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Abstract

Facultative paedomorphosis is a widespread polyphenism in newts and salamanders, but it is declin-
ing due to the introduction of non-native species. Conversely, caudates have often been introduced
outside their range and could be good models to improve our understanding of the factors that facili-
tate the expression of metamorphosis versus paedomorphosis. In particular, the alpine newt is a com-
mon amphibian species that has been introduced into many countries and whose many native pae-
domorphic populations have become extinct. By surveying ponds where metamorphic alpine newts
were introduced in France over eight years, this study aimed to show what we can learn from such
introduced populations by highlighting key life history traits of both phenotypes and a co-existing
native species, the palmate newt, that can also express paedomorphosis. Although paedomorphosis is
rare outside of the main European hotspots, paedomorphs were repeatedly found in the introduced
population, including in a pond where they were dispersing. Interestingly, the relative frequencies of
paedomorphs in the adult population of both species were low and match those of the paedomorphs
of the native palmate newts over the years. This resulted in a complex size-structured newt commu-
nity. Taken together, these results allow the discussion of alternative scenarios for the origin of aliens
and possible reasons for the presence of paedomorphs in such populations. Ultimately, they call for
reporting such developmental variants in the introduced populations of newts and salamanders and

tracing the origin of the introductions to infer on genetic and environmental causes.
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Introduction

Paedomorphosis in newts and salamanders is a developmental process in which indi-
viduals do not (fully) metamorphose and, therefore, retain larval features such as gills
in the adult stage (Gould 1977; Whiteman 1994) (Fig. 1). This process is widespread
in caudate families, where it can be obligatory or facultative (Bonett et al. 2022). In
salamandrids, ambystomatids and plethodontids and, to a lesser extent hynobiids,
both developmental pathways — paedomorphosis and metamorphosis — can be ex-
pressed within the same species and in the same habitats (Breuil 1992; Shaffer and
Voss 1996; Takahashi etal. 2011; Bonett et al. 2014b; Okamiya etal. 2021). They are,
therefore, good models for understanding the evolutionary ecology of both processes.

The prevalence of paedomorphosis is often higher in restricted parts of species’
ranges (Denoél et al. 2001; Emel and Bonett 2011; Bonett et al. 2014a). For ex-
ample, the alpine newt (Iehthyosaura alpestris or Mesotriton alpestris; nomenclature
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Figure 1. Alien paedomorphic alpine newts from a population in southern France (Bagnelades pond, 13 May 2006): male with conspic-

uous secondary sexual traits (A) and female with unusual marbled colouration (B). The emergence of paedomorphosis outside its native

range may help us to understand this rare developmental process. Photos by M. Denoél.
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currently under debate) has the highest number of paedomorphic populations in
southern Europe: from the south-western tip of the French Alps to the Italian and
Balkan Peninsulas (Denoél et al. 2001). Within their distribution, they occupy a
wide range of habitats, from lowland ponds to high mountain lakes (Denoél et
al. 2001). Multiple environmental variables promote facultative paedomorphosis
in newts and salamanders, such as the absence of fish and deep water (Denoél
and Ficetola 2014; Denoél et al. 2019). As a facultative process in many species,
paedomorphs retain the ability to metamorphose at the adult stage when water
quality deteriorates (Semlitsch 1987; Denoél et al. 2007) (Fig. 1; Suppl. material
1). This could then explain the temporary presence of paedomorphs in apparently
unfavourable waterbodies, such as those that can dry out in occasional years.

Despite the known effects of some global drivers, such as climate (Bonett et al.
2014a; Lyons and Arbuckle 2024), the reasons for the local expression of paedomor-
phosis remain poorly understood. There is evidence for genetic variation amongst
populations in their probability of expressing paedomorphosis (Semlitsch et al.
1990), with a genetic threshold mechanism for the process, such as illustrated in
ambystomatids (Semlitsch and Wilbur 1989). This means that not all populations
are able to express pacdomorphosis and that some may lose this ability (Bonett et
al. 2014a). The dependence on environmental variables (Denoél and Ficetola 2014)
also suggests that genotypes capable of expressing paedomorphosis only express it
under certain conditions. From this perspective, determining the proportion of pae-
domorphs in adult populations can help to understand the relative success of the
two morphs in different habitats (Denoél and Ficetola 2014; Kirk et al. 2023).

Fish introductions have been disastrous for paedomorphs in several species of
newts and salamanders (Denoél and Winandy 2015; Davis et al. 2017; Denoél et
al. 2019). For example, paedomorphic alpine newts disappeared from their main
populations in the Alps and in the Montenegrin hotspots (Denoél et al. 2019; De-
noél et al. 2023). Such extinctions raise awareness of the global persistence of the
process and the need to find situations where paedomorphs can persist despite the
risk of disturbance (Denoél and Winandy 2015).

Under experimental conditions, paedomorphs of facultatively paedomorphic
species, such as alpine newts, typically metamorphose rapidly (Denoél 2003), sug-
gesting that the process may not be expressed when paedomorphs are released into
new habitats. Biological introductions can, therefore, be good models for under-
standing the adaptability of organisms to new environmental conditions (Shine
2012; Vimercati et al. 2018; Miihlenhaupt et al. 2021). As environmental and
genetic additive and interactive processes are likely to be affected in introduced
populations, this also provides an opportunity to study metamorphic versus pae-
domorphic processes. European newts have been introduced to various locations,
from which they have sometimes settled and even dispersed (Lever 2003; Dubey
et al. 2019). The alpine newt is a colourful, small highly aquatic amphibian spe-
cies, with many subspecies described, that adapts well to aquarium and has, there-
fore, been highly prized by captive breeders (Sotiropoulos et al. 2007; Staniszewski
2011; Schultschik 2018). It has, therefore, been by far the most translocated newt
species in the world, mainly as an ornamental species or when private owners or
researchers could no longer keep them in captivity (Arntzen et al. 2016; Ball et
al. 2023), with introductions into several European countries: the United King-
dom (Allain and Lynn 2021; Ball et al. 2023; Cathrine 2024), Spain (Bosch et
al. 2015; Palomar et al. 2017), the Netherlands (Robbemont et al. 2023), France
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(Denoél 2005; Geniez and Cheylan 2012), Ireland (Meehan 2013), Italy (Nova-
rini and Tagliapietra 2020), Bulgaria (Naumov and Langourov 2009), Denmark
(Bringsee 2018), Finland (Lappalainen et al. 2024) and probably Poland (Jakébik
et al. 2019), but also as far as New Zealand (Bell 2016).

The main aim of this study was to show what we can learn from the expression
of paedomorphosis in populations where metamorphs were originally introduced
and in situations where paedomorphs of another species are also documented (De-
noél 2005, 2007). Specifically, I aimed to determine: (1) whether the emergence
of paedomorphosis is a transient phenomenon or a persistent life-history trait; (2)
whether paecdomorphosis is similarly expressed in the co-existing native palmate
newt (Lissotriton helveticus) and the alien alpine newt across surveys; (3) whether
paedomorphosis is present in the ponds to which the species has dispersed and (4)
whether body size variation follows a similar differentiation amongst morphs in the
alien and native species. More broadly, this study aimed to show how these natural
history observations could provide clues to improve our understanding of the ecol-
ogy of facultative paedomorphosis and, thus, provide perspectives for new research.

Materials and methods

Surveys took place mainly at the Bagnelades Pond on the Larzac Plateau (Munic-
ipality of Le Cros, Hérault, France; 43.85°N, 3.37°E (DD); 735 m a.s.l.; Suppl.
material 2) once a year in May (i.e. at the peak of the breeding season) for eight
years in the period 2002—2014. The newts are long-term breeders, spending several
months in the water in Larzac (Denoél 2005). The alpine newt is the only intro-
duced newt in Larzac, while the palmate newt and the marbled newt (77iturus cri-
status) are both native (Denoél 2007; Geniez and Cheylan 2012; Denoél and Fice-
tola 2014). Bagnelades Pond is an unpaved natural pond, without fish or crayfish,
surrounded by agricultural land (crops). The nearby ponds where the metamor-
phic alpine newt dispersed were also surveyed for the presence of paedomorphs
(Bergerie de 'Hoépital 43.86°N, 3.37°E (DD) and Le Cros Farm 43.86°N, 3.36°E
(DD), two man-made fishless agricultural ponds, located 1.5 and 1.7 km from
Bagnelades Pond, respectively; Suppl. material 2) (Denoél 2005). More broadly,
most Larzac ponds were surveyed as part of a research on palmate newts (Denoél
and Ficetola 2015).

The survey protocol consisted of making dip-netting in all areas of the ponds
(see, for example, Denoél and Ficetola (2014)). Newts were handled with wet
disposable gloves and all materials were washed, disinfected, rinsed and dried after
sampling the ponds. For each survey, the proportion of paedomorphs in the adult
population was recorded for each species (minimum number of newts sampled per
species and per survey: 29). This relative metric has the advantage of being inde-
pendent of caching effort (Denoél and Ficetola 2014). Maturity was based on the
presence of a developed cloaca in both sexes (Denoél 2017). An adult individual
was considered a paedomorph if its gill slits were open (Denoél 2017) and in all
cases paecdomorphs also had external gills. Finally, the snout-vent length of newts
(i.e. from the tip of the nose to the end of the cloaca) was measured with a ruler.
All identifications and measurements were made by the same person to avoid ob-
server effects. A paired rtest was used to compare newt proportions, a #-test to test
Pearson’s correlation and a linear model to test for a species, sex and morph effect
on body size. All statistical tests were run in R.
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Results

Paedomorphic alpine newts were found in five of the eight surveys at Bagnelades
Pond, with the first finding in 2002 (Fig. 1). They represented only a small pro-
portion of the adult population (mean * SE = 2 + 1%; max: 6%; Fig. 2). Paedo-
morphic palmate newts (Lissotriton helveticus) were also less abundant than their
metamorphic counterparts, being present in seven of the eight surveys (mean *
SE = 7  2%; max: 17%). These proportions differed significantly (paired 7 -test =
-3.1042, P = 0.17). There was a significant positive correlation between these pro-
portions in the two species (R = 0.80, z, = 3.291, P = 0.017; Fig. 2). Some meta-
morphic marbled newts (7riturus marmoratus) were found in the pond.

There was a significant effect of species, sex and morph, as well as the interac-
tions between species and sex and between species and morph on body size (Linear
model, all P < 0.001; Fig. 3; Suppl. material 3). Alpine newts, metamorphs and
females were, respectively, larger than palmate newts, paedomorphs and males.

paedomorph ratio in palmate newts

0.00 0.02 0.04 0.06
paedomorph ratio in alpine newts

Figure 2. Proportion of paedomorphs in the adult populations of alien alpine and native palmate
newts: correlative pattern between surveys in a population of southern France (linear regression and

95% confidence interval).

B3 metamorphs
E3 paedomorphs

) .

e

females males females males
alpine newts palmate newts

snout-vent length (mm)

Figure 3. Size structure in paedomorphic and metamorphic alien alpine and native palmate newts
in a southern French population. Box plots: median, quartiles and min-max no further than 1.5

interquartile range.
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The interaction terms showed that paedomorphs were proportionally smaller in
palmate newts than in alpine newts compared to metamorphs.

Alpine newts dispersed to Bergerie de 'Hopital and Le Cros Farm ponds (first
observations in 2003 and 2007, respectively), but only settled in the former. A
single metamorphic alpine newt was also found in the drinking trough in front of
Le Cros Farm Pond in 2005. In Bergerie de 'Hépital Pond, both species expressed
paedomorphosis, but paedomorphs were only found in two out of eight surveys.
The low number of alpine newts makes it impossible to calculate morph ratios in
this pond. Metamorphic marbled newts were also present in the two ponds.

Discussion

An important question for understanding the presence of paedomorphs is the origin
of the introduced newts. Previous genetic analyses, using mtDNA and taking advan-
tages of previous barcoding in Europe (Sotiropoulos et al. 2007; Recuero et al. 2014),
showed the presence of two haplotypes attributed to the main lineage (subspecies
alpestris) in the introduced Larzac population, one close to a wide range from France
to Hungary (lineage C3) and the other not matching known populations, being 10
mutational steps from the main lineage and 14 from the Iberian lineage (subspecies
¢yreni). Although unlikely, this could have suggested a possible relict origin (Arntzen
et al. 2016; but see Robbemont et al. (2023) for assignments in the main lineage).
This hypothesis of a native remnant is, in fact, ruled out by local records of multiple
introductions of metamorphic alpine newts into Larzac after being kept in aquariums
in a nearby laboratory (J. Gabrion, pers. comm.). These observations are corroborated
by J. Gabrion, who worked in the same laboratory for her Ph.D. on paedomorphosis
in palmate newts (Gabrion 1976). The experimental research using alpine newt eggs
was presented in several papers published in the 1960s and 1970s (Sentein 1966,
1970). Since alpine newts were collected, at least in part, in the French and/or Swiss
Alps during vacation trips, Larzac was probably chosen as a convenient release site
because of its proximity to the laboratory (J. Gabrion, pers. comm.) and because
palmate newts were also being collected there at the same time period for similar
research purposes (Sentein 1964, 1975). The alpine newts found in Bagnelades Pond
are morphologically different from those of the only large French population of pae-
domorphs, located in the southern French Alps (Denoél 2017; pers. obs.) (Fig. 1;
Suppl. material 1). The most likely explanation is that introduced newts came from
areas without paedomorphs. In these areas, newts typically do not have the potential
to express paedomorphosis as they almost never express this process across thousands
of populations (Denoél et al. 2023). To address the issue of origin, future studies
should use genome-wide molecular analyses (e.g. RADSeq) and have a more detailed
understanding of the native distribution of the different haplotypes (Robbemont et al.
2023; Hester et al. 2025), provided they are not currently extinct (Denoél et al. 2019).

The fact that paedomorphs have been regularly found in Bagnelades Pond for more
than 10 years, as well as in a nearby pond, shows that this is not an anecdotal phenom-
enon. Two scenarios can be proposed. First, as the newts were moved to new habitats,
new gene-environment interactions may have occurred, leading to developmental per-
turbations. Life history transitions in contemporary species are mostly known from
paedomorphosis to metamorphosis (Davis et al. 2017; Denoél et al. 2019). Similar
to recent observations of new habitat use by obligate paedomorphs (Manenti et al.
2024), new research on the emergence of paedomorphosis from populations of meta-
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morphs may provide new clues to the drivers involved. Second, the fact that individu-
als from different populations are likely mixed (J. Gabrion, pers. comm) which is also
supported by the presence of two distant haplotypes (Arntzen et al. 2016) involves
crosses that may have altered developmental programmes. Indeed, previous experi-
mental crosses between paedomorphic and metamorphic taxa have improved our un-
derstanding of the molecular mechanisms of developmental pathways. They showed
the presence of quantitative trait loci (QTL) of paedomorphosis versus metamorphosis
(Voss and Shaffer 1997) and the role of artificial selection on altering such QTL (Voss
and Shaffer 2000). In addition, in-depth transcriptomic studies (Tribondeau et al.
2021) would help to understand the molecular pathways involved.

Interestingly, alpine newts are not the only newt species expressing paedomorphosis
in the two ponds: palmate newts also expressed paedomorphosis. In palmate newts,
this is a typical alternative life history in the study area (Gabrion et al. 1977; Denoél
2007). It can be assumed that some local conditions might favour paedomorphosis
in those taxa that are able to switch to such an alternative developmental pathway.
From a broader perspective, facultative paedomorphosis may be a step towards either
obligate metamorphosis or paedomorphosis (Everson et al. 2021; Lyons and Arbuckle
2024). Therefore, reporting and understanding the temporal dynamics of these two
processes would help to understand their potential fixation or disappearance. Stan-
dardised repeated surveys, including capture-mark-recapture surveys, would there-
fore provide valuable insights into the local determinants of the alternative processes
(Bruni et al. 2018; Lackey et al. 2019; Sandoval and Anderson 2025). The results
from Bagnelades Pond show that the proportion of paedomorphs in the population
was higher for both species in the same years. This supports the view that the same
drivers may influence the evolutionary trajectories of species that evolved in different
geographic areas and now co-exist as a result of human-mediated translocation.

Marbled newts, on the other hand, did not develop into paedomorphs in the study
area, including the alpine newt ponds. This shows that local conditions alone do not
prevent metamorphosis, which may also rule out strictly mechanistic approaches to
paedomorphosis (Sprules 1974), as previously proposed by Breuil (1992). Further-
more, most of the palmate and alpine newt larvae in Bagnelades Pond metamor-
phose, suggesting that metamorphosis is the most selected trait in this population.
Although paedomorphs are found in many palmate newt populations in Larzac (De-
noél 2007), the area where alpine newts were introduced is on the edge of the hotspot
of paedomorphosis in the palmate newt (Denoél and Ficetola 2015). Although den-
sities are not known in the ponds studied, it is possible that this factor may also
have influenced developmental pathways (Semlitsch 1987; Sandoval and Anderson
2025). In particular, as a size-structured social context can influence the expression
of paedomorphosis (Moore et al. 2020), the presence of paedomorphs of two species
and metamorphs of three species may lead to a complex biotic background.

Of the dozens of introduced populations of alpine newts in Europe and as far
away as New Zealand, paedomorphs have been observed in two other ponds in
Hampstead, close to London in the UK (Atkins & Hester, pers. comm.). The
alpine newt paedomorphs photographed by Atkins in 2012 and coming from a
disused swimming pool have phenotypic characteristics (dotted throat) typical of
the subspecies 1. a. apuana (M. a. apuanus), which is known to host many popula-
tions of paedomorphs (Andreone and Dore 1991; Denoél et al. 2001; Chiocchio
et al. 2017). Alpine newt populations of the United Kingdom could be a good
model due to the high number of invaded ponds in the country (Allain and Lynn
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2021). Several approaches, including ddRAD-sequencing have already been used
to depict the genetic diversity of introduced alpine newts across populations and
to track their invasion (Ball et al. 2023; Hester et al. 2025). This may provide
an opportunity to fine-tune analyses on populations with paedomorphosis, while
awaiting new sampling to potentially find additional paedomorphic populations.

Another interesting pattern that may emerge from the study of introduced
versus native paedomorphs and metamorphs is whether the same environment
is associated with a similar shift in somatic and gonadal development (Ryan and
Semlitsch 1998). Indeed, pacdomorphosis could be the result of different devel-
opmental processes (Denoél and Joly 2000), such as progenesis and neoteny seznsu
Gould (1977) and give rise to different size patterns (Denoél et al. 2009). In pro-
genesis, paedomorphs mature earlier and have a smaller size than metamorphs,
whereas in neoteny, both morphs typically have similar age and size structures (see
also Kalezi¢ et al. (1996)). In Bagnelades Pond, paedomorphs of both species had,
globally, a smaller size than metamorphs. This may suggest similar developmental
patterns, but both species and sex-specific effects suggest variation. In addition to a
well-developed cloaca, paedomorphic alpine newt males expressed other secondary
sexual traits such as nuptial colouration, which can be as well developed in paedo-
morphs as in metamorphs (Fig. 1; Suppl. material 1). Some paedomorphic females
also exhibited an unusually conspicuous marbled colouration (Fig. 1). Research on
the relationships between paedomorphosis and colouration is awaited.

Finally, the findings on metamorphic and paedomorphic alien newts require an
assessment of the risks they may pose to native amphibian populations. Paedomor-
phic alpine newts cannot disperse on land (but see Denoél 2003 for short move-
ments), but metamorphs can. The degree of invasion of non-native populations of
alpine newts varies between geographical areas, but is lower than that of non-native
anurans in Europe (Fouquet and Measey 2006; Ball et al. 2023; Denoél and Du-
fresnes 2025). In Larzac, despite dozens of ponds surveyed in the surrounding area,
alien alpine newts were only found in the three closest waterbodies (Denoél 2005;
this study), suggesting low landscape penetration over the five decades of their pres-
ence. In contrast, introduced marsh frogs invaded most of the ponds in the same
geographical area (Denoél et al. 2022). Ecological modelling in the UK has sug-
gested that the success of different alpine newt lineages in invaded areas may vary
depending on local climatic conditions (North et al. 2025). The presence of other
newt species may also limit the success of the invader. On the other hand, because
newt populations are size-structured (see Fig. 3), the introduction of paedomorphic
and metamorphic alpine newts can result in complex competitive and predatory
pressures on local communities (Joly and Giacoma 1992; Fasola 1993). For example,
both pacdomorphic and metamorphic alpine newts (especially females) consume
newt eggs, but also feed opportunistically on most aquatic invertebrates (Denoél and
Andreone 2003). It is still unlikely that alien newts will replace local native popula-
tions as they co-exist in the native range of the alpine newt (Griffiths 1996). How-
ever, alpine newts may be asymptomatic carriers and, therefore, potential vectors of
diseases, particularly those that threaten caudates, such as chytridiomycosis caused
by the chytrid fungus Batrachochytrium salamandrivorans “BSal” (Allain and Duftus
2019; Beninde et al. 2021; Castro Monzon et al. 2022). In a previous study, chytrids
(Batrachochytrium dendrobatitidis “Bd”) were not detected in palmate newts from the
main pond studied, Bagnelades (Gonzdlez-Herndndez et al. 2010) and no abnormal
mortality events were detected in amphibians from ponds invaded by alpine newts in
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Larzac (M. Denoél, pers. obs.). However, chytrids and other pathogens may pose a
risk in other geographical areas where alpine newts were introduced, as Bd, Bsal and
ranavirus have been found in captive-bred and released non-native alpine newts in

other populations (Bell 2016; Martinez-Silvestre et al. 2017; M. Denoél, pers. obs.).

Conclusions

The presence of paedomorphs in introduced populations has raised a plethora of
questions and, thus, some new perspectives for unravelling the drivers of alternative
developmental pathways and the consequences of polyphenic alien species (i.e. ca-
pable of both metamorphosis and paedomorphosis). On the one hand, they show
the interest of studying invaders to understand the natural history and evolutionary
ecology of newts and other organisms. On the other hand, they highlight import-
ant research perspectives and the need for more extensive surveys across environ-
ments in several dimorphic species to unravel the mysteries of paedomorphosis.
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