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ABSTRACT

Resilience of organisms after threat removal is an essential feature to justify conservation
efforts. Amphibians are particularly threatened with a worldwide decline, showing a low
resistance to invaders such as fish. Previous research has shown that they could recover after
fish extirpation due to metamorphosed colonizers. However, not all amphibian phenotypes are
able to persist after fish introduction and disperse. In many species of newts and salamanders,
paedomorphs retain gills in the adult stage, which makes them fully aquatic. A proposed way
to conserve this phenotype would be to remove introduced fish from their habitats. However,
because paedomorphosis is usually not expressed in the presence of fish, it is unknown whether
fish removal could allow the resilience of paedomorphs. This would be possible only if
progenies of metamorphosed individuals could become paedomorphic in restored habitats.
Through a quantitative survey in three types of ponds, including control ponds without fish,
ponds in which fish were extirpated, and fish ponds, we determined abundances of
paedomorphic and metamorphic palmate newts (Lissotriton helveticus). The results show that
paedomorphosis resilience is possible and even highly frequent, as paedomorphs were found in
80% of ponds where fish disappeared. Abundances were similar between these ponds and
control ponds whereas fish ponds had almost no newts, indicating a very low resistance to
invaders. This shows that conserving common phenotypes can help to preserve endangered
phenotypes, as paecdomorphs were produced through the reproduction of metamorphs. There is
thus hope of maintaining intraspecific biodiversity though conservation action involving threat
removal.
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1. Introduction

The populations of many organisms exhibit variations such as local specialisations, the
persistence of ancestral traits, genetically and environmentally induced polymorphisms (West-
Eberhard 2003; Baker et al. 2010). These phenotypes are often seen as evolutionary significant
units that are an inherent component of biodiversity (Fraser and Bernatchez 2001; Moritz 2002).
Although some phenotypes can be abundant, common and widespread over large geographic
ranges, others can be rare and localised, and thus, are more likely to suffer global decline.
Moreover, some phenotypes are particularly adapted to specific environmental conditions and
when these conditions deteriorate, such as following anthropogenic pressures, they could be
more at risk than more tolerant phenotypes (Hendry et al. 2006; Denoél 2007; Lescak and von
Hippel 2011). For instance, in sticklebacks, specialised phenotypes show a pelvic reduction that
is considered to be the result of their evolution in a predator-free environment. In contrast to
the less endangered armoured phenotypes, these phenotypes are now exposed to a high risk of
predation from large introduced fish species that contribute to their decline (Von Hippel 2008;
Baker et al. 2010; Lescak and von Hippel 2011).

Paedomorphosis in newts and salamanders provide a particularly interesting example of
phenotypic diversity with conservation relevance. Most pond-breeding species exhibit
facultative paedomorphosis in some of their populations. This means that two phenotypes can
coexist: metamorphs that can live on land but need water to breed and paedomorphs that retain
larval traits, such as gills at the adult stage, and stay aquatic. This is an adaptive process that is
driven by heterochrony, i.e., changes in the time or rate of development between phenotypes
(Gould 1977; Denoél et al. 2005b). The rarest paedomorphic phenotype can exploit specific
resources and mature at an early age by avoiding the costs of metamorphosis, but is highly
endangered by disturbance of its aquatic habitat, such as alien fish introductions (Denoél et al.
2005a; Denoél 2007). Similarly to sticklebacks, which cannot leave water, pacdomorphs are
thus constrained to share the same habitats as introduced fish (Denoél et al. 2005a). As a
consequence, the populations of salamandrid paedomorphs have declined, with extinctions
being recorded in almost 50% of populations at the continental scale in Europe (Denoél et al.
2005a). Similar reports were also made for other families, such as facultatively paedomorphic
ambystomatids in Northern America (Whiteman and Howard 1998). The most famous example
is without any doubt the axolotl (Ambystoma mexicanum), a nearly obligate pacdomorphic
species, which is now at the edge of extinction in the wild because of fish introductions and the
destruction of its aquatic habitat (Contreras et al. 2009; Zambrano et al. 2010).

Similar to the two above-mentioned examples, the introduction of alien species is one
of the main causes of biodiversity loss (McGeoch et al. 2010). Among the large variety of alien
taxa involved, fish occupy a primary role due to the global scale of their introduction (Cambray
2003). Fish introductions particularly affect native species, such as many species of amphibians,
which usually live in habitats that are naturally devoid of fish (Cox and Lima 2006; Salo et al.
2007). As a consequence, amphibians often become extinct or show reduced abundances in the
presence of fish (Kats and Ferrer 2003). Together with other local and global causes, such as
habitat alteration and destruction, pollution and emerging diseases, these fish introductions
cause amphibian populations to decline at such an unprecedented rate that they are involved in
the sixth world mass extinction (Stuart et al. 2004; Wake and Vredenburg 2008).

Despite their low resistance to environmental disturbance such as fish introductions,
amphibians can also show a high degree of resilience, i.e., the ability to return to their previous
configuration once the perturbation is removed (Knapp et al. 2001). For instance, the removal
of fish from lakes allowed the restoration of frog and salamander populations (Vredenburg
2004; Knapp et al. 2007; Pope 2008). This resilience was enhanced in many species of bi-phasic



amphibians that are able to disperse on land, and can thus colonise managed aquatic habitats
from nearby wetlands. However, whether rare phenotypes such as paecdomorphs would be
expressed again once aquatic conditions returned to an undisturbed fishless situation following
the extirpation of alternative rare native phenotypes, is a question that remains unanswered.
This leads to a second major question concerning the evolutionary conservation of
polyphenisms such as facultative paedomorphosis: whether the protection of common
phenotypes is a solution to maintain rare phenotypes.

Because alternative phenotypes can be environmentally driven, it is to be expected that
a single genotype can lead to the whole range of phenotypes when conditions are suitable (West-
Eberhard 2003). However, years of selection for or against metamorphosis could prevent the
resilience of paedomorphosis, i.e. its re-expression after disappearance in the population.
Indeed, artificial selection experiments with a facultatively paedomorphic species of
ambystomatid salamander showed that breeding metamorphic individuals together, produces
progeny that are more likely to undergo metamorphosis than to reproduce as paedomorphs
(Semlitsch and Wilbur 1989). A quantitative trait locus for metamorphosis timing that explains
the additive effect of selection for either metamorphosis or paedomorphosis has been
subsequently identified (Voss et al. 2012). In salamandrids, the potential of paecdomorphs to
metamorphose shows that this is a polyphenism. On another hand, the restricted geographic
localisation of paecdomorphs suggests the presence of a genetic cause that favours the expression
of paedomorphosis versus metamorphosis. Two isolated cases in the Alpine newt (Ichthyosaura
alpestris) showed the absence of resilience of paedomorphs but not of metamorphs after fish
removal (Denoél et al. 2005a). Therefore, fish introductions might have caused populations to
lose their potential for paedomorphosis (e.g., alleles for delayed metamorphosis: Voss et al.
2012). As shown in frogs (Vredenburg 2004; Knapp et al. 2007; Pope 2008), natural
populations are thus likely to be recolonised by metamorphic dispersers, but whether the
progeny of newts or salamanders could again exhibit the rare paedomorphosis developmental
pathway has not been yet demonstrated in the wild. This is a crucial pattern to determine the
value of conservation efforts for maintaining such uncommon or endangered phenotypes.
Moreover, studying the potential for the re-expression of the paecdomorphs after their extinction
would then also allow a better understanding of the evolution of facultative paedomorphosis
across environmental pressures (see also Bonett et al. 2014).

Many species (e.g., of Ambystomatids and Salamandrids in Europe and North America)
can exhibit both paedomorphosis and metamorphosis within the same population (i.e.,
facultative paedomorphosis). However, there are not much geographic areas where there are a
sufficient number of ponds that allows a statistical comparison of ponds with or without fish,
and also those where fish have become extinct (Petranka 1998; Denoél et al. 2005a). These
conditions are fulfilled on the Larzac plateau in southern France, which contains a large number
of ponds that are inhabited by paedomorphic and metamorphic palmate newts (Lissotriton
helveticus) and that are known to be affected by fish introductions (Denoél et al. 2005a; Denoél
and Ficetola 2014, 2015). On the basis of quantitative censuses on such populations, our main
aim was to test the hypothesis that paedomorphosis can show resilience, i.e., that it can be re-
expressed following fish extirpation, because of the persistence of metamorphosed individuals
in the environment (Denoél et al. 2005a, 2016). At a broader scale, we wanted to demonstrate
the value of conservation actions such as fish removal on the re-expression of endangered
phenotypes. By doing this, we also wanted to highlight the importance of maintaining both
common and rare phenotypes, to conserve phenotypic diversity.



2. Material & Methods
2.1. Study sites

We surveyed thirty ponds in Southern Larzac plateau (Herault and Gard Department,
France; between 43°45°N and 43°57°N and 3°16’E and 3°33’E) during the peak of the breeding
season (April-June 2014), i.e. when the highest abundances of the newt phenotypes can be
found (Denoél and Ficetola 2014). Larzac is a traditional agricultural area, part of the
Mediterranean Basin hotspot (Durand-Tullou 1959). All ponds were located within the
distribution range of both paedomorphic and metamorphic palmate newts (Gabrion et al. 1977;
Denoél and Ficetola 2015) (see Fig. 1a for an example of a typical pond in Larzac and Fig. 2
for a map of the area). They were classed in three categories (hereafter pond type): ten ponds
(hereafter control ponds) have never been reported to have contained fish (Gabrion et al. 1977;
Denoél and Ficetola 2014); ten ponds (hereafter extirpation ponds) had fish that were extirpated
by conservation management (i.e., removal, n = 4) or natural disappearance (n = 6) between
2000 and 2006; and ten ponds (hereafter fish ponds) had fish present during the 2014 survey
(Supplementary Table 1). Previous visits to the fish ponds showed that they also contained fish
in the period 2001-2013 (Denoél and Ficetola 2014). The presence of fish in extirpation ponds
was also determined by our own previous field observations for eight ponds and by local reports
for two ponds (Rondeau et al. 2000) (Supplementary Table 1). All of the studied ponds were
selected to have adequate features (except fish presence in fish ponds) to sustain newt
populations and paedomorphs, following our previous results on the ecology of palmate newts
in Larzac (Denoél and Lehmann 2006; Deno€l and Ficetola 2014). This means that temporary
and recently built ponds were not included in this study.

Fig. 1. A typical pond from Larzac, France (a), in which paedomorphosis in the palmate newt
(Lissotriton helveticus) (b) was expressed in progenies of metamorphs after fish extirpation.




Fig. 2. Location of the three types of studied ponds in Larzac (France): control ponds devoid of
fish (circles), extirpation ponds where fish disappeared (triangles) and ponds where fish were
present during the survey (squares). Open and full symbols refer to ponds in which
paedomorphic palmate newts were absent and present during the present survey, respectively.
See supplementary table 1 for details on each pond. The Universal Transverse Mercator
coordinates are shown (in km). The background of the map represents the relief (the lowest
elevations are darker). The interrupted traits represent the boundaries between administrative
departments (Hérault, Gard and Aveyron).
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2.2. Newt sampling

An index of abundance of the two phenotypes was determined once for each pond by
using blind dip-netting sweeps over the entire surface of each pond for exactly 2 h with two
persons involved at the same time. During censuses, newts were placed in tanks filled with pond
water, and then counted and identified according to phenotype. Paedomorphs differ from
metamorphs by multiple traits, such as the presence of gills and gill slits (Fig. 1b). Their
adulthood was established by the presence of a developed cloaca. Newts were released into
their capture pond on the same day. The aim was not to determine population sizes but to obtain
a comparable estimate of abundances across the three pond types and particularly to determine
whether paedomorphosis could be expressed in ponds in which fish were extirpated. All
material was washed and disinfected between each pond sampling and far from the ponds.

2.3. Habitat features

Three aquatic habitat features were measured at the time of sampling: water depth at the
deepest part of ponds, water surface area, and concentration in dissolved oxygen (HQ30 Hach-
Lange with LDO outdoor sensor). We selected these three variables to control for their effect



when assessing the effect of the core variable: pond type (see below). Indeed, previous
ecological modeling showed that paecdomorphs are primarily favoured in deep and oxygenated
waters (Denoél and Ficetola 2014). It is also likely that abundances depend on the size of
wetlands (Joly et al. 2001). Because previous ecological modeling showed the low effect of
terrestrial variables on the distribution and abundance of paedomorphic palmate newts in Larzac
(Denoél and Ficetola 2014, 2015), only aquatic variables were taken into account in this study.
Although some barriers were present in Larzac, they were located only at the edges of the
plateau and consequently did not prevent potential recolonizations. Geographic coordinates of
ponds were obtained from aerial orthoimages (Institut Géographique National, France, 0.5 m
resolution). Our previous research in Larzac (2001-2013) allowed us to determine the exact
distribution of paedomorphs in the area (Denoél and Ficetola 2015). We then used these
distribution data to determine the potential effect of the distance to the closest pond inhabited
by palmate newts on the abundances of pacdomorphic and metamorphic newts found after fish
removal in the present study. Indeed, previous authors found that the proximity of nearby source
populations could influence the probability of resilience of organisms (Knapp et al. 2001).

2.4. Statistical analyses

We used generalised linear models (GLMs), using an identity link and a Gaussian error
distribution, to determine the main effects of pond type (n = 3 categories), the three pond
variables (maximum water depth, pond surface area, and oxygen content) and the distance
between the pond and the nearest pond inhabited by palmate newts (fixed variables) on the
index of abundance of paedomorphs and metamorphs. We used the square-root of the
abundance values to meet the assumptions of normality (Shapiro—Wilk’s tests, all P > 0.07).
The residuals in the models were not spatially auto-correlated (Moran’s I, P > 0.42), which
allowed standard GLM procedures to be used (Dormann et al., 2007). The environmental
variables are used here only to control our predictions concerning newt abundance in the three
pond types (Denoél and Ficetola 2014). The three aquatic predictor variables were not highly
correlated (all r < 0.5), allowing them to be used in the same model and did not differ
significantly between pond types (One-way ANOVAs: water depth: F227 = 0.15, P = 0.87,
surface area: F227=1.95, P =0.16 and oxygen content: F227=2.19, P =0.13). The water depth,
surface area and oxygen content had mean + SE values of 1.11 £ 0.07 m, 211.61 + 35.58 m?
and 9.72 + 0.45 mg/L, respectively). No significant difference was also observed between pond
types on the distance between the studied ponds and the nearest pond inhabited by palmate
newts (mean + SE: 1000.37 + 99.08 m; F227=0.62, P = 0.55). We did not include the sampling
dates in the models, to avoid too many descriptors, which is not recommended (Ficetola et al.
2014). The sampling date did not differ significantly between pond types (F227 = 2.83, P =
0.08) and did not affect the index of abundance of palmate newts (Fi2s = 0.008, P = 0.93 and
Fi.28 =0.737, P = 0.40 for metamorphs and paedomorphs, respectively).

We then used an information-theoretic approach based on the Akaike Information
Criterion (AIC), to rank the competing models (Burnham and Anderson 2002). Parsimonious
models that explain the most variation have the lowest AIC values and are considered to be the
best models. We performed automated model selection with all possible combinations. We
computed the AIC corrected for small sample sizes (AIC.) and for each candidate model, we
calculated the Akaike weight w and the importance of the parameters (the sum of the weight of
all models including the given parameter), which can be interpreted as the probability that a
predictor belongs to the best model (Burnham and Anderson 2002). Finally, we used the model-
averaging function from the AIC analyses. This model-averaging procedure consists of making
inferences based on the set of candidate models (with a delta AICc < 4), instead of basing the
conclusions only on the single best model (Mazerolle 2006). This procedure computes a
weighted mean of the parameter estimates to be calculated, such that little weight is given to



parameter estimates from models that contribute little information about the variance of the
response variable (Grueber et al. 2011). Once the model-averaged estimates are calculated, the
95% confidence intervals are used to assess the magnitude of the effect: there is a strong effect
when the confidence interval excludes zero (Mazerolle 2006).

To focus on the abundances of paedomorphs and metamorphs within extirpation ponds,
we determined the effect of the distance between the nearest pond that contained either
paedomorphs or metamorphs and the extirpation ponds, on the index of abundance, using a
linear regression.

For all statistical tests, we chose an a priori level of significance of 0.05. All analyses
were performed in R 3.0.2 (www.r-project.org) using Ime4 and MuMIn packages.

3. Results

Metamorphic and paedomorphic individuals were found in 100% and 50% of control
ponds, in 90% and 80% of extirpation ponds and in 40% and 10% of fish ponds, respectively
(n =10 ponds by category; Fig. 3; Supplementary Table 1), respectively. Three fish species
were found in fish ponds during the survey: mainly the goldfish (Carassius auratus), but also
the mosquitofish (Gambusia affinis) and the pumkinseed (Lepomis gibbosus) (Supplementary
Table 1). Only a few newts were found in coexistence with fish: three paedomorphs in one case
and between one and 13 metamorphs in the four other cases. In contrast, up to 372 metamorphs
and 128 paedomorphs were caught in extirpation ponds and up to 561 metamorphs and 155
paedomorphs in control ponds (Supplementary Table 1; Fig. 3).

Fig. 3. Index of abundance (mean £SE) of metamorphic and paedomorphic palmate newts
(Lissotriton helveticus) in three kinds of ponds in Larzac (France) (n = 30): control ponds
devoid of fish (white bar), extirpation ponds were fish disappeared (light grey bar) and fish
ponds where fish were present during the survey (dark grey bar). See Table 1 for the results on
the model averaging procedure.
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In model building, all parameters were included in at least one of the AICc best models
(i.e., AAIC < 4), for both the paedomorphs and the metamorphs (Supplementary Table 2). Pond
type was selected in all of the eight best models for metamorphs and in eight of the nine best
models for paedomorphs, whereas the environmental covariates (pond area, water depth,
oxygen content and distance to the neighboring population) were selected only in some
candidate models (Supplementary Table 2). Pond type had the highest importance (i.e. the sum
of Akaike weights) in explaining the index abundances (>0.99 in metamorphs, 0.94 in
paedomorphs: Supplementary Table 2). The model averaging procedure confirmed the effect
of pond type for both phenotypes: there were significantly fewer metamorphic and
paedomorphic palmate newts in fish ponds than in control and extirpation ponds (Table 1, Fig.
3). There were also significantly less metamorphs in extirpation ponds than in control ponds
and the same abundance of paedomorphs in these two types of ponds (Table 1, Fig. 3).
However, the model averaging procedure did not show any effect of the other pond
characteristics (i.e., area, water depth and oxygen content), nor the distance to the nearest pond
inhabited by newts on the index of newt abundance (Table 1). More particularly, the distances
(mean + SE) between the extirpation ponds and the nearest ponds that contained paedomorphs
and metamorphs were 1.8 £ 0.5 km and 1.2 + 0.2 km, respectively. There were no significant
effects of these distance values on the abundance of paedomorphs in the extirpation ponds (VS
the closest pond with paedomorphs and metamorphs: R*> = 0.05, F1g=0.41, P = 0.54; R>=0.06,
Fi,8=0.55, P =0.48, respectively) and metamorphs (Vs the closest pond with paedomorphs and
metamorphs: R =0.03, F15=0.26, P =0.63; R>=0.001, Fi1g = 0.01, P = 0.92, respectively).

Table 1 Summary results of average GLM models relating the relative abundance of
metamorphs and paedomorphs of palmate newts to environmental parameters. The parameters
considered in the best models (with a AAICc < 4: see Supplementary Table 2) were pond type
(control, extirpation and fish ponds), pond area, water depth, oxygen content (O2) and distance
to the nearest pond inhabited by palmate newts (Distance).

Response variables Parameters Estimate  SE 95% CI
Metamorph Pond type: control vs fish 11.07 2.35 6.250, 15.891
abundance
Pond type: extirpation vs fish 6.01 2.44  0.347,10.829
Pond type: extirpation vs control  -5.06 2.33 -9.838, -0.286
Area -0.005 0.005 -0.016, 0.005
Water depth -0.018 0.025 -0.069,0.034
0, -0.596 0.408 -1.435,0.244
Distance 0.0001 0.002 -0.004, 0.004
Paedomorph Pond type: control vs fish 3.927 1.748 0.106, 8.09
abundance
Pond type: extirpation vs fish 5.056 1.828 1.832,9.977
Pond type: extirpation vs control  -1.13 1.84 -2.152,5.766
Area -0.006 0.004 -0.017,0.002
Water depth 0.003 0.022 -0.033,0.059
0, 0.062 0.317 -0.588,0.754

Distance -0.0002 0.002 -0.003,0.003




4. Discussion

The present study shows that the resilience of paedomorphosis, i.e. its re-expression
after disappearance, is possible in amphibians when the threat, i.e., the presence of fish, is
removed. Thus, this provides the potential to maintain this unique example of intraspecific
diversity in newts and salamanders. In addition to reports showing that paedomorphosis could
be both locally or globally at the edge of extinction in some species (Whiteman and Howard
1998; Denoél et al. 2005a; Valiente et al. 2010; Zambrano et al. 2010), the possibility of the re-
expression or persistence of this alternative developmental process following fish eradication
has important conservation implications. This shows the value of managing wetlands that have
been historically inhabited by rare phenotypes such as paecdomorphs, even when these have
disappeared due to fish introductions. At a broader scale, this highlights the need to protect
common phenotypes, such as metamorphs of faculatively paedomorphic species of newts and
salamanders, to restore polyphenisms and thus, phenotypic diversity.

4.1. Resilience of newts and re-expression of paedomorphosis

Facultative paedomorphosis is a polyphenism that is geographically clustered in only a
part of each species distribution range (Healy 1974; Petranka 1998; Denoé&l 2007). For instance,
Larzac represents only 0.5% of the distribution of the palmate newt but hosts almost all known
populations with paedomorphs (Denoél 2007; Geniez and Cheylan 2012; Sillero et al. 2014).
This thus means that such areas have high potential for allowing resilience (i.e., the return of
the state of the populations before their decline) when target habitats have been altered and
paedomorphs locally extirpated. Resilience could thus be possible by a combination of
favourable aquatic habitats for its expression and by the colonization of restored habitats by
dispersal phenotypes, the metamorphs, that can give birth to progenies becoming paecdomorphic
(paedomorphs cannot migrate between ponds in Larzac). Our results are in agreement with
those reported for ambystomatids, where experimental populations of metamorphs produced
paedomorphs (Semlitsch and Wilbur 1989). This supports the idea that salamandrid
metamorphs could carry alleles favouring the expression of paedomorphosis, as shown in
ambystomatids (Voss et al. 2012). However, variations have been reported across taxa,
implying the need to explore specifically the genetics of paedomorphosis in salamandrids
(Johnson and Voss 2013).

In contrast to another model system (Knapp et al. 2001), we did not find a significant
effect of neighbouring populations on the abundances of metamorphs and paedomorphs in
ponds where fish disappeared. Larzac ponds inhabited by facultatively paedomorphic newts are
not so distant from extirpation ponds, making recolonization possible. Previous ecological
modeling studies highlighted the importance of surrounding palmate newt populations within a
radius of 1.2 km to explain abundances at core ponds (Denoé€l and Lehmann 2006). The present
results suggest that newts could have come from ponds up to 2 km as this was the closest
distance between a studied extirpation pond and another remaining palmate newt population.
Many ponds in Larzac are separated by such distances and inhabited by newts, which also
shows that long distance dispersal is possible in this species. It has to be noted that all ponds in
the area are perfectly known and thus the colonizers could not have come from closer sites
(Denoél and Ficetola 2015). However, it cannot be excluded that a few metamorphs subsisted
in some of the fish ponds before fish extirpation. In contrast, paedomorphs could not have
persisted in so many cases, as occurrence with fish is very rare (less than 10%: Denoél &
Ficetola, 2014) and here paedomorphs were found in 80% of the extirpation ponds.



Aquatic ecosystems have been shown to recover after only a certain number of years
subsequently to threat removal (Knapp et al. 2001). However, amphibians could rapidly
recover, reaching the same population sizes as in control lakes in only a few years (Funk and
Dunlap 1999; Vredenburg 2004; Knapp et al. 2007; Pope 2008). The exact dates of fish
introduction and extirpation are not known for all sites in Larzac. However, in the seventies in
Larzac, only one pond out of 85 (i.e., 1.2 %) contained fish (Gabrion et al. 1977). Interviews of
locals were consistent in that fish were only recently introduced, mostly in the 90s and in the
early 2000s. Extirpation took place mainly in the first decade of the 21st century (after 2000 to
2010 according to the last available observations of fish: Supplementary Table 1). In four cases,
this was done through local actions (temporary drying of the ponds and fish removal) whereas
in the others, fish did not sustain and disappeared by themselves, possibly because of unsuitable
aquatic conditions. A period of around 10 years between fish extirpation and the observed
resilience of metamorphs and metamorphs during our survey is in agreement with the results
from other authors on the timing of resilience of organisms such as amphibians (Knapp et al.
2001). The shortest recovery time for pacdomorphic palmate newt found in this study was four
years, but we cannot reject potential faster rates. Determining the exact dynamics of
paedomorphosis is an exciting perspective of the present results but would require the
experimental removal of fish across a large number of ponds and regular subsequent surveys
over a period of 5 to 10 years (see e.g. Vredenburg, 2004).

The very high expression of paedomorphosis (80%) after fish disappearance was not
expected, as a previous study showed that paedomorphs are present in only 22% of Larzac
ponds (Denoél and Ficetola 2015). The high rate is in large part due to the choice of ponds that
presented suitable traits for paedomorphosis expression (Denoél and Ficetola 2014). It is
therefore expected that small pools such as garden ponds in which fish are removed would not
be associated with the subsequent appearance of paedomorphs (Denoél et al. 2016). Moreover,
after fish extirpation, it was shown that amphibians can have fast increases of population sizes
and then a slow decrease until they are stabilised (Knapp et al. 2007). Density affects the
expression of paedomorphosis in newts and salamanders: the higher the density, the lower the
number of larvae becoming paedomorphic is (Harris 1987; Semlitsch 1987). It can thus be
hypothesised that fish extirpation would have enabled particularly favourable habitats for the
establishment of a large number of paedomorphs, but, after reaching some critical population
sizes, their numbers could be reduced.

Strictly speaking, resilience refers to the ability of an organism or ecosystem to return
to its previous configuration once the perturbation is removed (Knapp et al. 2001).
Unfortunately, historical data on paedomorphic populations were unavailable for all of the
studied sites. Historical observations (Gabrion et al. 1977; M. Denoél, pers. obs.) reported
paedomorphs before fish introductions in four out of the 10 extirpation ponds. These cases refer
to true resilience because paedomorphs were again present in the ponds after threat removal.
The other cases could be either such resilience or the first expression of paedomorphosis.
However, it is likely that paedomorphosis was also present historically in these sites as the
process appeared soon after fish extirpation and no major features other than fish seemed to
have been modified.

4.2. Conservation of common phenotypes

An additional lesson from the observed resilience of paedomorphosis is that maintaining
intraspecific diversity such as polyphenism involves protecting both common and rare
phenotypes. Each phenotype can allow subsistence of the polyphenism in case of environmental



changes and thus has some potential to maintain phenotypic variation once favourable
conditions are met again for the different phenotypes (Emel and Bonett 2011). Therefore, even
if a species is not globally threatened, protecting intraspecific diversity involves taking care of
both endangered and non-threatened phenotypes. In many cases, alternative fishless habitats
are available within dispersal capabilities of newts or salamanders (Denoél et al. 2016). The
presence of common phenotypes in such habitats could thus be a key to maintain a stock of
individuals that could give birth to progenies expressing the rare phenotype once favourable
conditions are again met. Preserving these habitats or creating new ones therefore have high
potentials.

Few conservation programmes have targeted paedomorphs. The best-known example
concerns the axolotl, which is at the edge of extinction in Mexico, where management has
consisted of maintaining fishless channels and increasing fishing pressure, to relax the
detrimental pressures on axolotls as much as possible (Valiente et al. 2010; Von Bertrab and
Zambrano 2010). In contrast to facultatively paedomorphic species, the axolotl cannot
unfortunately benefit from protecting a more common phenotype. However, the present results
concerning paedomorphic palmate newts are encouraging for the actions currently performed
for the axolotl, as they show that removing threats can allow the persistence of paecdomorphosis.
In the case of the isolated axolotl in his native Mexican lake, this might involve re-introduction
programmes (Zippel et al. 2011).

4.3. Resistance

The present study shows the low resistance of both metamorphic and paedomorphic
newts to fish introductions. This supports several correlative environmental studies, which
suggested that fish habitats are not suitable for many amphibians (Knapp 2005; Orizaola and
Brafia 2006; Pilliod et al. 2010). This confirms the results of our 2002 survey, which showed
that paedomorphosis was not expressed in fish ponds (four out of 10 fish ponds were the same
in both studies: Denoél et al. 2005a).

The fish invaders can have both consumptive and non-consumptive effects on native
species such as amphibians (Finlay and Vredenburg 2007; Winandy and Denoél 2013). In
Larzac, we mainly found goldfish to be present in ponds, but also pumpkinseed to a lesser extent
(Supplementary Table 1; Denoél et al. 2005a), whereas single cases of other species
introductions have also been reported (Rondeau et al. 2000). Pumpkinseeds are ferocious
predators that can affect all aquatic life stages of amphibians (Parris et al. 2001; Hartel et al.
2007; Tomecek et al. 2007; Bruslé and Quignard 2013). These fish are often present at high
densities, forage in the varied aquatic microhabitats, and are also aggressive towards large
amphibians such as frogs (Almeida et al. 2014). Goldfish are also often numerous in ponds, but
in contrast to pumpkinseeds, they are omnivorous and forage on a large variety of food sources
(Richardson et al. 1995; Bruslé¢ and Quignard 2013); however, their gape size limitations
usually prevent them from preying on most adult amphibians. The consumptive effects of
goldfish on amphibians are often limited to predation on the egg and larval stages, as shown for
ambystomatid salamanders (Monello and Wright 2001). Non-consumptive effects on adult
amphibians such as palmate newts have been shown: goldfish induce behavioural avoidance
and negatively affect reproductive and foraging activities, as well as the expression of sexual
ornaments (Winandy and Denoél 2015a,b; Winandy et al. 2015). The most striking response of
newts to the presence of goldfish was to leave water for land and then forego breeding (Winandy
et al. 2015). The newts that remained in the water with the goldfish used more aquatic shelters
than in the absence of fish. Paedomophs show a stronger avoidance behaviour than



metamorphs: in the presence of fish, paedomorphic palmate newts foraged less than
metamorphs (Winandy and Denoél 2015b). In another model system, i.e., ambystomatid
salamanders coping with trout cues, fewer salamander larvae became paedomorphic in a risky
habitat (Jackson and Semlitsch 1993). These data together can explain the scarcity of
coexistence patterns between fish and newts. On the another hand, despite their potential ability
to escape from fish habitats, metamorphs are also likely to be found in these invaded habitats,
because of their transient use of aquatic habitats (Perret et al. 2003; Kopecky et al. 2010).

The absence or very low abundance of newts in the studied fish ponds is most likely
primarily due to the presence of fish, rather than due to other environmental variables, such as
pond size, water depth, oxygen availability or the distance to another newt population that could
act as source. Indeed, the inclusion of such variables within the models did not affect our
conclusions. This is not surprising here, because these variables did not differ in the studied
ponds (see Denoél & Ficetola 2014 and Denoél & Lehmann 2006 for an analysis of the effect
of these variables on a large range of habitat features). In other systems, paecdomorphs have
been shown to coexist with predators such as crayfish, because they hide using a different
streambed structure than their potential predator (Martin et al. 2012). The pond substrate in
Larzac does not allow this partitioning, but future study should analyse the importance of
microhabitat diversity on the possible maintenance of both newt phenotypes in syntopy.

4.4. Conclusions

Conservation management at times where so many detrimental pressures are acting is a
difficult task. Because of funding and logistic constraints, priorities are needed (Restani and
Marzluft 2001). Determining the effectiveness of actions is a valuable pre-requisite to justify
managements and obtain supports from conservation and governmental agencies (Austin et al.
2015). Showing resilience of common and rare target organisms subsequently to threat removal
is one of the key points in this context. Future works should then more deeply evaluate the value
of conservation recommendations so to address as much efficiently as possible biodiversity
requirements in integrating the specificities of intra-specific variations.
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