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Abstract

Facultative paedomorphosis, the retention of larval traits in sexually mature individuals,
plays a crucial role in species ecology and evolution and is influenced by complex interac-
tions between environmental factors. Here, we compile all known cases of paedomorphosis
in all newt species in Greece and report 20 new localities, mainly in Northern Pindos
National Park. Our results indicate that paedomorphosis tends to occur more frequently
in stable aquatic environments in combination with unfavourable external conditions
(lack of precipitation and higher temperatures). Furthermore, species-specific patterns
related to the occurrence of paedomorphosis were also unveiled: Mesotriton alpestris prefers
high-elevation and permanent ponds; Lissotriton graecus occurs predominantly in artifi-
cial, lowland ponds; and Triturus macedonicus is associated with a stable hydroperiod and
fish absence. Overall, conservation strategies should explicitly account for paedomorphic
populations, emphasizing the value of artificial ponds, which are able to support this
life-history strategy. Lastly, the Northern Pindos Mountain Range emerges as a major
European intra-specific diversity hotspot.

Keywords: climate change; amphibians; conservation; polyphenism; generalized linear
models; permanent ponds; Lissotriton graecus; Mesotriton alpestris; Triturus macedonicus;
Northern Pindos

1. Introduction

During ontogeny, organismal development typically follows a temporally and spa-
tially precise sequence of events [1-3]. However, the signalling pathways that regulate
these processes exhibit a degree of flexibility and can be influenced by various factors [4-6].
One of the major ways in which this developmental flexibility is manifested is through
shifts in the timing of ontogenetic events, called heterochronies [7-9]. Facultative paedo-
morphosis is a heterochronic process influenced by environmental conditions, in which
mature individuals can either maintain juvenile traits due to developmental delays or
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metamorphosize into their typical adult state [7,9,10]. These processes play a significant
role in both micro- and macroevolution, influencing species morphology, as well as the
structure and dynamics of ecological communities [8,11-14].

Alternative phenotypes produced by polyphenism greatly benefit species with com-
plex life cycles, such as amphibians [15-18]. Thus, amphibians are model organisms for
studying heterochronies [19]. The choice between different morphs boosts adaptive poten-
tial and allows for environmental risk management by diversifying resource consumption
among individuals [20-22]. Efficient resource and habitat partitioning aids the survival of
high-density populations by lowering intraspecific competition, while promoting sympatric
differentiation [11,13,18,22]. These benefits suggest that paedomorphosis is a valuable as-
set for the survival of amphibian species that are subjected to detrimental terrestrial and
aquatic conditions, such as habitat loss, limited food availability, inbreeding, predation,
and diseases [23-25]. Under these pressures, facultative paedomorphosis may prove to
be an evolutionary “lifeboat”, allowing amphibians to be more resilient in unpredictable
environments [10,26].

The complex nature of heterochronies and the presence of paedomorphic amphibian
populations in a wide range of environments make it extremely difficult to establish a
connection with the environmental factors involved [14,22,27]. Previous research has
suggested that environmental factors, such as altitude, temperature, predation, water
permanency and depth, oxygen content, dispersal limitation, and aquatic vegetation, are
potentially correlated with paedomorphosis, although their effects vary across species
and locations [14,28-33]. Affecting all these parameters, climate change is emerging as a
major factor that shapes the expression of alternative morphs [34,35]. Understanding the
factors influencing paedomorphosis is essential for understanding its evolutionary role
and informing conservation strategies.

To increase the impact of amphibian conservation, conservationists need to consider
the significance of facultative paedomorphosis [11,36-38]. The traditional species-centric
prioritization of biodiversity hotspots [39,40] has been widely criticized for overlooking
intraspecific diversity [41-44]. Similarly, the concept of Evolutionary Significant Units (ESUs),
which include populations that exhibit genetic variation, reproductive isolation, phylogenetic
monophyly, and unique morphological traits, rarely considers polyphenisms [45-50]. Given
the evolutionary importance of paedomorphic populations, their conservation should be
integrated into management actions.

Previous studies have focused on locating hotspots of amphibian paedomorphosis in
Europe. Such hotspots have been described in Larzac, France [37] and Montenegro [38].
In Greece, 11 cases of facultative paedomorphosis in newts have been reported from
ten different sites [32,51-57] referring to four newt species; the Macedonian crested newt,
Triturus macedonicus (Karaman, 1922), the Alpine newt, Ichthyosaura alpestris, nunc Mesotriton
alpestris (Laurenti, 1768) [58], the Greek smooth newt, Lissotriton graecus (Wolterstorff, 1906)
and the Schmidtler’s smooth newt, L. schmidtleri (Raxworthy, 1988). Most of these sites
are located in the Epirus region around the Ioannina district. This area includes the
Northern Pindos National Park, which is a hotspot of inter- and intraspecific amphibian
diversity [32,59].

In this study, we examined the distribution and ecological characteristics of paedo-
morphosis in Greek newts and we investigated how climatic and landscape features are
associated with the occurrence of facultative paedomorphosis across three newt species,
using Generalized Linear Models (GLMs). Specifically, we focused on the Northern Pindos
National Park, a region characterized by diverse aquatic and terrestrial habitats, where M.
alpestris, L. graecus and T. macedonicus occur. By testing environmental drivers based on
an information-theoretic approach [38,60], we aimed to provide insights into the adaptive



Conservation 2025, 5, 79

30f20

significance of paedomorphosis and inform conservation strategies for newt populations in
a climatically changing world.

2. Materials and Methods
2.1. Sampling and Data Preparation

We conducted field surveys during the April-July 2021 breeding season and
135 breeding ponds were examined in Northern Pindos National Park, referring to three
newt species: Mesotriton alpestris, Lissotriton graecus and Triturus macedonicus. Individuals
were collected via dipnet survey and paedomorphs and their sex were identified based
on cloacal external morphology [61]. We calculated the frequency of occurrence of paedo-
morphosis in the different newt species and performed a chi-square test using R Statistical
Software v. 4.4.2 [62] to identify any differences in the recorded proportions of this trait.

Further field-based data included pond type and fish presence. The pond type (arti-
ficial or natural) was determined based on direct observations, whereas fish presence or
absence was assessed through visual observations and dip-net sampling.

To strengthen our analysis, we expanded the original dataset and included six addi-
tional sites of paedomorphosis reported in the literature [32,51-57], as well as four newly
identified sites from field surveys conducted outside the park, following the same sampling
methodology. The compiled data were then divided into two distinct datasets.

The first dataset included basic site information and a few environmental variables
for all Greek paedomorphic populations, as well as the number and/or proportion of
paedomorphs and their sex, wherever these were available (Table S1). The second dataset
included a broader set of environmental variables for all the study sites in the Northern
Pindos National Park, regardless of presence or absence of paedomorphosis. A few ad-
ditional sites where paedomorphosis was recorded from outside the park, referring to
the same three newt species, were also included to improve representation of cases of
paedomorphosis (Table 52).

2.2. Basic Statistics

Based on the first dataset, we conducted basic statistical analyses using non-parametric
tests in R due to the limited set of environmental parameters (Table S1). Only altitude,
hydroperiod, pond type and landscape were considered for all sites. The landscape type
was determined based on CORINE Land cover 2018 dataset, provided by Copernicus Land
Monitoring Service [63] using QGIS v. 3.24 [64] and adapted into four groups: forest, open,
agriculture and urban. For these tests, both Lissotriton species were considered as one
species group (Lissotriton sensu lato species), as only one record of paedomorphosis for L.
schmidtleri has been made to date [57].

For altitudinal distribution, we used the Kruskal-Wallis H test to detect differences
among the three species groups, followed by the Mann-Whitney U test for pairwise
comparisons. For pond type, we applied a binomial test for pond preference and chi-square
test was used to assess landscape preferences.

2.3. Regression Analysis

Based on the second dataset, we investigated the influence of various environmen-
tal factors on the occurrence of facultative paedomorphosis using regression analysis
(Table S2). For each pond, field-based data (fish presence and pond type), as well as
hydrological, climatic and spatial data were recorded to investigate their effects on the
distribution of facultative paedomorphosis (Table 1).
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Table 1. Environmental and spatial variables used in the regression analysis. Categorical variables
were numerically encoded as indicated.

Regression Analysis Variables Type of Data Numeric Encoding for Regression Models

Pond characteristics
(biotic/hydrological)

Fish presence categorical Absence = 0; Presence = 1
Pond type categorical Natural = 0; Artificial =1
Hydroperiod categorical Temporary = 0; Permanent = 1

Climatic variables

Maximum Temperature of July

continuous -
(Tmax)
Minimum Temperature of January .
. continuous -
(Tmin)

Mean annually Temperature (Tmean) continuous -
Mean annually Precipitation continuous -
Spatial/Remote sensing data

Altitude continuous -
Topographic Wetness Index (TWI) continuous -
Human Influence Index (HIT) continuous -
Shelter Availability Index (SAI) continuous -

Hydroperiod (temporary or permanent pond) and altitude were assessed based on
annual satellite imagery series and elevation data, respectively, from Google Earth Pro [65].
We also calculated the Topographic Wetness Index (TWI), based on a digital elevation
model using QGIS, which is a function of slope and water supply [66] and reflects the
wetness and soil moisture for a radius 100 m around the pond.

Climatic variables were obtained from WorldClim 2.1 at a resolution of 2.5 arc-minutes,
which was the only available spatial resolution corresponding to the study period
(2020-2021) [67]. We extracted 26 temperature-related environmental layers, including the
minimum temperature in January 2021 (Tmin), the maximum temperature in July 2020
(Tmax), and monthly layers from April 2020 to March 2021, which were used to calcu-
late the mean annual temperature (Tmean), as well as the mean annual precipitation for
that year.

Additionally, to better assess terrestrial landscape effects, we utilized remote sensing
data. We used the Human Influence Index (HII), an open-data proxy of human influence
on terrestrial ecosystems at a 300 m resolution, based on population density, infrastructure,
accessibility and use of electric energy [68], extracting the value of each pond.

Finally, we derived the percentages of six land cover types (forest, shrubland, grass-
land, cropland, bare ground and urban areas) from Copernicus Global Land Cover 2019
dataset, available through the Copernicus Land Monitoring Service, at a 100 m resolu-
tion [63]. Instead of the typical principal component analysis (PCA) approach [60,69], we
calculated a habitat suitability index to assess the suitability of the surrounding environ-
ment and the availability of shelters.

Forests and shrubs were assumed to provide the highest shelter availability [70-72]
and were weighted by a factor of 1. Grassland and arable land, while still important for
dispersal, were considered to provide intermediate shelter availability [73-75] and were
therefore weighted by 0.5. Bare ground and urban areas were assumed to provide no shelter
and were assigned a weight of 0, as bare areas increase amphibians’ risk of desiccation [76-79]
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and predation [80], while urban areas are associated with high road mortality [73,81]. Our
Shelter Availability Index (SAI) is then defined as:

(F+S)x1 +(G+C)x05+(B+U) x0

Al =
5 100 ’

1)

which simplifies to:
F+S +(G+C)x05 @)
100

where F, S, G, C, B and U represent the percentage cover of forest, shrubland, grassland,

SAI =

cropland, bare ground and urban area, respectively. The resulting index ranges from 0
(least suitable due to shelters availability) to 1 (most suitable due to shelters availability).

Both climatic and remote sensing data were obtained in R, using extract() function
from the “terra” package for spatial data analysis [82].

The Pearson correlation coefficient (r) was calculated to evaluate the relationships
between the environmental variables. Variables with Ir| < 0.3 were considered weakly cor-
related, 0.3 < Irl < 0.7 as moderately correlated, and Ir| > 0.8 as strongly correlated [83].
Generalized linear models (GLMs) with binomial errors were then constructed for L. graecus,
M. alpestris and T. macedonicus, as well as for the paedomorphosis across all three species,
including all combinations of environmental variables and excluding interactions with
Ir| > 0.8. In such cases, interacting variables were combined using PCA to prevent bias
in the regression analysis [83]. Categorical variables were encoded as required for the
analysis [84] (Table 1).

We found strong correlation for Tmax, Tmin, Tmean and Altitude variables. From
PCA, we extracted the first principal component (PC1), which accounted for 92.4% of the
total variance and with an eigenvalue > 1 (Table S3). All original variables loaded equally
on PC1, representing an environmental gradient, where low PC1 scores correspond to cold,
high-elevation sites, while high PC1 scores to warm, low-elevation sites.

To avoid further issues of collinearity, the “car” package in R was used to calculate
variance inflation factors (VIF), and models with VIF > 5 were excluded [83]. Model
selection was based on Akaike’s Information Criterion (AIC) and A-AIC using the dredge()
function from the “MuMin” package [85]. Furthermore, we applied Moran’s I test using
999 permutations and an alpha value of 0.05 [86], to investigate spatial autocorrelation in
the residuals of the selected models, using the residuals() and moran.mc() functions from the
“spdep” package [87]. Additionally, we performed a Likelihood-ratio test (LRT) between
the simpler (null) model and the more complex (alternative) model, considering only these
models performed significantly better than the null model [88], using the “epiDisplay”
package [89]. Lastly, Nagelkerke’s R? (R%y) was calculated to measure the proportion of
the variance explained by each selected model [90] using the “rcompanion” package [91].

3. Results
3.1. Frequency of Paedomorphosis

A review of the literature revealed ten previously documented sites of newt paedomor-
phosis in Greece (Table S1). In this study, we report an additional 20 sites, increasing the total
number of recorded paedomorphosis occurrences in the country. Among these, two sites
host sympatric newt populations, each containing paedomorphic individuals, bringing the
total number of populations with paedomorphs to 33. Of these, 12 were Lissotriton sensu lato
species, seven were T. macedonicus and 14 were M. alpestris (Figures 1 and A1).
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Figure 1. Paedomorphic newt individuals photographed during fieldwork. (a,b) Macedonian crested
newt, Triturus macedonicus; (c—e) Greek smooth newt, Lissotriton graecus; (fj) Alpine newt, Mesotriton
alpestris. Photo credits: (a,e,g/h,j) T.D.; (b) A.B; (¢,i) KS,; (d,f) A.P.
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Of the 135 breeding ponds surveyed in the National Park, we identified 22 paedo-
morphic populations, 18 of which were new: five paedomorphic populations of L. graecus
out of 33 (15.2%), 11 of M. alpestris out of 68 (16.2%), and six of T. macedonicus out of
45 (13.3%). These 22 paedomorphic populations were found at 20 different sites, with
two cases of sympatric paedomorphosis (Figure 2). No significant differences were found
in the proportion of paedomorphic individuals between species (X? = 0.17, N = 146, df =2,
p = 0.918) suggesting that the likelihood of paedomorphosis is comparable (~15%) among
L. graecus, M. alpestris and T. macedonicus in the Northern Pindos National Park.
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Figure 2. Distribution of surveyed breeding ponds and observed paedomorphosis within and around
the Northern Pindos National Park, northwestern Greece.

3.2. Characteristics of Paedomorphosis in Greece

The distribution of paedomorphic M. alpestris, Lissotriton spp. and T. macedonicus
populations ranged from 1199 to 2360 m, 497 to 1512 m and 140 to 1439 m, respectively
(Figure 3a). The Kruskal-Wallis H test showed that altitudinal distribution differed signifi-
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cantly (H =21.39, p < 0.01) among paedomorphic populations of the three different species
groups. More specifically, the Mann-Whitney U test revealed a significant difference in
the altitudinal distribution of paedomorphosis in M. alpestris compared to Lissotriton spp.
(U=165.0,p <0.01) and T. macedonicus (U = 92.5, p < 0.01). However, there was no significant
difference between Lissotriton spp. and T. macedonicus (U = 26.0, p > 0.05).

(b)
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Figure 3. Distribution of paedomorphic populations in Greece across elevation, habitat types and
pond origin. (a) Box plot showing the altitudinal distribution of paedomorphic populations in Greece
for three newt taxa. The box spans the interquartile range and the horizontal line indicates the median
elevation. Individual populations are plotted as black dots, and the mean elevation is indicated by a
black “x”; (b) Stacked barplot showing the number of ponds with paedomorphic populations per
species and across all species combined. Each bar is subdivided by habitat (Forest, Open, Agriculture,
Urban), and pond type (Natural or Artificial).

29 out of the 30 sites where paedomorphosis has been recorded were permanent ponds
(Table S1). Based on binomial tests (Table S4), paedomorphic M. alpestris showed a non—
significant but marginal preference for natural ponds (p = 0.057), whereas the probability
of the successful use of natural ponds by paedomorphic Lissotriton spp. was only 16.7%,
demonstrating a strong preference of this species for artificial ponds (p = 0.039). No
significant preference was observed by paedomorphic T. macedonicus for any pond type
(Figure 3b).

Regarding landscape preferences, the chi-square test revealed that paedomorphic M.
alpestris preferred open areas (X? = 6.29, p = 0.001). However, no significant preferences
were found for the other species groups (Figure 3b and Table S5).

3.3. Correlations Among Variables

The Pearson correlation test revealed 32 statistically significant correlations between
the variables (Figure S1), 14 of which were of moderate strength (0.3 < Irl < 0.7),
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while Tmax, Tmin, Tmean and Altitude were strongly correlated (Irl > 0.8). The
remaining 12 pairs of variables were weakly correlated (Ir| <0.3).

Specifically, ponds with fish were more likely to be artificial (r = 0.29), located at
lower altitudes (r = —0.27), and associated with higher human influence (r = 0.22) and
higher water accumulation (r = 0.29). Artificial ponds tended to occur in warmer areas,
showing moderate positive correlations with temperatures (Pond type/Tmax: r = 0.48;
Pond type/Tmin: r = 0.44; Pond type/Tmean: r = 0.48), as well as with precipitation
(r = 0.32). They also correlated positively with human influence (r = 0.38), whereas natural
ponds were more frequent at higher altitudes, as indicated by the strong negative correlation
between pond type and altitude (r = —0.62).

Warmer temperatures were weakly associated with the Topographic Wetness Index
(Tmax/TWI: r = 0.28; Tmin/TWI: r = 0.20; Tmean/TWIL: r = 0.22) and with shelter availabil-
ity (Tmax/SAL r = 0.22; Tmin/SAI r = 0.24; Tmean/SAI: r = 0.25). In addition, moderate
correlations were found with human influence (Tmax/HII: r = 0.44; Tmin/HIL r = 0.35;
Tmean/HIIL: r = 0.39).

Altitude was moderately negatively correlated with both the topographic wetness
(r = —0.36) and human influence (r = —0.54), and moderately positively correlated with
shelter availability (r = 0.33). These patterns indicate that higher-altitude sites tend to
be less affected by human activity, with landscapes that are more natural and potentially
better structured in terms of shelter opportunities. Regarding indices, TWI was positively
associated with both HII (r = 0.31) and SAI (r = 0.29), while shelter availability was weakly
related to human influence (r = 0.26).

3.4. Regression Models

Residuals in any selected model were not spatially autocorrelated for the distribution
of paedomorphic populations of any newt species. We observed significant differences in
LRT, which means that the predictors in selected models explained meaningful variation in
the response.

The best AIC model suggested that paedomorphosis in M. alpestris was only negatively
associated with PC1 (Table 2). Other models with higher A-AIC, but still with good
explanation, suggested a positive correlation with variables of Hydroperiod and SAL
Furthermore, the remaining of the models indicated that paedomorphic M. alpestris were
also negatively associated with HII and TWI. Fish presence was excluded from the analysis,
since fish were absent in all Alpine newt ponds (Table 2).

The best model showed that the distribution of paedomorphosis in L. graecus was
positively associated with the variables of PC1 and pond type but negatively associated
with precipitation. The rest of the selected models, which can be considered equal, also
contained fish presence, TWI, SAI and hydroperiod variables (Table 2).

The best AIC model indicated that the distribution of paedomorphosis in T. macedonicus
was associated with PC1 and negatively correlated with precipitation. Models with higher
but still equivalent AIC values indicated negative correlation with fish presence and positive
with hydroperiod variables (Table 2).

Lastly, for all paedomorphic incidents for all three newt species, the best model showed
that paedomorphosis was positively associated with hydroperiod and negatively with
precipitation. Nevertheless, the rest of the models included fish presence and PC1 as strong
predictors, with negative and positive effect in the occurrence of this trait, respectively
(Table 2).
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Table 2. Candidate regression models explaining the distribution of newt populations with paedo-
morphosis on the basis of environmental features. Models are ranked according to their A-AIC.

Rank K A-AIC Variables in Selected Models R2y
Mesotriton alpestris
1 1 PC1 (-) 0.819
2 2 0.12 PC1 (-), Hydroperiod (+) 0.779
3 3 0.56 PC1 (-), Hydroperiod (+), SAI (+) 0.744
4 2 0.70 PC1 (-), SAI (+) 0.790
5 2 1.11 PC1 (-), HII (-) 0.798
6 3 1.58 PC1 (-), Hydroperiod (+), HII (-) 0.764
7 2 1.99 PC1 (-), TWI () 0.815
Lissotriton graecus
1 3 PC1 (+), Precipitation (-), Pond type (+) 0.482
2 4 0.07 Fish (-), PC1 (+), Precipitation (-), Pond type (+) 0.423
3 4 0.58 PC1 (+), Precipitation (-), Pond type (+), TWI (-) 0.435
4 2 0.96 PC1 (+), Precipitation (-) 0.567
5 2 1.01 Precipitation (-), Pond type (+) 0.569
6 4 1.05 PC1 (+), Precipitation (-), Pond type (+), SAI (+) 0.445
7 3 1.44 PC1 (+), Precipitation (-), Hydroperiod (+) 0.517
8 3 1.46 Fish (-), PC1 (+), Precipitation (-) 0.517
9 4 1.64 Fish (-), PC1 (+), Precipitation (-), Hydroperiod (+) 0.459
10 3 1.71 Fish (-), Precipitation (-), Pond type (+) 0.523
11 5 1.80 Fish (-), PC1 (+), Precipitation (-), Pond type (+), SAI (+) 0.400
12 5 1.82 Fish (-), PC1 (+), Precipita.tion (-), Pond type (+), 0.400
Hydroperiod (+)
13 4 1.88 PC1 (+), Precipitation (-), Pond type (+), Hydroperiod (+) 0.464
14 3 191 PC1 (+), Precipitation (-), TWI (-) 0.528
Triturus
macedonicus
1 2 PC1 (+), Precipitation (-) 0.693
2 3 1.57 PC1 (+), Precipitation (-), Hydroperiod (+) 0.667
3 3 1.90 Fish (-), PC1 (+), Precipitation (-) 0.677
All species
1 2 Precipitation (-), Hydroperiod (+) 0.880
2 3 0.31 Fish (-), Precipitation (-), Hydroperiod (+) 0.857
3 2 1.13 Fish (-), Hydroperiod (+) 0.893
4 2 1.24 Hydroperiod (+) 0.921
5 3 2.00 PC1 (+), Precipitation (-), Hydroperiod (+) 0.878

Note: K: number of parameters in the model; A-AIC: difference between the AIC of each model and the AIC of
the best model; R%y: Nagelkerke’s R +/-: positive/negative correlation.

4. Discussion
4.1. Frequency of Paedomorphosis

Our study significantly expands current knowledge and highlights the importance
of newt paedomorphosis in Greece, increasing the documented cases from 11 to 33, an
increase of 200% (Table S1, Figures 4 and A1). The results demonstrate that paedomorphosis
in Greece is more widespread than previously expected, with all three studied species
exhibiting facultative paedomorphosis across a broad ecological range. Additionally, the oc-
currence of sympatric paedomorphic populations at two additional sites further highlights
the ecological uniqueness and importance of the area. While six cases of sympatry involv-
ing L. graecus and T. macedonicus have been recorded to date, five in the Montenegrin karst
area [38] and one in Ioannina basin [56], we confirmed the first sympatry of paedomorphic
M. alpestris and T. macedonicus (Site 27 on Table S1).
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Figure 4. Distribution of known sites of paedomorphosis in newts across Greece. (a) Map showing all
recorded localities of paedomorphic newts based on published and field data; (b) Kernel density map
indicating concentration areas of paedomorphosis within European newts, highlighting the Northern
Pindos as an interspecific hotspot for this trait.

Within the Northern Pindos National Park, 22 paedomorphic populations were de-
tected, with comparable frequencies across all three species (13-16%). These proportions of
facultative paedomorphosis are comparable to those reported from the Montenegrin karst
region, despite the park covering a smaller area (1970 km?). Including the surrounding
paedomorphic population of Mt. Grammos and the loannina Basin, the Northern Pin-
dos appears to be one of the most significant hotspots for facultative paedomorphosis in
Europe (Figures 2 and 4), alongside Larzac, France [37] and the Montenegrin karst area,
Montenegro [38].

Overall, recorded paedomorphosis was highly prevalent in M. alpestris and Lissotriton
sensu lato species, whereas in T. macedonicus it was observed only in a small number of
individuals per population (Table S1). This pattern aligns with previous findings, which
reported that paedomorphosis seems to be more frequent in M. alpestris and Lissotriton
sp. but remains relatively rare in crested newts [22,37,38]. The female sex-bias of paedo-
morphs across most cases was expected for all three species, supporting the male-escape
hypothesis [56,92-94].

4.2. Environmental Variables

The analysis revealed important insights regarding the study area, encompassing
both natural processes and human interventions. The presence of non-native fish was
positively associated with HII, TWI, low altitude and artificial ponds, highlighting the
role of humans in their intentional introduction, primarily into lowland, permanent and
artificial water bodies.

Similarly, artificial ponds occur in areas with higher human activity, at lower alti-
tudes, and are associated with permanent hydroperiod. In contrast, natural ponds are less
common in warmer and drier areas.

Temperature variables (Tmax, Tmin and Tmean) showed positive correlations with
the HII, possibly linked to the urban heat island effect [95], and with the TWI, since wet
lowland areas in the study area tend to be warmer. Additionally, higher temperatures were
associated with greater availability of shelters (SAI), suggesting that warmer lowlands
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provide a richer microhabitat structure (shrubs, stones and logs) compared to colder
mountainous areas, where open subalpine landscapes predominate.

Notably, the negative relationship between TWI and SAI suggests that the wetter
lowland areas are often open and structurally poor in microhabitats. Conversely, the
positive relationship between TWI and HII is better explained by the fact that low, wet
landscapes tend to concentrate human activities. A key finding is that human presence
negatively correlates with SAI, confirming that the loss of natural vegetation and landscape
homogenization reduce the availability of microhabitats and shelters, which are essential
for the terrestrial phase of amphibians [79,96].

4.3. Species-Specific Patterns of Paedomorphosis Occurrence

Our results also confirmed that environmental variables associated with paedomor-
phosis show species-specific patterns [38].

Paedomorphosis in M. alpestris is associated with permanent hydroperiod, making it
essential for the natural ponds at higher altitudes where the species occurs. The negative
correlation with the HII suggests that the phenomenon is favoured in natural, less-disturbed
landscapes, such as open alpine valleys and wet meadows, while the negative relationship
with the TWI may suggest that paedomorphosis occurs more often in areas where water is
not consistently available, possibly reflecting a resilience strategy under such conditions [31].
In any case, we cannot exclude the possibility that both correlations are influenced by the
species’ occurrence at high altitudes.

Interestingly, the positive correlation with shelter availability underscores the role
of terrestrial environment, not only in the dispersal and hibernation of metamorphosed
individuals [70,72,78,96], but also in the survival of paedomorphic individuals during their
brief terrestrial migration [31]. Finally, the negative relationship with PC1 reflects both the
presence of the phenomenon at higher altitudes and the potential negative effect of rising
temperatures on its expression. Future studies should focus on changes in the structure
of newt populations, especially in emblematic populations such as those of Mt. Tymfi
and Mt. Smolikas, where the frequency of paedomorphs is very high (over 50% of the
population; [32]).

Paedomorphosis in L. graecus shows similar patterns to M. alpestris regarding perma-
nent hydroperiod and shelter availability, as well as the negative relationship with TWI,
confirming the importance of this strategy in less-humid habitats and under conditions of
environmental instability, which may reflect aspects of its biology [97]. In contrast to M.
alpestris, Lissotriton graecus, consistent with previous studies [38,98,99], showed a strong
association with artificial ponds at lower altitudes, where temperatures are higher and
precipitation is lower. Lastly, paedomorphosis in L. graecus was associated with the absence
of fish.

This is the first study to identify potential variables influencing paedomorphosis in T.
macedonicus. Similarly to L. graecus, paedomorphic individuals seem to prefer permanent
fishless ponds at lower altitudes, indicated by higher temperatures and lower levels of
precipitation. Unlike the two other species, no clear preference for pond type emerged
suggesting that stable aquatic environments remain critical.

4.4. Paedomorphosis in Greek Newts and Conservation Implications

In addition to the species-specific variables, we adopted a holistic approach to examine
which environmental factors contribute to this relatively frequent phenomenon. Our results
demonstrated that paedomorphosis in newts is positively associated with permanent
hydroperiods and warmer, lower-altitude areas (PC1), but negatively associated with
rainfall availability and the presence of non-native fish. These findings are inconsistent
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with the hypothesis that cooler, stable alpine habitats generally favour paedomorphosis [28].
This hypothesis is particularly relevant to our findings only for M. alpestris and contrast
results from the Montenegrin karst area, where no relationship between altitude and
paedomorphosis was observed in this species [38]. We believe that the observed association
between paedomorphosis of M. alpestris and higher elevation likely reflects the presence of
alpine lakes in our study area, which provide long-lasting hydroperiods [32], rather than a
direct effect of altitude or lower temperature.

Our results are supported by previous observations [100-103] and experimental evi-
dence [31,92], suggesting that climate change may be associated with a paradoxical increase
in paedomorphosis in newt populations. Warmer conditions and reduced precipitation
will reduce soil moisture, which is important for amphibian dispersal [104]. In addi-
tion, the energetic cost of metamorphosis [10,105], physiological constraints associated
with activity and body condition [106] and fragmented terrestrial habitats and landscape
changes [14,74,102,107], make terrestrial dispersal costly and an aquatic lifestyle selec-
tively advantageous. Under these conditions, paedomorphosis may be favoured as a
life-history strategy, since it allows population persistence through trophic niche differentia-
tion and reduces cannibalism [18], without the need to disperse [11]. This hypothesis aligns
with mesocosm experiments, which suggest that paedomorphosis occurs more frequently
in drying ponds, where larvae delay metamorphosis and retain gills as an adaptive re-
sponse [31,87,98]. Future studies should test this statement under different climate change
scenarios to assess how facultative paedomorphosis is affected.

As annual precipitation decreases and temperatures rise, pond drying may become
more frequent, threatening paedomorphic populations by forcing newts to metamorphose
and disperse [11,31]. Since stable aquatic conditions are essential for the persistence of
paedomorphosis [10,94,107-110], this issue can ultimately lead to extinction of this trait.
Permanent ponds are strong predictors of paedomorphosis, as shown by data from the
Northern Pindos National Park, the broader Greek distribution in Greece, and the Mon-
tenegrin karst study [38]. Specifically, artificial ponds created under traditional land-use
practices (Figure A2) will become the only suitable aquatic habitats for newt populations,
playing a crucial role in conserving amphibian populations [111-118] as they maintain
permanent water even during dry periods, support the expression of both morphs, preserve
evolutionary potential and prevent inbreeding [74,119]. Therefore, creating new artificial
ponds in suitable habitats, alongside the targeted restoration and monitoring of existing
ponds supporting paedomorphic populations, should be prioritized.

The presence of non-native fish poses a major threat to paedomorphic populations,
a well-supported finding by multiple in situ studies [11,38,120,121] and experimental
evidence [122]. Fish introductions, driven by human activities such as recreational fishing
and biological mosquito control, are widespread in our study area [59,69]. Therefore,
prohibiting arbitrary fish introductions and their removal are essential for conserving both
paedomorphic and metamorphic populations [69,114,119,123-125].

Our findings emphasize the significance of Greece, particularly the Northern Pindos
Mountain Range, as a hotspot of intraspecific diversity (Figure 4). Since ecological fac-
tors, in addition to genetic factors [10,126], have a high contribution to the expression of
these alternative phenotypes, it seems that within the examined area there are suitable
microenvironments and favourable conditions for the expression and maintenance of pae-
domorphosis in newts. The high frequency of paedomorphic populations further enhances
the conservation value of the region, highlighting the importance of protecting not only
species but also the populations that support phenotypic plasticity. This makes Greece
and the broader Balkan Peninsula critical areas for conserving evolutionary resilience in
amphibians, similar to other Mediterranean areas [52,108,110,127].
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ conservation5040079/s1, Table S1. Known occurrences of paedo-
morphosis in Greek newt species, compiled from published records and field surveys conducted in
this study [32,51-57,128]; Table S2. Complete dataset of surveyed breeding ponds and environmental
variables used in the regression analyses. The dataset covers all study sites in the Northern Pindos
National Park and the labelled “EXTRA” sites from known paedomorphic occurrences outside the
park; Table S3. Results of the principal component analysis (PCA) based on environmental variables:
maximum temperature (Tmax), minimum temperature (Tmin), mean temperature (Tmean), and
altitude across surveyed breeding ponds. The table shows loadings of the contributing variables
and the percentage of variance explained by each principal component; Table S4. Binomial test
results for differences in paedomorphosis occurrence between artificial and natural ponds per newt
taxon. Significant values (p < 0.05) are highlighted in bold; Table S5. Chi-square test results for the
association between paedomorphosis occurrence and landscape type (Forest, Open, Agriculture and
Urban) per newt taxon. Significant values (p < 0.05) are highlighted in bold; Figure S1. Pearson
correlation heatmap showing the relationships among environmental variables used in the regression
analysis. Significant values (p < 0.05) are highlighted in bold.
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Figure Al. Distribution of known sites of paedomorphosis for each newt species across Greece based
on published and field data (Table S1). (a) Alpine newt, Mesotriton alpestris (n = 14); (b) Lissotriton
species: Greek smooth newt, L. graecus (n = 11), and Schmidtler’s smooth newt, L. schmidtleri (n = 1);
(c) Macedonian crested newt, Trifurus macedonicus (n = 7).

Figure A2. Typical artificial pond for traditional sheep and goats farming in northwestern Greece.
This pond corresponds to Site 22 of Table S1, and hosts both paedomorphs of the Macedonian crested
newt, Triturus macedonicus, and the Greek smooth newt, Lissotriton graecus. Photo credits: K.S.
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