko, whose individuals tend to group together within 
natural or artificial retreats (e.g., up to 35 individuals 
observed under the same ARS on If; see also Delaugerre 
and Cheylan, 1992, Delaugerre and Corti, 2020). If this is 
true, we may expect the difference between any two suit-
able retreat-sites to reflect local population size, taken as 
a proxy of the number of potential colonizers, rather than 
the thermal properties of the retreat-site itself. The fact 
that three adjacent sites at Grand Rouveau held the high-
est number of geckos for this island together with the 
presence of residual spatial autocorrelation (Fig. S2) may 
be consistent with that view, although future work will be 
needed to explore this hypothesis. 

Effect of disturbance on retreat-site occupancy

Our daily surveys required a complete dismantling 
(and rebuilding) of the retreat-sites as well as the han-
dling of individual geckos for identification. As may 
have been anticipated, such a disturbance was associated 
with a reduced probability of presence on the following 
day that was accounted for in the estimation of the oth-
er model parameters (Table 4; see also Fig. 4 for a com-
parison of two versus five days of disturbance). Since the 
CMR protocol was localized in space (3 artificial retreat-
sites concerned out of 33 on the island) and time (5 days) 
and geckos can also find many suitable natural retreat-
sites in the surrounding habitats, we do not expect any 
impact on the conservation status of the European Leaf-
toed Gecko in Grand Rouveau Island.

Lack of movement between retreat-sites

We did not observe any movement between the three 
retreat-sites monitored. Every individual that was captured 
in one of our three retreat-sites either went missing for the 
rest of the study or was captured at least once more at the 
same site. Although the three sites are relatively far apart 
(distance: 21-41 meters), dispersal events can occur over 
more than 50 meters of rocky line in the European Leaf-
toed Gecko (Delaugerre and Corti 2020). Similar disper-

sal distances were estimated in a slightly larger species, 
the Turkish Gecko Hemidactylus turcicus. Paulissen et al. 
(2013) found that some adults of Turkish Gecko exhibited 
movements up to 67 m, although the average movement 
when the individuals were recaptured after less than 30 
days was only 5 m. Accordingly, besides site fidelity, several 
factors may explain a lack of movement between sites and 
future studies will be needed to assess their relative impor-
tance. First, the duration of the study may have been too 
short to detect movements between retreat-sites (only 4 
days after the first capture). Second, movements may have 
occurred towards additional adjacent retreat-sites that have 
not been surveyed (see Fig. 1). Third, such movements 
between retreat-sites may be more likely in summer, as 
opposed to early in the season (in April), as higher tem-
peratures may permit the species to wander away from 
the rocky environment and move through the vegetation 
(Delaugerre and Cheylan, 1992). To assess the possibility 
of movements between ARS, a longer CMR protocol using 
photo-identification could be valuable (see Monnet et al., 
2022). This method, which is currently being tested for 
future studies, would have the advantages of avoiding daily 
manipulation and reducing the disturbance and the uncer-
tainty due to shedding that can result in marking loss in 
long-term studies. Implementing it across an entire island 
could also enable us to estimate the abundance of the spe-
cies on Grand Rouveau or If islands. 

Temporal autocorrelation on retreat-site occupancy: 
retreat-site fidelity or lack of nocturnal activity?

As expected, the probability of an individual being 
present in the ARS on any given day was greater when 
that individual was already present in this ARS the pre-
vious day (e.g., Fig. 4). This could be explained in two 
non-mutually exclusive ways. First, individuals may not 
be active every night and therefore can be present several 
days in a row. Testing this hypothesis may be possible via 
video recording of artificial retreat-sites in order to follow 
the exits and re-entries of previously marked individuals 
over several nights (Deso & Reynier, 2024). Second, active 
individuals may tend to return to the same retreat-site 
from one night to the next (site fidelity). Other species of 
geckos tend to be faithful to their retreat-site, as demon-
strated in Hoplodactylus chrysosireicus, H. duvaucelii (Flan-
nagan, 2000), and Gonatodes vittatus (Quesnel et al., 2002). 

Influence of outdoor temperatures on retreat-site occupancy

The presence within the retreat-sites was negatively 
related to the temperature of the previous night (Fig. 4), 
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which could be explained in several non-mutually exclu-
sive ways. First, prey activity may be reduced during 
cold nights, reducing the incentive to leave the ARS (e.g., 
Lei and Booth, 2014 and references therein). Second, a 
decreased metabolic rate in response to cold tempera-
tures could also lessen the incentive to forage and feed. 
In the Asian House Gecko Hemidactylus frenatus, the 
resting and post-feeding metabolic rates decreased with 
a decrease in temperature, and even in laboratory condi-
tions with available living food, H. frenatus all but ceased 
its feeding activity below 17 °C, probably because their 
body temperature became too low to capture and digest 
prey efficiently (Lei and Booth, 2014). Third, European 
Leaf-toed Geckos may have a greater reliance on ARS 
for thermoregulation purposes when temperatures are 
lower. In agreement with that view, active individuals of 
the nocturnal Cap Verde Wall Gecko Tarentola substituta 
experienced significantly lower body temperature than 
inactive ones, and the body temperature of active geckos 
was correlated to air and soil temperatures, while the 
body temperature of inactive individuals was correlated 
to refuge temperature (Vasconcelos et al., 2012). Hence, 
geckos staying inside the ARS at night may benefit from 
its residual heat and conserve higher body temperatures. 
Fourth, individual geckos may be able to cover larger 
distances when temperatures are higher, allowing indi-
viduals to wander further away from their ARS; which, 
in turn, could give them the possibility, or force them, 
to identify and use a distinct retreat-site. Supporting the 
view that warm nights favor extended foraging opportu-
nities, the Tree Dtella Gehyra variegata and the Eastern 
Stone Gecko Diplodactylus vittatus had longer spans of 
activity on hot nights (Bustard, 1967, Bustard, 1968), and 
the Tokay gecko Gekko gecko as well as the Gold Dust 
Day Gecko Phelsuma laticauda were significantly more 
mobile when temperatures were warmer (Ringenwald et 
al., 2021, Wehsener, 2019, respectively). 

Difference between age classes on retreat-site occupancy

Juveniles appear to be more faithful to, or depend-
ent on, artificial retreat-sites than older individuals (Fig. 
4). A greater use of artificial retreat-sites by juveniles has 
also been observed in the gecko Oedura lesueurii, for 
which 82% of the individuals occupying artificial retreat-
sites were juveniles (Webb and Shine, 2000). Future 
studies will be needed to understand this difference. For 
instance, adult and juvenile geckos may differ in their 
social behavior (Webb and Shine, 2000), in their ther-
moregulatory behavior or performance (but see Aparicio 
Ramirez et al., 2021, for a counter example in Crested 
Gecko Correlophus ciliatus), and in their response to pre-

dation risk by native or invasive predators such as the 
Black Rat Rattus rattus. In the French Mediterranean 
Bagaud Island, a successful eradication of the Black Rat 
was followed by an increase of observations of European 
Leaf-toed Geckos outside shelters for both juveniles and 
adults together with a significant increase in the overall 
number of juveniles (but not adults), suggesting the for-
mer age class may be the one most impacted by preda-
tion (Krebs et al., 2015). The impact of Black Rat on 
European Leaf-toed Gecko populations could be assessed 
by contrasting age-specific survival rates and population 
trajectories in islands with and without Black Rat while 
controlling for between-island differences in environmen-
tal conditions and gecko density. Partial rat control on a 
single island, which is considered on the island of Gar-
galo, could provide a suitable alternative. 
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Abstract. Measuring the potential effects of future climate changes on the spatio-temporal variance of optimal condi-
tions for seasonal species is a key conservation issue. This study assesses the impact of climate change on the spa-
tial and temporal patterns of optimal conditions for activity in two burrowing frogs, Smilisca fodiens and S. dentata. 
Ecological Niche Modeling was used to implement niche seasonality models, with calibration performed during the 
peak activity (July). These models were then transferred to current and future conditions for the remainder of the 
year, predicting future scenarios up to 2070 with an intermediate trajectory greenhouse gas concentration of 4.5 W/
m2. Climate change transferability was assessed for four potential scenarios: 1) high precipitation and low tempera-
ture, 2) high precipitation and high temperature, 3) low precipitation and low temperature, and 4) low precipitation 
and high temperature. We examined the impact across future projected areas and analyzed geographic change trends 
based on latitude, longitude, and elevation. For both species, the best scenario would involve increased precipitation 
in the future. However, the worst-case would be a combination of reduced precipitation and higher temperatures. Due 
to large area loss, northern populations of S. fodiens may be highly vulnerable. Concerning S. dentata, the outlook is 
worrisome, with all known populations experiencing losses in most months. Area gains may not help either species 
since they tend to occur at elevations above their known ranges. Using a seasonal approach in spatio-temporal analy-
sis enhances comprehension of the behavioral adaptations of seasonal species and their vulnerability to current and 
future climatic variations.

Keywords. Ecological niche modeling, seasonal niche, distribution, anurans, estivation, global warming.

INTRODUCTION

Climate change is one of the leading environmental 
problems in species conservation (Hughes, 2000; van-
Vuuren et al., 2007). Changes in temperature and pre-
cipitation patterns and in hydrological and nutrient cycles 
(IPCC 2014) are among the main factors threatening bio-

diversity, ecosystem functioning and resilience, and eco-
logical services (Thomas et al., 2004; Bellard et al., 2012). 
These adverse effects include problems related to changes 
in the geographic distribution of species (reduction in 
range, extinction, or displacement to other areas; Sierra-
Morales et al., 2021) and phenology (courtship and ovi-
position outside the reproductive period; IPCC 2014).
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Whether species will be able to acclimatize or adapt 
quickly enough to cope with changing climate remains 
to be seen. Evidence of change has been documented, 
and the main mechanisms encountered are plasticity in 
physiology, morphology, and behavior, and, in a few cas-
es, microevolutionary adaptations (Bellard et al., 2012; 
Pacifici et al., 2017). Whatever the mechanism is, species 
responses can be more clearly observed at the local scale 
(Walther et al., 2002) through altitudinal and latitudinal 
changes in the distribution of species throughout the 
year (e.g., Cohen and Jetz, 2023) and, to a lesser extent, 
adaptation through changes in physiology and behavior 
(Bellard et al., 2012). The latter is the less obvious change 
and the most complex and unlikely because it requires 
longer evolutionary times (Bodensteiner et al., 2021). 
Conversely, shifts in the distribution throughout the year 
may be more advantageous for species and are easy to 
detect. Distribution shifts have been observed in species 
with high dispersal capacity as they follow their optimal 
climatic requirements in the face of impending climate 
change, leading to population extinctions at the edges of 
their original ranges (e.g., Hughes, 2000; Thomas et al., 
2004). Alternatively, some species have evolved cyclical 
climatic variations daily or seasonal (e.g., animal activ-
ity patterns; Bellard et al., 2012; Weatherhead et al., 2012; 
Rojas-Soto et al., 2021). 

Most studies of species responses to climate change 
have concluded that the most common response is to 
track the niche by following environmental changes 
across the range; however, most of these studies have 
focused on species with a high ability to disperse (e.g., 
Peterson et al., 2002; Martínez-Meyer et al., 2004). For 
amphibians, a group of ectothermic vertebrates, an alter-
native response to climate change is temporal adjust-
ments in activity following life history because their 
physiological mechanisms tend to be conserved traits 
(Navas et al., 2008; Weatherhead et al., 2012) and because 
they have a low dispersion capacity due to their strong 
dependence on moisture (Navas et al., 2008). 

A good example of behavioral temporal responses to 
climatic variations throughout the year is the two bur-
rowing species of the Smilisca group, which have modi-
fied their activity periods to adapt to temperate condi-
tions and become seasonal species (Encarnación-Luévano 
et al., 2021). Unlike the other six species of Smilisca, S. 
fodiens and S. dentata, have adapted to more seasonal 
and xeric environments in the northernmost latitudes of 
the group (Duellman, 2001; Quintero-Díaz and Vázquez-
Díaz, 2009; IUCN SSC Amphibian Specialist Group 2020; 
Fig. 1). They are morphologically adapted to burrowing 
(i.e., integumentary-cranial co-ossification of the skull, 
short limbs, reduced terminal discs in the fingers, and an 

inner metatarsal tubercle; Duellman, 2001) and to spend-
ing long periods of the year underground by slowing 
metabolism and cocoon formation (Ruibal and Hillman, 
1981; Sullivan et al., 1996; Quintero-Díaz and Vázquez-
Díaz, 2009). During the most favorable climatic months, 
individuals leave the burrows to feed and breed (Sulli-
van et al., 1996; Quintero-Díaz and Vázquez-Díaz, 2009). 
However, even in these months, S. dentata remain in the 
burrows during the warmest hours and become active 
when humidity increases or heat decreases (Quintero-
Díaz and Vázquez-Díaz, 2009). The surface activity of the 
northernmost populations of S. fodiens is seasonal and is 
predictable from the temporal and geographic variation 
of suitable climatic conditions (Encarnación-Luévano et 
al., 2013). In an evolutionary context, the emergence of 
this behavioral novelty could allow adaptation to higher 
latitudes and extreme conditions. Indeed, there is evi-
dence of niche conservation within this group of tropical 
origin when considering the seasonal niche of these bur-
rowing species (i.e., limited to the period of activity out-
side burrows; Encarnación-Luévano et al., 2021).

Predicting the extent of climate change impacts 
on biodiversity has become one of the most important 

Fig. 1. The geographical location of the accessibility area and the 
presence of data used in the model calibration. We show both spe-
cies hypothetical accessible areas (M, solid black line) employed in 
the calibration and model transfer. For Smilisca fodiens known his-
torical records for July (black dots) goes from central-southern Ari-
zona (AZ) along the Mexican Pacific coast through Sonora (Son), 
Sinaloa (Sin), Jalisco (Jal), Colima (Col) and Michoacán (Mich). 
Contrarily, for S. dentata, July records used in the calibration (black 
triangles) are restricted to a small portion of the Mexican Plateau, 
the South of Aguascalientes (Ags) and North of Jalisco.
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conservation goals (i.e., changes in the direction and 
strength of species’ ranges) (Dawsonn et al., 2011; Faroo-
qi et al., 2022). Ecological niche modeling (ENM) and 
species distribution modeling (SDM) are the most com-
monly used techniques to achieve this goal. However, 
these approaches have primarily focused on the axis of 
spatial change (e.g., Peterson et al., 2002; Bellard et al., 
2012). Subterranean habitats have functioned as optimal 
climate refugia for a wide range of high latitudes species 
(Scheffers et al., 2014; Rojas-Soto et al., 2021), and thus 
the behavioral adaptations of the Smilisca fossorial spe-
cies should provide an adaptive advantage in the face of 
future climate change.

Our approach analyzes the potential impact of cli-
mate change on the spatial and temporal axes; this is 
important for seasonal species by considering their natu-
ral history, understanding their evolution and adaptation, 
and improving their conservation strategies. This has a 
crucial foundation within the ecological niche theory and 
its study through correlative models: the environmental 
limits estimated by ENM approach the fundamental niche 
but is in the realized niche where environments meet the 
presence of the species (Soberón and Peterson, 2005). 
Thus, we emphasize that it is in the temporal dimension 
where the real vulnerability of seasonal species can be 
effectively assessed. The main objective of this study was 
to analyze the potential effect of climate change on the 
temporal and geographic activity (i.e., outside burrows) 
via the ENM and SDM in S. fodiens and S. dentata.

MATERIAL AND METHODS

We performed a monthly analysis to track the envi-
ronmental niche of July. We considered July because it 
is the month with the largest substantial data recorded 
in collections and literature for S. fodiens. It also is the 
month with the greatest number of individuals over 
several years of systematic fieldwork within the spe-
cies S. dentata (unpublished data). We also assumed 
that this is the month with the optimal climatic condi-
tions for feeding and reproduction in both species (Sul-
livan et al., 1996; Quintero-Díaz and Vázquez-Díaz, 2009; 
Encarnación-Luévano et al., 2013). The models calibra-
tions were performed with July data and then trans-
ferred to current and future conditions for the remain-
ing months of the year (Fig. 2). The transfer of the model 
was made towards four possible future scenarios until 
2070, described by groups of general circulation models 
(GCMs; see Environmental Data section) for the study 
area using an intermediate trajectory greenhouse gas con-
centration of 4.5 W/m2. We identified three combinations 

according to the decrease or increase of predicted areas 
in the future compared to current climate conditions: 
areas that will maintain their optimal conditions for the 
species (stable areas), new optimal areas (gain areas), and 
optimal areas that will be lost (loss areas). We analyzed 
impacts based on the area predicted in the future and the 
trend of geographic change according to three attributes: 
latitude, longitude, and elevation.

Biological data

The distribution of Smilisca fodiens extends from 
south-central of Arizona, south along the Mexican Pacific 
slope, from Sonora to northern Michoacán (Sullivan et 
al., 1996; Duellman, 2001; Fig. 1). Smilisca dentata has a 
more restricted range, with fewer records in southeast-
ern Aguascalientes, northern Jalisco, and a small adja-
cent portion of the state of Zacatecas (Quintero-Díaz and 
Vázquez-Díaz, 2009; Ávila-Villegas and Flores de Anda, 
2017; Villalobos-Juárez, 2023; Fig. 1). Presence data were 
obtained from online portals providing primary biodi-
versity data, including GBIF (https://doi.org/10.15468/
dl.wtz7zr;  https://doi.org/10.15468/dl.tf7n27), VertNet, 
and UNIBIO (http://vertnet.org/; http://unibio.unam.
mx/, last accessed 04/02/2020), and from the literature. 
The analysis of the S. dentata data was more direct due 

Fig. 2. Diagram of the calibration and transfer process. Calibration 
was done with July data assuming that it is in this month that the 
most suitable conditions for activity outside burrows are presented 
(see Methods). a) The time of inactivity for many burrowing spe-
cies implies a period underground in aestivation (diagram adapted 
from Moreira et al., 2020). b) Then, the model was transferred into 
current and future conditions of all the months in the year towards 
four storylines (i.e., possible climate futures) to 2070 using an inter-
mediate trajectory greenhouse gas concentration 4.5 W/m2. The 
storylines result from the possible forms in which precipitation and 
temperature can vary at certain regions because of the uncertainty of 
the global circulation models (GCMs; Fajardo et al., 2020).

https://doi.org/10.15468/dl.wtz7zr
https://doi.org/10.15468/dl.wtz7zr
https://doi.org/10.15468/dl.tf7n27
http://vertnet.org/
http://unibio.unam.mx/
http://unibio.unam.mx/
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to the small number of localities recorded for the species 
and the author’s experience from years of fieldwork and 
knowledge of historical data. Of the 17 historical records, 
nine were recorded in July. We add two records from 
July from new localities in Jalisco and Aguascalientes 
to the analysis. For S. fodiens, all records found in the 
databases mentioned above were evaluated and verified 
in geographic and ecological space through spatial cor-
respondence and pairwise scatterplots in ArcGIS (ESRI, 
2019), searching for inconsistencies and removing outli-
ers, taking into account biology, ecology, and life history. 
After data cleaning, we recovered 448 records, of which 
232 were for July only (47 for June, 113 for August, 42 
for September, 10 for October, and four for November). 
Except for July, the monthly presence data of S. fodiens 
were used only as a reference to visualize the geograph-
ic correspondence in the monthly transfers as in Encar-
nación-Luévano et al. (2013).

Environmental data 

To characterize the ecological niches, we obtained 
environmental data from the CHELSA database ver-
sion 2.1 (Karger et al., 2017; https://chelsa-climate.org/
timeseries/) with a spatial resolution of 30 arc-seconds 
(~1 km2). Current conditions are from the period 1979-
2013. This study’s ecological niches were climatically 
delimited using the average monthly temperature and 
the total monthly precipitation. Using the mean tempera-
ture (hereafter Tmean) over the minimum and maximum 
temperatures has solid biological implications. We use 
Tmean to establish that Smilisca fodiens and S. dentata 
limit their activity outside burrows and avoid extreme 
temperatures. Therefore, the impact of climate change on 
these species can be focused on the temperature range 
that triggers feeding and reproductive activities. We also 
included the topographic variable of Slope to increase the 
niche dimensionality, as it is not directly correlated with 
precipitation and temperature like elevation (Parra et al., 
2004). This variable was obtained from the digital eleva-
tion model GTOPO20, available at the EROS Data Center 
(http://eros.usgs.gov/). 

The climate change scenarios correspond to the 
CHELSA-CMIP5 dataset. We selected the delta change 
climatology for 2061-2080 (i.e., downscaled climatology 
for 2070; Karger et al., 2017). These scenarios represent 
the climate simulations based on greenhouse gas’s socio-
economic emission and concentration scenarios. The 
CMIP5 provides four climatic change scenarios in which 
concentration and emission pathways result in radia-
tive forcings of 2.6, 4.5, 6, and 8.5 W/m2, also referred 
to as Representative Concentration Pathways (RCP; 

van-Vuuren et al., 2007; IPCC, 2014). This study evalu-
ated the 4.5 RCP, considered an intermediate scenario 
but the most likely given fossil fuel production (Höök 
et al., 2010). RCP4.5 is comparable to the B1 scenario 
in the IPCC’s Third and Fourth Assessment Reports. It 
assumes a medium to low level of emission reduction 
policies, which means that greenhouse gas emissions will 
increase until 2100, when stabilization of gas emissions 
will be achieved, for example, at around 538 ppm CO2 
(IPCC, 2014). To explore the possible climate storylines 
in which ecological niches are transferred, we used 
GCMcomparer, via the code available on GitHub (https://
github.com/marquetlab/GCM_compareR/issues/8; Fajar-
do et al., 2020). The storylines result from the possible 
ways precipitation and temperature can vary in a given 
region due to uncertainty in the general circulation mod-
els (GCMs; Fajardo et al., 2020). After testing 32 GCMs 
available in CHELSA, we find that the average ensemble 
predicts a future with less precipitation and up to 4°C 
warmer than the present. Considering the deviations of 
the GCMs from the mean, four storylines were proposed: 
1) high precipitation and low temperature, hereafter 
Hprec-Ltemp, 2) high precipitation and high temperature, 
Hprec-Htemp, 3) low precipitation and low temperature, 
Lprec-Ltemp, and 4) low precipitations and high temper-
ature, Lprec-Htemp (Fig. S1). From these GCM clusters, 
we selected those whose future climate information dif-
fered from the climatic mean of all GCMs and were also 
available at the resolution and trajectory of greenhouse 
gas concentrations. The GCMs were: 1) Hprec-Ltemp: 
gfdl_esm2g, mri_cgm3; 2) Hprec-Htemp: miroc_esm, 
csiro_access1, cesm1_cam5; 3) Lprec-Ltemp: inm_cm4, 
ncc_noresm1_m, giss_e2r; and 4) Lprec-Htemp: mohc_
hadgem2_es, ipsl_cm5a_lr, and mpi_esm_ir.

Ecological niche modeling

We used Maxent (maximum entropy algorithm; Phil-
lips et al., 2006), which fits a distribution of probabilities 
across the study area subject to the constraints of the 
environmental characteristics of known presences. To 
run Maxent, we used the R package kuenm (Cobos et al., 
2019), which allows the inclusion of different sets of envi-
ronmental predictions by evaluating many feature com-
binations with different regularization multipliers to find 
the best parameter combination, improving the quality 
and robustness of the predictions (Cobos et al., 2019). We 
used the presence data recorded for model calibration in 
July, which were 232 for S. fodiens and 11 for S. dentata. 
For S. fodiens, 20% of the total presence data were ran-
domly sampled for model evaluation (see below). For S. 
dentata, all data sets were used for model calibration, con-

https://chelsa-climate.org/timeseries/
https://chelsa-climate.org/timeseries/
http://eros.usgs.gov/
https://github.com/marquetlab/GCM_compareR/issues/8
https://github.com/marquetlab/GCM_compareR/issues/8
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sidering the sensitivity of the estimators to the number of 
presences (Jiménez-Valverde, 2020, but see Pearson et al., 
2007). Despite the low number of presences, the predic-
tive capacity was improved by creating a number of rep-
licates of the model (Breiner et al., 2015) and evaluating 
each one using the method proposed by Pearson et al., 
(2007). Models were calibrated across regions that were 
assumed to be historically accessible areas for both species 
(M, Barve et al., 2011, see Fig. 1). We consider the limited 
dispersal ability of amphibians and the boundaries of sur-
rounding ecoregions (Olson et al., 2001) as a guide. 

We analyzed the response of the model under cur-
rent conditions with different parameters in kuenm 
(Cobos et al., 2019) to obtain the best response curves 
of the variables and, thus, improve the performance dur-
ing the model transfers, as suggested by Guevara et al., 
(2017) and Shcheglovitova and Anderson (2013). In the 
cases where the response curves of the variables fol-
lowed a normal distribution, we allowed an extrapola-
tion mode during model transfers (Guevara et al., 2017). 
For S. fodiens, a normal distribution of the variables was 
obtained using the linear/quadratic/product features, 
with a regularization value of 0.2. To characterize the 
background during the model performance, we included 
the total number of pixels (i.e., 100074) of the extent of 
the calibration area (which Maxent sets to 10000 pixels 
by default). For S. dentata, we calibrated the model with 
linear/quadratic features, a regularization value of 0.1. 
As with the previous species, we used the total pixels 
in the calibration area extent to characterize the species 
background (i.e., 25718). This model was the only one in 
which a normal distribution was fitted for the precipita-
tion response curve; however, this fit was not observed 
for the Tmean in any of the models. In most models, an 
increase in suitability was observed towards high-tem-
perature values, indicating that values greater than 23 
°C could reach the highest suitability values according to 
the maximum entropy algorithm. Therefore, we avoided 
extrapolation in S. dentata and instead allowed the algo-
rithm to truncate during the transfers to future scenarios 
(Owens et al., 2013). Ten replicates were established per 
model combination. 

Models were evaluated using kuenm_ceval function 
(Cobos et al., 2019) according to statistical significance 
estimated by the partial area under the receiver operat-
ing characteristic (partial ROC) and omission rates (E = 
a user-selected proportion of presence data that might 
present meaningful errors; Peterson et al., 2008). The 
partial ROC only evaluates models over the prediction 
spectrum and allows for differential weighting of the two 
error components (omission and commission; Peterson 
et al., 2008). Thus, the area under the curve (AUC) was 

limited to the proportional area over which the model 
made predictions, and we only considered models with 
omission errors < 5% (Peterson et al., 2008). Due to the 
small number of records for S. dentata, we addition-
ally performed the jackknife test suggested by Pearson 
et al. (2007) to assess the ability of models to predict 
species occurrence when fewer than twenty-five occur-
rence records are available. The significance of this test 
was evaluated over n models, each excluding one local-
ity from among the n available and assessing the model’s 
success in predicting the excluded locality. The probabil-
ity of these observed levels of success and failure was cal-
culated according to Pearson et al. (2007).

Geographic transfers

The probability maps of the GCMs were averaged 
to have only one future prediction per storyline (see 
Environmental Data in Methods). We converted the 
final models to binary (presence-absence) maps using a 
threshold applied to the probability outputs for current 
and future scenarios to quantitatively analyze current and 
future projections. For S. fodiens, we applied the tenth 
percentile training presence threshold (> 0.242 = suitable 
conditions present). For S. dentata, we explored multi-
ple thresholds to reduce overfitting; then, based on its 
monthly activity observed during the fieldwork, we chose 
the fixed cumulative value of 5 (> 0.183). All spatial pro-
cesses were carried out in ArcGis (ESRI, 2019). 

We plot the total number of pixels for each predic-
tion, so the bar graphs show how the predicted area 
increases or decreases over a year under current and 
future conditions. To identify the type of impact, con-
sidering the areas that will be lost, gained, or stable in 
the future, we overlap and sum, in ArcGis, the binary 
layers of the current and future predictions. Lost areas 
were counted as pixels that corresponded only to the cur-
rent prediction; conversely, gain areas were counted as 
pixels that corresponded only to the future prediction, 
and finally, stable areas were counted as all those pixels 
where the current and future predictions coincided. We 
then analyzed the correspondence in elevation, latitude, 
and longitude between the distribution of each type of 
impact and the distribution described by the July data 
used to calibrate the model (see the Methods/Biological 
Data section). To do this, we used the package ggplot2 in 
R (Wickham, 2016) to plot the variance of the data for 
each variable (i.e., elevation, latitude, and longitude) and 
compared the group medians to determine the similari-
ties between the impact types and the July data median. 
We used the nonparametric median.test for independent 
samples, available in the agricolae package in R (de Men-
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diburu, 2023). Assuming that the ideal for the species 
is the persistence of suitable conditions that guarantee 
reproduction and feeding in current localities, it would 
be desirable to find a similarity between the medians of 
elevation, latitude, and longitude of the stable or newly 
gained areas and the July presence data. On the contrary, 
it would be desirable that the median of elevation, lati-
tude, and longitude of the loss areas be different from the 
median of the July presence data.

RESULTS

All our models performed well in predicting the 
presence of data used in the validation process for S. fodi-
ens (AUC ratio = 1.424, P < 0.05; omission rate at 5% = 
0.05) and S. dentata (AUC ratio = 1.876, P = 0; omission 

rate at 5% = 0). For the latter, we also observed a high 
success rate and statistical significance with the jackknife 
test (1, P < 0.001).

Under current conditions, the year period with a 
predicted area for activity outside of burrows is larger 
for S. fodiens than for S. dentata. The predicted area for 
S. fodiens ranges from June to October (Fig. 3a). For S. 
dentata from June to September (Fig. 4a). For both spe-
cies, we found that June was the month with the smallest 
predicted area (i.e., the number of pixels), in contrast to 
July, which was the month with the largest area, and from 
which a gradual decrease was observed in the following 
months (Fig. 5). 

In the future, the predicted area for S. fodiens was 
larger than that predicted under current conditions in 
almost every month; there was even a small increase in 
November (Fig. 3b). Conversely, for S. dentata, the pre-

Fig. 3. Spatio-temporal variation of optimal conditions for Smilisca fodiens activity in the current (a) and future (b) climates. In the current 
condition, we found prediction (green shading) from June to October along the accessibility area (solid black line), and present data for 
each month were overlaid to assess geographic correspondence (black dots). In the future predictions, we found optimal conditions from 
June to November. Differences between the best scenario and the worst one was notably regarding gain (blue shading), stability (green shad-
ing) and loss (red shading) areas.
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dicted area was lower than that predicted under current 
conditions in almost all months, except for September 
(Fig. 4b). However, we found differences in the amount 
of predicted area concerning the four storylines analyzed 
(Fig. 5). In S. fodiens, Hprec-Htemp has the largest pre-
dicted area in almost all the months, while Lprec-Htemp 
predicts the smallest area even compared to current con-
ditions (Fig. 5a). In addition, Hprec-Htemp predicts the 
highest amount of stable and gained area and the least 
amount of lost area in all months. The Lprec-Htemp sce-
nario predicts the smallest amount of stable and gained 
area and the larger amount of lost area (Fig. 6a). For S. 
dentata, Hprec-Ltemp has the largest predicted area, in 
contrast to both Hprec-Htemp and Lprec-Htemp which 
agree in lower prediction in the future (Fig. 5b). Hprec-
Ltemp predicts the largest amount of stable and gained 

area; however, a large amount of loss is predicted from 
June to August in all scenarios (Fig. 6b). According 
to the degree of agreement between the results of the 
GCMs for each species, we found two general future 
trends, one of which we hereafter refer to as the best and 
the other as the worst. The best future for S. fodiens is 
represented by Hprec-Htemp, which predicts a future 
with higher precipitation and temperature, and for S. 
dentata is represented by the Hprec-Ltemp, which is a 
future with higher precipitation and lower temperature. 
The worst-case scenario for both species was represented 
by the Lprec-Htemp, which predicts lower precipitation 
and higher temperature.

Analysis of geographic attributes shows that for S. 
fodiens, variation in longitude does not provide mean-
ingful information (data not shown). The configuration 

Fig. 4. Spatio-temporal variation of optimal conditions for Smilisca dentata activity in the current (a) and future (b) climates. In the current 
condition, we found prediction (green shading) from June to September along the accessibility area (solid black line), and present data for 
July (black dots) were overlaid to assess geographic correspondence with the July prediction. Differences between the best scenario and the 
worst one was notably regarding gain (blue shading), stability (green shading) and loss (red shading) areas. However, loss areas are consid-
erable in all months for both scenarios.  
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of the M range, given by the distribution of presence 
data, has a narrow longitudinal range, in contrast to the 
wide ranges in elevation and latitude. Regarding eleva-
tion, there is a variation from the slight slopes of the 
Mexican Pacific Coast ecoregion to the pronounced ele-
vations of the Sierra Madre Occidental (Fig. 1). There-
fore, we only present the results of the latitudinal (Fig. 
7a) and elevational (Fig. 7b) analyses for this species. In 
the best-case scenario (Hprec-Htemp), the area gain of 
most months corresponds to the distribution of the July 
presence data in latitude but not in elevation. Except 
for October, the area gain of all the months is towards 
higher values of the median of the July presence data. 
In the worst-case scenario (Lprec-Htemp), the area gain 
in latitude corresponds only in August, and the eleva-
tion shows the same trend as in the best case. In the 
best-case scenario, the area predicted to be stable in 
the future corresponds in latitude to the July presence 
data only in September and October. In elevation, it 
corresponds only in July and August. In the worst-case 
scenario, we also found a latitudinal correspondence in 
July but the same trend in elevation as in the best-case 

scenario. Regarding the area lost in both scenarios, we 
found a lower correspondence with the latitudinal range 
of the July presence data, and only the median of the 
area lost in October is similar. In comparison, we found 
a higher correspondence of the range of lost area con-
cerning the elevation values of the July presence data, 
but only in June, and in the worst-case scenario for Sep-
tember, we found similar medians.  

The geographic analysis for Smilisca dentata was 
performed considering latitude (Fig. 8a), elevation (Fig. 
8b), and longitude (Fig. 8c). In contrast to S. fodiens, the 
predictions for S. dentata extend along a longitudinal 
axis due to its habitat spanning the plains of the Cen-
tral Plateau of Mexico, without significant topographic 
limitations such as the Pacific Ocean to the west and 
the Sierra Madre Occidental to the east in the case of 
S. fodiens. For the best-case scenario (Hprec-Ltemp), the 
gain areas correspond to the latitudinal range and the 
median of the July presence data in all the months with 
predicted distribution, except for August, in which the 
distribution of the gain area goes towards higher lati-
tudes. Conversely, the gain area is much higher than the 
July presence data in all predicted months. Moreover, 
we do not find longitudinal correspondence between the 
area predicted as gain and the July presence data, except 
for the July transfer. This trend observed for the gain 
area is similar to that observed in the worst-case sce-
nario (Lprec-Htemp). A difference is observed in June, 
where the gain areas occur at higher latitudes, moving 
away from the similarity with the July presence data and 
the loss of correspondence with the longitudinal range 
in all months. In the best-case scenario, the areas pre-
dicted to be stable in July and August correspond to the 
latitudinal range of the July presence data but, in any 
case, to the elevational range since, in most months, the 
stable areas tend to be at higher elevations. In longitude, 
the stable areas predicted in June and September coin-
cide with the range described by the July presence data. 
The difference in the worst-case scenario is that the sta-
ble area predicted in July is the only one that coincides 
with the latitudinal range of the July presence data and 
that in September, the stable areas predicted coincide 
in elevation and longitude with the July presence data. 
Finally, in the best scenario, the area predicted as loss in 
all months has no latitudinal correspondence with July 
presence data concerning elevation; only in June, we 
observed correspondence, and contrary to from July to 
September, the correspondence of lost area was found in 
longitude. The same pattern was found in the worst-case 
scenario for latitude and longitude, but we found simi-
lar medians in all months concerning the July presence 
data for the elevation.

Fig. 5. Temporal variation of the predicted area in current and 
future conditions. The amount of area predicted in each month 
for Smilisca fodiens (a), and S. dentata (b) is plotted according to 
the number of pixels predicted with optimal conditions in current 
conditions (light blue bars) and in each of the four possible future 
scenarios for 2070 and 4.5 RCP: 1) High Prec –  Low Temp (orange 
bars), 2) High Prec – High Temp (gray bars), 3) Low Prec – Low 
Temp (yellow bars) and, 4) Low Prec – High Temp (dark blue bars).
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DISCUSSION

The pattern of space-time variation of Smilisca fodiens 
under current conditions is similar to that found in Encar-
nación-Luévano et al. (2013). The spatial correspondence 
between predictions and the monthly activity data suggests 
a close relationship between climatic variation and tempo-
ral adjustment of activity outside burrows. For S. dentata, 
however, we could not identify a temporal pattern due to 
the lack of monthly presence data, although we did find a 
spatial variation between months. Although models gener-
ated with limited presence data may have low performance 
(Jimenez-Valverde, 2020), methodological adjustments and 
interpretation based on life history considerations can pro-
vide useful analyses for completing ecological hypotheses 
of rare and threatened species (Pearson et al., 2007; Breiner 
et al., 2015). However, expanding the temporary databases 
through fieldwork is crucial for enhancing correlative anal-
yses of this kind of species.

The absence of prediction in the drier months of the 
year (i.e., February-April) toward the Sonoran Desert 
for S. fodiens, and in the Mexican Plateau for S. dentata, 
could be explained by the estivation period. However, 
in some of these regions, there are monthly historical 
records and evidence of activity on a fine scale; we call 
this “scale decoupling”. Toward the center-south of the 
S. fodiens distribution, the monthly predictions for June, 
October, and November do not agree with the respec-
tive monthly presence data nor with the activity reported 
in the dry season in the region of Chamela, south of the 
species distribution (i.e., November to June; Soto-Sand-
oval et al., 2017). On the other hand, we found no pre-
dictions for S. dentata after September; however, active 
individuals were reported in October and November, 
although these were few and primarily juveniles (G.E. 
Quintero-Díaz, pers. comm.). The record of the activity 
of individuals throughout the year corresponds to a nor-
mal distribution in terms of abundance, with the opti-

Fig. 6. Temporal variation of the predicted amount of area according to the degree of climate change impact. For Smilisca fodiens (a) and S. 
dentata (b) we identify three types of impacts concerning current predictions: the area that could be gained, either kept stable or contrary 
or worryingly lost in the future. The number of pixels for each type of area is plotted for each of the four possible future scenarios for 2070 
and 4.5 RCP: 1) High Prec –  Low Temp (orange bars), 2) High Prec – High Temp (gray bars), 3) Low Prec – Low Temp (yellow bars) and, 
4) Low Prec – High Temp (dark blue bars).
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mum coinciding with the intensive rainy period associat-
ed with reproduction. The presence of individuals outside 
this period is not rare and, on the contrary, is evidence 

of gradual inactivity due to the gradual loss of suitable 
conditions throughout the year. Field studies indicate that 
the most active individuals outside burrows occur in an 

Fig. 7. Geographic correspondence of predicted areas such as gain, stability, and loss compared to the areas reached by Smilisca fodiens July 
presence data. We evaluate the latitudinal (a) and elevation (b) distributional change in both the best scenario (High Prec – High Temp) 
and the worst scenario (Low Prec – High Temp). We plot the variance of the data for each variable for each type of impact: gain (blue bars), 
stable (green bars), and loss (red bars). We indicate the impact type whose median is not significantly different from the median of the July 
presence data. Statistically significant differences were considered at P ≤ 0.05.
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Fig. 8. Geographic correspondence of predicted areas such as gain, stability, and loss compared to the areas reached by Smilisca dentata July 
presence data. We evaluate the latitudinal (a), elevation (b), and (c) longitudinal distributional change in both the best scenario (High Prec 
– High Temp) and the worst scenario (Low Prec – High Temp). We plot the variance of the data for each variable for each type of impact: 
gain (blue bars), stable (green bars), and loss (red bars). We indicate the impact type whose median is not significantly different from the 
median of the July presence data. Statistically significant differences were considered at P ≤ 0.05.
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average temperature range of 20-23 °C; at higher values, 
the abundance decreases significantly (G.E. Quintero-
Díaz, pers. comm.). The “scale decoupling” has also been 
observed in studies of hibernating species exhibiting 
spatiotemporal activity variation. For example, in black 
bears, some populations at the southern tip of the dis-
tribution occasionally exhibit atypical activity in winter 
(Gámez-Brunswick and Rojas-Soto, 2020).

In the transfers to future scenarios, we found that 
high precipitation values favor the best-case scenario for 
both species. Precipitation is the limiting variable for S. 
fodiens, because its low values determine the worst sce-
narios; conversely, for S. dentata, high-temperature val-
ues predict the worst scenarios for its activity. In the 
best-case scenario, S. fodiens could find optimal con-
ditions for reproduction in a longer period than under 
current conditions due to stable or gain areas, especially 
in the northern and southern limits of its distribution. 
Furthermore, significant gain areas are observed from 
June towards the southern limit of its distribution. Given 
this, reproduction could be feasible because of the phe-
nology of the species, where males present spermatogen-
esis from June to August and females are physiologically 
prepared for spawning from June to September (Gold-
berg, 2019). On the other hand, the worst-case scenario 
could pose a greater challenge for northern popula-
tions. This is due to the loss of favorable conditions in 
July, which could result in lower or no activity in these 
populations. It is important to note that this scenario 
may also alter their temporal activity pattern. The Pima 
and Vekoy Valley populations in Arizona have historical-
ly recorded a couple of reproductive events during this 
month, both associated with heavy rains (Sullivan et al., 
1996). It also seems possible that low deciduous forest 
populations, particularly those in the southern part of 
the range, will be the least susceptible because reproduc-
tive conditions persist for a longer period, from June to 
September (Duellman, 2001).

Of the two species, S. dentata may face more chal-
lenging future conditions, even in the best-case scenari-
os. However, in the latter scenario, we identified a more 
favorable situation for a group of historical records locat-
ed in the northeastern part of the known distribution 
and a less favorable situation for the remaining locali-
ties. In the northeast, suitable conditions could remain in 
July and appear in regions with potential habitat, natural 
grassland, in August and September (Quintero-Díaz and 
Vázquez-Díaz, 2009). The worst-case scenario would be 
devastating for all populations known for the species. 
Only in September we found small portions of stable and 
gained areas, but there is no evidence of the presence of 
this species in those areas.

We must take with caution the areas presented as 
gains but with no records of populations, especially above 
historical elevations for both species (S. dentata, 2050 m 
a.s.l., Quintero-Díaz and Vázquez-Díaz, 2009; S. fodiens, 
1500 m a.s.l., Duellman, 2001). Reaching these elevation 
limits has substantial adaptive implications, e.g., morpho-
logical to move into these areas or competitive to settle 
there, despite species already established in the commu-
nity. Displacement of migrant species in search of suit-
able conditions due to seasonal climatic changes has been 
reported (Martínez-Meyer et al., 2004; Nakazawa et al., 
2004; Gámez-Brunswick and Rojas-Soto, 2020). Howev-
er, migratory movements and colonization of new areas 
are limited in amphibians, mainly because of their highly 
moisture-dependent physiology and high fidelity to home 
sites and refugia (Smith and Green, 2005; altitudinal lim-
its, Bachmann and Van Busckirk, 2021).

In the case of S. dentata, distribution is further 
restricted by its narrow habitat requirements and degree 
of vulnerability. This species inhabits temporary flood-
plains with natural grasslands and thorny scrub with soft, 
floodable soils that provide water for 4 - 6 months and 
burrows construction (Quintero-Díaz et al., 2008; Quin-
tero-Díaz and Vázquez-Díaz, 2009). Unfortunately, this 
habitat is favored for human settlements and agricultural 
activities (de la Cerda, 2008). The high sensitivity of some 
populations to conversion zones has already been shown 
to be the greatest threat to the species (Quintero-Díaz 
and Vázquez-Díaz, 2009; IUCN SSC Amphibian Special-
ist Group 2020). 

Our results also highlight the importance of tempera-
ture over reproductive activity. Population studies of tem-
perate burrowing frogs find a greater correlation between 
the temperature and burrow emergence than with repro-
ductive activity (e.g., Bufo bufo, Reading, 2003; Anaxyrus 
fowleri, Green et al., 2016). We found that the worst-case 
scenario for S. dentata is one of higher temperatures, 
consistent with the fine-scale data. Over a long period of 
fieldwork, it has been observed that the upper limit of the 
average temperature at which individuals can be found 
is 25 °C (G.E. Quintero-Díaz, pers. comm.). Individuals 
avoid the higher temperatures by being active at night 
(Quintero-Díaz and Vázquez-Díaz, 2009) or sporadically 
during the day on cloudy and rainy days (Encarnación-
Luévano and Quintero-Díaz, In Press).

The northern populations of S. fodiens could be 
affected by the combination of high temperatures and 
low precipitation. Historically, temperature variability has 
been higher in the Sonoran Desert and northern portions 
of the Pacific Coast deciduous forest (Jaramillo et al., 
2010). We believe behavioral adaptation may be closely 
linked to temperature in north populations of S. fodiens, 
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and in all populations of S. dentata. This burrowing habit 
allows them to cope with extreme climates (i.e., elevated 
temperatures) without compromising their range of phy-
logenetically conserved thermal tolerances (Encarnación-
Luévano et al., 2021).

On the other hand, the burrowing behavior allows 
some individuals to descend to depths of more than a 
meter deep in search of constant environmental val-
ues (e.g., Anaxyrus hemiophrys, Breckenridge and Tester, 
1961). However, behavioral adjustments may not be as 
rapid as climate change (Bodensteiner et al., 2021). Vulner-
ability to environmental change depends on the plasticity 
of each group or species (Chadwick et al., 2006), so the 
adaptive capacity to climate change of two species inhab-
iting the same arid region may not be the same (Esparza-
Orozco et al., 2020). For example, climate change has been 
documented recently (≈1900), affecting the hydroperiod 
of ephemeral ponds and, thus, the reproductive success of 
amphibian species (Chandler et al., 2016). Early breeding 
has been observed in anurans due to rising temperatures 
(Reading, 2003; Todd et al., 2011). However, the reproduc-
tive period appears to depend more on geographic region 
and, thus, climatic stability (Green et al., 2016). It will be 
necessary to conduct studies to assess burrowing frogs’ 
potential responses to future climate challenges.

Our study highlights the importance of the geo-
graphic and temporal patterns for seasonal species whose 
activity is determined by specific climate ranges. Vulner-
ability and decline of species with restricted niches are 
real (Clavel et al., 2011). The causes are multifactorial, 
but those directly or indirectly related to climate change 
are among the most important (Habibullah et al., 2021). 
Activity patterns of burrowing species are a useful meas-
ure of behavior under current climate conditions, but 
these patterns open the possibility of understanding the 
potential effects of future climate change. In particular, 
these groups have evolved in response to seasonal cli-
mates, making them more vulnerable to minor variations 
in the face of climate change.
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SOUTHERN EUROPE: A HOTSPOT OF SALAMANDER 
STATUS DETERIORATION?

Amphibians are among the most threatened animals, 
and a recent updated assessment (Global Amphibian 

Assessment 2 [GAA2]; Luedtke et al., 2023) reports that 
their conservation status is worsening globally. However, 
this new evaluation also shows a shift in the criteria used 
for species assessments. The first global amphibian assess-
ment (GAA1; Stuart et al., 2004) was exclusively based 
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on observed and inferred data on species declines, range, 
and abundance (IUCN Red List criteria A-D). Criterion 
E (projected extinction risk, for example from population 
viability analysis) has traditionally been less used because 
it requires high-quality data and is of more complex 
application (Collen et al., 2016). Consequently, no species 
had been listed under this criterion in the GAA1 (Stuart 
et al., 2004). 

The GAA2 used Criterion E to determine the extinc-
tion risk of European salamanders, particularly in light 
of the threat posed by chytridiomycosis, a disease caused 
by the fungus Batrachochytrium salamandrivorans (Bsal). 
Bsal has been introduced and it is invasive in Europe and 

has been linked to the severe population declines of fire 
salamanders (Salamandra salamandra) in the Nether-
lands and Germany (Spitzen-van der Sluijs et al., 2016). 
Using a pathogen spread model developed by Akçakaya 
et al. (2023), and assuming that any salamander could 
be infected by Bsal, the GAA2 found that species from 
the Italian peninsula could face a significant or complete 
distributional overlap with the pathogen’s spread area in 
the future. Consequently, for five of these species (Fig. 1), 
the application of Criterion E led to a substantial uplist-
ing to higher extinction risk categories compared to pre-
vious assessments. In particular, Speleomantes italicus, S. 
strinatii, and Salamandrina perspicillata, with a projected 

Fig. 1. IUCN ranges of Urodela species (IUCN, 2024) that changed conservation status (hatched pattern: reclassified as Endangered; dou-
ble-hatched pattern: reclassified as Critically Endangered) and the distribution of Bsal outbreaks, as indicated by data from bsaleurope.com 
(accessed November 2024).

http://bsaleurope.com
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extinction probability of over 20% within the next five 
generations, have moved from the lowest risk category 
(Least Concern) to a high-risk category (Endangered). 
Similarly, Speleomantes ambrosii and Salamandra lanzai, 
with a projected population decline of more than 50% 
within the next three generations, were reclassified from 
Near Threatened and Vulnerable, respectively, to Critical-
ly Endangered. These new assessments of GAA2 conflict 
with the results of the recent IUCN assessment of Ital-
ian vertebrates (Rondinini et al., 2022) and with evidence 
suggesting stable trends for some of these species (e.g., 
Ficetola et al., 2018, 2024).

As a consequence of the GAA2 reclassification, Italy 
appears as one of the hottest spots of amphibian status 
deterioration globally; this evaluation is strongly linked 
to projected impacts by pathogens. Furthermore, for 
most amphibians threatened by Bsal (237 out of 240 spe-
cies), the impacts of the pathogen are exclusively pro-
jected for the future (Luedtke et al., 2023). This increased 
reliance on Criterion E requires particular attention to 
assumptions and uncertainty, particularly if it contradicts 
evidence from other sources. We are concerned that, 
for these European salamander species, the treatment 
of uncertainty appears incomplete despite its substantial 
influence on projected extinction risks.

THE IMPORTANCE OF DOCUMENTING UNCERTAIN-
TY IN ASSESSMENTS BASED ON CRITERION E

Extinction risk models project alternative trends of 
current phenomena, which can then be used to inform 
mitigation strategies against climate change, biological 
invasions, pathogen spread, and human development 
(IPBES, 2023). The IUCN Red List Criterion E seeks to 
harness this potential. However, alternative projection 
scenarios can radically differ depending on assump-
tions, methods, data types and quality (IPBES, 2023). 
Because projections require more assumptions than 
analysis of empirical data, they also suffer from greater 
linguistic, epistemic and stochastic uncertainty (Regan 
et al., 2002). Criterion E is thus fundamentally differ-
ent from other Red List criteria, as recognized implicitly 
by its limited application to date (Cazalis et al., 2022) 
and more explicitly by the Red List Guidelines (IUCN, 
2022), which clearly state that “uncertainty in the data 
or quantitative model must be documented”. This 
means, for example, using ranges and distributions to 
represent uncertain parameters, and alternative scenar-
ios or model structures to represent different assump-
tions, documenting the effect of uncertainty on project-
ed extinction risks and justifying choices. 

ISSUES IN THE APPLICATION OF CRITERION E TO 
EUROPEAN SALAMANDERS

In the GAA2, southern Europe emerges as a global 
hotspot for extinction risk, and Italy in particular, with 
five species of salamanders (Fig. 1) showing significant 
status deterioration based on quantitative projections of 
Bsal spread (Luedtke et al., 2023). When projecting the 
impacts of such a largely unknown threat in its early stag-
es of invasion, optimistic and pessimistic scenarios should, 
at the very least, assess different patterns of pathogen 
spread, different levels of environmental suitability, and 
different host dynamics. For a recent invader like Bsal, 
these parameters are both highly influential and severely 
uncertain (Akçakaya et al., 2023). The GAA2 states that 
“uncertainty in the data [was] documented as a range of 
values” (Luedtke et al., 2023), but supplementary infor-
mation and published IUCN entries do not reflect such 
evaluation of alternative scenarios for critical determin-
ing factors. Several key parameters are set at their extreme 
values, often relying on personal communications without 
formal expert elicitation and quantification of uncertainty. 

For example, in the model used for the criterion E 
projections, environmental suitability for Bsal is implic-
itly assumed to be at its maximum possible value (100%) 
over the whole area reachable through its natural disper-
sal, whereas past research suggests that current and future 
environmental suitability for Bsal can vary significantly 
but is never perfect (Sun et al., 2023; Xie et al., 2016). 
Bsal dispersal is set as a chordal distance, ignoring host 
and pathogen ecology (Spitzen-van der Sluijs et al., 2018), 
plausible human-mediated dispersal (Martel et al., 2020), 
and barriers to hosts and the pathogen besides the Medi-
terranean Sea and mountains above 2500 m asl (Akça-
kaya et al., 2023). However, estimates of extinction risk 
are highly susceptible to even minimal changes in those 
parameters. Assuming a linear spread and disregarding 
environmental factors that might limit Bsal spread (thus 
assuming perfect environmental suitability across differ-
ent types of European environments), the most vulnerable 
species are paradoxically located in areas where studies 
incorporating environmental suitability indicate very low 
levels of current and projected Bsal suitability (Sun et al., 
2023; Katz et al., 2018; Beukema et al., 2021).

CONCLUSIONS

In the GAA2, in the case of European salaman-
ders, criterion E was applied to risks by emerging inva-
sive pathogens. However, in principle, this approach to 
the criterion E could also apply to other threats, such 
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as interactions with invasive species, climate change, 
and land-use change. The widespread use of modelling 
might lead to a more frequent use of this criterion, and 
accounting for uncertainty is crucial for any of these pro-
jected risks (Williams et al., 2021). In the face of rapid 
and dynamic global change, quantitative projections 
of imminent but not yet realized threats must play an 
increasing role in listing decisions. 

For amphibians, the recognition in the GAA2 of 
the substantial threat posed by emerging diseases, even 
where they have not yet struck, is a step in the right 
direction. However, this increased application of model-
based projections should be accompanied by a step up 
in adopting established best practices in the treatment 
of uncertainty (Sutherland and Burgman, 2015; Ladle, 
2009). Unclear and overestimated projections of extinc-
tion risks can inflate conservation language, diverting 
attention from ongoing, ascertained threats to potential 
but uncertain ones, and deteriorating the crucial trust 
needed for promoting conservation actions (Ladle, 2009). 
Listing decisions undeniably influence the allocation of 
limited conservation resources for threatened species, 
critically affecting their future. Providing clear informa-
tion about uncertainty, and integrating feedback from 
multiple local and global experts, should be a guiding 
principle of extinction risk assessments.
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Abstract. Vipera walser is a recently assessed species of North-Western Italian Alps, that has been regarded as an 
isolated population of V. berus until 2016, when it has been identified as a separate taxonomical unit according to 
molecular markers. Due to its restricted and fragmented range and the potential threat of climate change in mountain 
systems, it complies with the IUCN criteria to be classified as EN. In order to investigate, in part, the health status of 
this taxon, we have performed blood smears to describe whether a haematological parameter such as leukocytes is 
consistent with those of more widespread viperids of the Italian peninsula. Overall, we sampled 20 Walser’s Vipers 
across the species range and characterised leukocyte formula. We found that lymphocytes were the most common 
(~70% of total leukocytes). Eosinophils and heterophils were less abundant, while neutrophils and monocytes are the 
least represented. Our data is in accordance with that of other European viperids.

Keywords. Vipera walser, leukocyte differential count.

Vipera walser Ghielmi, Menegon, Marsden, Laddaga 
& Ursenbacher 2016 is a relict viper endemic to Alpine 
areas of North-Eastern Piedmont (Ghielmi et al., 2016). 
This viper lives exclusively in high altitude valleys up to 
about 2500 metres, in ecologically particular contexts, 
characterised by some of the highest rainfall in the entire 
Alpine region and an average annual temperature below 
10 °C (Mercalli et al., 2008; Osservatorio Di Oropa - 
Meteo, 2022).

V. walser has an extremely limited geographical 
range, with a distribution area (Extent of occurrence - 
EOO) estimated at <1000 km2 (Ghielmi et al., 2016). 
Therefore, it should be classified as “Endangered” (EN) 
according to the criteria of the IUCN Red List (2014) 
B1a/B2a, but the species conservation status has not 

been assessed yet. Given that the range of this species is 
strongly fragmented and that the area actually occupied 
(Area of occupancy - AOO) is less than 500 km2, V. wal-
ser turns out to be one of the most threatened vipers in 
the world (Ghielmi et al., 2016). However, several stud-
ies are currently underway to clarify its taxonomic status, 
as recently its validity as a species has been questioned 
(Speybroeck et al., 2020; Doniol-Valcroze et al., 2021; 
Vanzo et al. 2024).

The population is already fragmented in two main 
subpopulations and, presumably, the complex topography 
of ridges and valleys might further increase the isolation 
among populations, as it was found in V. berus (Ursen-
bacher et al., 2009). Furthermore, such fragmentation 
implies an additional intrinsic threat factor, i.e., limited 
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genetic variability compared to that of more widespread 
European vipers such as the adder and the asp viper 
(Ursenbacher et al., 2006; Ursenbacher, Conelli, et al., 
2006; Ferchaud et al., 2011; Ghielmi et al., 2016). V. walser 
is considered a relict species that occurs in a very restrict-
ed range, so it can be regarded as an evolutionary dead 
end (Allendorf et al., 2012). V. walser is potentially threat-
ened by decreasing habitat suitability due to both climate 
change (Ghielmi et al., 2016), and the abandonment of 
areas involved in agropastoral activities leading to natural 
reforestation (Carlson et al., 2014; Garbarino et al., 2014).

The presence of potentially pathological or stress-
ful condition can significantly impact local and restricted 
populations, especially in endangered species (Schu-
macher, 2006; Buttke et al., 2015; Thomas et al., 2019). 
The leukocyte formula can be an important tool to assess 
the presence of inflammation and infection and can be 
used as an index of general stress and immune status of 
the animal (Blaxhall, 1972). In particular, in reptiles, het-
erophilia (increase in heterophils) and lymphocytopenia 
(decrease in lymphocytes) are the outcome of stress con-
ditions; therefore, the relative proportion of heterophils 
over lymphocytes (i.e., H/L ratio) is often used as a com-
posite measure of stress response (Davis et al., 2008; Stacy 
et al., 2011). Consequently, being able to provide baseline 
values of haematological parameters from wild popula-
tions is essential to evaluate possible threats and in species 
conservation (Stacy et al., 2011; Sacchi et al., 2020).

In this scenario, we have assessed for the first time 
the leukocyte formula of V. walser, in order to provide 
benchmarks that may be useful for assessing the health 
status of individuals of this species. Sampling took place 
via field surveys performed between May and October 
2021: 20 adult individuals (13♀ and 7♂) of V. walser 
were captured across the entire distribution range of the 
species (as in Ghielmi et al., 2016). Fresh blood was sam-
pled through tail clipping using surgical scissors (Duguy, 
1970; Brown and Shine, 2018, 2022). This way to draw 
blood was not specifically designed for leukocyte analy-

ses, but was a by-product of the methodology used for 
high quality DNA collection, which is the topic of anoth-
er research project on the target species. Afterwards, the 
wounds were thoroughly disinfected with iodine tincture 
and eventually the individuals were released in their cap-
ture site. From each blood draw, a single-layer cell film 
was produced by depositing a small drop of blood at one 
end of the glass slide and placing a second glass slide 
close to the drop, slanted by 30-40 degrees, allowing the 
drop to adhere to the entire margin of the slide for capil-
larity (Nardini and Girolamo, 2017). The latter glass was 
slid gently and quickly along the former to create a blood 
smear that was air-dried. Subsequently, smears were col-

Fig. 1. Different leukocyte cell types detected in a sampled blood 
smear along the visual transects. Respectively, in each panel are 
shown: a) large heterophile (dot-dashed circle), a lymphocyte 
(dashed circle) and a blood platelet (solid circle); b) monocyte; c) 
basophile; d) heterophile; e) eosinophile.

Table 1. Table of the leukocyte formula of the 13 females and 7 males of V. walser sampled for this study. For each leukocyte cell type, mean 
± SD and range are shown.

% of 
cell type

Females Males Total

Mean ± SD Range Mean ± SD Range Mean ± SD Range

Heterophils 6.9 ± 3.1 2.0 – 12.9 10.2 ± 6.6 2.9 – 19.3 8.0 ± 4.8 2.0 – 19.3
Eosinophils 10.4 ± 3.5 1.8 – 6.9 14.0 ± 8.5 3.9 – 27.9 11.7 ± 5.8 3.9 – 27.9
Basophils 4.3 ± 3.4 0.0 – 14-0 6.1 ± 5.7 1.3 – 18.0 4.9 ± 4.3 0.0 – 18.0
Monocytes 1.9 ± 2.6 0.0 – 8.5 0.8 ± 1.0 0.0 – 2.6 1.5 ± 2.2 0.0 – 8.5
Lymphocytes 74.8 ± 6.0 65.3 – 88.2 67.9 ± 14.1 46.6 – 85.4 72.4 ± 9.9 46.6 – 88.2
Neutrophils 1.7 ± 2.5 0.0 – 9.4 1.0 ± 1.5 0.0 – 3.6 1.4 ± 2.2 0.0 – 9.4
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oured using the May-Grünwald/Giemsa stain and stabi-
lised through Entellan® (Vu et al., 2021). Two-five blood 
smears were prepared for each snake, and the best one 
was visually scanned by performing zig-zag scans across 
the slide. Leukocytes were classified as heterophiles, 
eosinophils, basophiles, neutrophils, lymphocytes, and 
monocytes (Fig. 1). These procedures were carried out 
using 40x magnification on an Optika B-383PLi micro-
scope, distinguishing and counting on average 154 ± 8.9 
leukocytes per sample.

Lymphocytes were the most common leukocytes 
(over 70% of total leukocytes). Eosinophils and hetero-
phils were the second and third most abundant compo-
nents. Neutrophils and monocytes are the least represent-
ed (Table 1). To test for differences in relative abundance 
of cell types between sexes, a non-parametric Mann-
Whitney test was performed. No statistically significant 
difference was detected between sexes for all cell types 
(W < 59, P > 0.29).

Our investigation on V. walser is a first attempt to 
provide a benchmark of the leukocyte formula of wild 
populations in this species. Our data is consistent with 
available literature for other snakes from Europe (Duguy, 
1970; Lisičić et al., 2013; Baycan et al., 2022) and South 
America (Troiano et al., 1997; Troiano et al., 1999; Grego 
et al., 2006, Carvalho et al., 2016), including Viperidae, 
and three major snake families (Colubridae, Pythonidae, 
and Boidae; Table 2). Notably, Lymphocytes are generally 
the most abundant white blood cell type and, consistent-
ly, heterophils and monocytes are generally the second- 
and third-most abundant ones, respectively. However, 
it is necessary to point out that across literature authors 
tend to identify and quantify different cell types accord-
ing to necessity and interest; for instance, azurophils are 
sometimes identified as immature monocytes, according 
to cytochemical similarities (Lisičić et al., 2013), and used 
in their place (Ozzetti et al., 2015; Carvalho et al., 2016). 
In this matter, authors are not in accordance with one 
another and therefore interpreting and comparing leuko-
grams can be sometimes complicated due to the termi-
nology applied for cell type classification.

The implementation of heterophil and lymphocyte 
counts in past research has been correlated to stress so 
that higher H/L ratios are generally associated to higher 
stress levels (Davis et al. 2008). According to the pub-
lished data we retrieved, a major variability in this meas-
ure was found as it can vary from low ratios (~0.11 in 
Carvalho et al., 2016 and our work) to very high values 
(~2.3 in Quadrini et al., 2018). Therefore, lacking marked 
clinical effects that correlate with higher values, we sug-
gest using cautiously ratios of such kind to provide infor-
mation about the health status of wild or captive popu-
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lations of snakes. Consequently, we highlight the impor-
tance of the implementation of shared protocol and 
methodologies to undertake broad scale haematological 
studies of snake populations and to assess their relation 
to health and stress conditions.

In conclusion, with this work we provide, for the first 
time, information on some haematological parameters of 
the Walser’s Viper, an endemic and endangered species of 
the Italian Alps, that might be of interest for future con-
servation measures. However, this work does not fully 
address this matter as it requires further investigations on 
health condition measures such as Body Condition Indi-
ces as well as comparative studies that take into account 
how sister species cope with the same threats in similar 
environmental conditions.
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Abstract. African skinks of the genus Trachylepis is one of the most diverse genera of lizards in Africa. Although, 
many species have not been validated phylogenetically in recent years. In this study we evaluate the phylogenetic sta-
tus of the Cameroon Volcanic Line endemic montane skink, Trachylepis mekuana. We recover this species as part 
of the larger Trachylepis varia group, with sister relationship to the morphological similar skinks from Eastern Afri-
ca Trachylepis megalura and central Africa Trachylepis raymondlaurenti. Low sequence divergence (<1.6% 16S) have 
been observed among the three species. Based on some morphological and colouration differences, as well as mostly 
allopatric distribution we regard them as good species.

Keywords. Endemic, volcanic, scincidae, montane, allopatric.

Trachylepis is one of the most diverse Scincidae 
genera in Africa, with a taxonomically convoluted his-
tory and many unresolved species complexes. A recently 
published review of this genus in Angola has raised the 
number of species in the genus to ~94 species (Ceríaco 
et al., 2024). 

In 2015, an unusual plainly coloured Trachylepis 
skink with an exceptionally long tail was found in Can-
gandala National Park, Angola (Ceríaco et al., 2016, 
2018), which was subsequently described as a new spe-
cies, T. raymondlaurenti (Marques et al., 2019). The new 
species was reported to be differentiated from its closest 
congener T. megalura by 4% 16S sequence divergence, the 
fact that the supranasals are always separated, and a uni-
form greyish dorsal colouration versus fine longitudinal 
black or white dorsolateral stripes dorsally. However, in 
a later study on the Trachylepis of Angola (Ceríaco et al., 
2024), the authors reported a lower (2.12%) 16S uncor-

rected p-distance between these two species, but a large 
RAG1 uncorrected p-distance of 3.42%.

In a broad-scale phylogenetic study of the Trachylepis 
genus, Weinell et al. (2019) recovered the two above-men-
tioned species (T. raymondlaurenti ~labelled as T. megu-
lara and T. megalura) as part of the larger T. varia group. 
Within this group T. varia has undergone a substantial 
revision, in which previous works recovered a widespread 
species complex (T. varia complex) comprising seven well 
differentiated lineages (Weinell and Bauer, 2018). Conse-
quently, some of these have subsequently be allocated to 
older names (T. laevigata, T. damarana, T. albopunctata), 
while others remain undescribed due to lacking material. 
Nevertheless, authors of the above studies have not made 
further mention to the close sister relationship between T. 
megalura and the rest of the T. varia group.

Of special interest is that when T. raymondlaurenti 
was described, the authors did not make any compari-
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son to T. mekuana from Mount Bamboutos in Cameroon, 
which was documented to be morphologically closely 
related to T. megalura (Chiro and Ineich, 2003). Trach-
ylepis mekuana shares morphological similarities to T. 
raymondlaurenti in that the supranasals are mostly sepa-
rated, yet it differs in having a bolder dorsal colouration 
versus uniform greyish in the latter. In an independent 
study looking at the phylogenetic status of the Lygosomi-
nae, 16S sequences of T. mekuana (as Mubuya sp.) were 
included in their analyses (Honda et al., 2003). Another 
study looking at the Central and West Africa Trachylepis 
published ND2 sequences of T. mekuana (Allen et al. 
2019). None of these sequences were incorporated into 
the broad scale study of Weinell et al. (2019) or in the 
recent Angolan Trachylepis revision (Ceríaco et al., 2024). 
Consequently, the close morphological similarities of T. 
mekuana with T. megalura and T. raymondlaurenti, com-
bined with the above-mentioned discrepancies in genetic 
results, have motivated a deeper re-analysis of the group 
using all the available genetic data of these three species 
to shed light on the taxonomic and phylogenetic position 
of this group.

To this aim, previously published sequences of 16S, 
ND2, RAG1 and KIF24 genes (Table S1; Honda et al. 
2003; Marques et al. 2019; Allen et al. 2019; Weinell et al. 
2019) were obtained from GenBank, including four new-
ly generated 16S sequences of T. mekuana, and aligned in 
MEGA v.7.0.27 (Tamura et al., 2013), using the ClustalW 
v.1.6 alignment method (Thompson et al., 1994) with 
default parameters. The final dataset comprised 51 sam-
ples (Table S1), including T. laevis as the outgroup taxon. 
Separate alignments were created for each gene, and a 
concatenated dataset, was created using SequenceMatrix 
v.1.8.2 (Vaidya et al., 2011). The best-fitting models and 
partition schemes were determined using ModelFinder 
implemented in IQ-TREE (Chernomor et al., 2016; Minh 
et al., 2021). The following settings were used: -p parti-
tion file (each partition with its own evolution rate), a 
greedy strategy and the FreeRate heterogeneity model 
excluded (only invariable site and Gamma rate hetero-
geneity considered) (Chernomor et al., 2016; Kalyaana-
moorthy et al., 2017). The following models and parti-
tion schemes were used: GTR+F+I (16S), GTR+F+I+G4 
(ND2), and HKY+F+I (RAG1 + KIF24I). A maximum 
likelihood (ML) phylogeny was generated in IQ-TREE, 
using a random starting tree and the best-fitting model 
schemes selected for each dataset as selected above. The 
ultrafast bootstrap approximation (UFBoot) method 
(Hoang et al., 2017) was implemented using 1000 repli-
cates and minimum correlation coefficient of 0.99. For 
accuracy, the analysis was run twice to ensure that inde-
pendent ML searches recovered the same topologies. The 

ML phylogeny was rooted with Trachylepis laevis and 
visualised using FigTree v.1.4.4 (Rambaut, 2018). Nodes 
with bootstrap support (BS) ≥ 95% were regarded as 
well supported. Finally, an uncorrected pairwise distance 
(p-distance) analysis was conducted in MEGA X (Kumar 
et al., 2018) for the 16S and ND2 gene. The hyper-varia-
ble region of the 16S gene was retained. Sequences were 
grouped according to species, and pairwise distance anal-
yses were conducted using uniform rates, pairwise dele-
tion and 500 bootstrap replicates.

The phylogenetic reconstructions recovered a simi-
lar topology within the T. varia group compared to pre-
vious studies (Weinell et al., 2019; Ceríaco et al., 2024), 
showing a well-supported sister relationship between the 
T. megalura group and the rest of the T. varia complex 
(Figs. 1 and S1). The only difference is the inclusion of T. 
mekuana in this study. Trachylepis mekuana was recov-
ered as sister to T. raymondlaurenti, although not well-
supported. In turn, these two species were recovered as 
a well-supported sister clade to T. megalura. The uncor-
rected 16S p-distance obtained between these three spe-
cies varies between 0.9 – 1.6% 16S. This is well below the 
interspecific threshold observed between the other spe-
cies of the T. varia complex (4.2 – 9.6 %, average 6.1 ± 
1.1% 16S average uncorrected p-distance; Table 1). Simi-
larly, the uncorrected ND2 p-distance sequence diver-
gence between T. mekuana and T. raymondlaurenti was 
9.4% (Table 2), also well below the interspecific threshold 
observed between the other species of the T. varia com-
plex (13.5 – 20.4%, average 16.5 ± 1.6% ND2 average 
uncorrected p-distance).

Morphologically, these three species are reported 
to differ only in their dorsal colouration (striped dor-
sal pattern, with a number of fine longitudinal black or 
white stripes and a distinct white dorsolateral stripe in 
T. megalura; T. mekuana is similar in colouration to T. 
megalura but the dorsal stripes are more defined; uni-
form greyish-brown with no stripes in T. raymondlau-
renti), and head scalation (supranasals always in contact 
in T. megalura versus never in contact in T. raymondlau-
renti and T. mekuana [except paratype female in narrow 
contact]). In addition, the three species occur mostly 
allopatrically, except at the Upemba National Park area in 
southern Democratic Republic of the Congo, where both 
T. raymondlaurenti and T. megalura occur sympatrically 
(Marques et al., 2019). In the Port Elizabeth Museum, 
a T. megalura specimen from north of Shabeli, Ethiopia 
(PEM R08590) shares morphological characters with T. 
mekuana (supranasals separated and similar dorsal colour 
pattern). This agrees with the conclusions of Chirio and 
Ineich (2003), who refer to specimens from Koffole, Ethi-
opia that share morphological similarities with T. mekua-
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na. Other specimens of interest here include the unde-
scribed Trachylepis sp. observed by Kameni et al. (2022) 
on Mt. Bamboutos, occurring at lower elevation than T. 
mekuana. The two individuals observed present the habi-
tus and uniform colouration of T. raymondlaurenti and 
occur sympatrically with T. mekuana. These population 
warrants further investigation.

Although the sequence divergence between the spe-
cies in the T. megalura group are on the low side, the 
minor morphological and colouration differences in 
conjunction with the mostly allopatric distribution pro-

vides multiple lines of evidence to retain all three spe-
cies as valid. Wider sampling, especially of the Ethio-
pian population, may help shedding further light on this 
group and potentially discover additional cryptic species 
in this group. Of further interest is the close relation-
ship between reptile species from the high lying areas 
of Cameroon and East African. Other species show-
ing similar patterning as T. mekuana and T. megalura is: 
Lepthosiaphos koutoui versus L. kilimensis and Trachylepis 
nganghae versus undescribed Trachylepsis species from 
Uganda (Ineich and Chirio, 2004). These species pairs 

Fig. 1. Maximum Likelihood (ML) concatenated phylogeny (16S, ND2, RAG1, KIF24), showing relationships between the Trachylepis varia 
group and the placement of Trachylepis mekuana.
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are separated by a large geographical gab with no records 
in-between due to a lack of suitable montane habitat and 
potential sampling effort.

In conclusion, this study phylogenetic placed T. 
mekuana in the T. megalura subgroup and eluded to the 
low sequence divergence among species in this group.
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