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Table 3. Results of model averaging to describe the response variables (SVL = snout–vent length; SMI = scaled mass index; T = max. 
height of Tail; CF = caudal filament) with and without the age of an individual as additional fixed effect with the estimate, standard 
error (SE) and 95% confidence interval. Model averaging was based on a set of candidate models with a ΔAICc < 4 (see Supple-
mentary document 5 for all candidate models). GLMM = generalized linear mixed model with an Gaussian error distribution and 
a log-link function; LMM = linear mixed model; : = interaction between fixed effects; (1|Pond-ID) = random effect. P-values < 0.05 
are presented in bold.

Response Variable Estimate SE lower Cl 95% upper CI 95% z p
Full model: GLMM (SVL ~ Sex + Pond type + Submersed vegetation + Meadow + (1|Pond-ID))
SVL Intercept 3.620 0.021 3.579 3.662 170.125 < 0.001
(n = 856) Sex - female 0.082 0.004 0.074 0.091 18.467 < 0.001

Pond type - forest 0.101 0.022 0.057 0.145 4.491 < 0.001
Submersed vegetation 0.000 0.000 -0.001 0.000 1.381 0.167

  Meadow -0.006 0.004 -0.013 0.001 1.593 0.111
Full model incl. age: LMM (SVL ~ Sex + Age + Pond type + Submersed vegetation + Meadow + (1|Pond-ID))
SVL Intercept 34.081 1.839 30.456 37.707 18.425 < 0.001
(n = 132) Sex - female 3.668 0.476 2.727 4.610 7.635 < 0.001

Age 0.557 0.192 0.177 0.937 2.873 0.004
Pond type - forest 4.778 1.756 1.311 8.245 2.701 0.007
Submersed vegetation -0.004 0.016 -0.035 0.027 0.269 0.788

  Meadow -0.099 0.960 -1.998 1.801 0.102 0.919
Full model: GLMM (Body mass ~ Sex + Pond type + SVL + Pond type : SVL + Submersed vegetation + Meadow + (1|Pond-ID))
Body mass Intercept -1.547 0.091 -1.726 -1.368 16.933 < 0.001
(n = 855) Sex - female 0.256 0.009 0.237 0.274 27.502 < 0.001

SVL 0.052 0.002 0.048 0.056 25.847 < 0.001
Pond type - forest 0.141 0.133 -0.120 0.402 1.058 0.290
Pond type * SVL -0.003 0.003 -0.009 0.003 0.937 0.349
Submersed vegetation -0.001 0.000 -0.002 -0.000 2.053 0.040

  Meadow -0.001 0.003 -0.005 0.004 0.201 0.841
Full model incl. age: GLMM (Body mass ~ Sex + Age + Pond type + SVL + Pond type : SVL + Submersed vegetation + Meadow + 
(1|Pond-ID))
Body mass Intercept -1.120 0.143 -1.403 -0.838 7.778 < 0.001
(n = 132) Sex - female 0.302 0.023 0.255 0.348 12.714 < 0.001

Age 0.004 0.007 -0.010 0.018 0.576 0.565
SVL 0.042 0.003 0.036 0.049 12.749 < 0.001
Pond type - forest 0.004 0.035 -0.065 0.073 0.113 0.910
Submersed vegetation -0.002 0.001 -0.003 -0.000 2.061 0.039

  Meadow -0.028 0.029 -0.085 0.030 0.947 0.344
Full model: GLMM (SMI ~ Sex + Pond type + SVL + Pond type : SVL + Submersed vegetation + Meadow + (1|Pond-ID))
SMI Intercept 0.997 0.067 0.865 1.128 14.820 < 0.001
(n = 855) Sex - female 0.467 0.009 0.449 0.485 51.893 < 0.001

SVL -0.016 0.002 -0.019 -0.013 10.227 < 0.001
Pond type - forest 0.025 0.050 -0.072 0.122 0.502 0.616
Pond type * SVL 0.000 0.001 -0.002 0.002 0.061 0.951
Submersed vegetation -0.001 0.000 -0.002 -0.000 1.688 0.091

  Meadow -0.001 0.003 -0.008 0.005 0.355 0.723
Full model incl. age: GLMM (SMI ~ Sex + Age + Pond type + SVL + Pond type : SVL + Submersed vegetation + Meadow + 
(1|Pond-ID))
SMI Intercept 1.497 0.145 1.210 1.784 10.229 < 0.001
(n = 132) Sex - female 0.526 0.024 0.478 0.574 21.645 < 0.001

Age 0.020 0.010 0.001 0.040 2.056 0.040
SVL -0.028 0.003 -0.035 -0.021 8.131 < 0.001
Pond type - forest -0.029 0.097 -0.220 0.161 0.303 0.762
Pond type * SVL 0.001 0.002 -0.004 0.005 0.230 0.818
Submersed vegetation -0.002 0.001 -0.004 0.000 2.072 0.038

  Meadow -0.057 0.032 -0.121 0.006 1.774 0.076
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was true even if sex and age of an individual were con-
sidered. In newts, a larger body size can be advantageous. 
For example, a larger body size of females can result in 
more and larger eggs (Nobili & Accordi 1997, Ver rell 
& Francillon 2009) and a more pronounced parental 
care (Tóth et al. 2011) in the closely related smooth newt 
(L. vulgaris). The positive effect of forests is in line with 
Johanet et al. (2009), where a correlation between forest 
cover and body size was found for male and female Pal-
mate Newts in Western France. Also Secondi et al. (2007) 
found a trend between body size and forest cover for males 
in the same study area. Trochet et al. (2016) showed that 
the length of the hindlimbs of Palmate Newts in Southern 
France was correlated with the distance to the closest for-

est. Although the SVL of an individual had a significant 
effect on the length of the hindlimbs, no significant cor-
relation between the SVL and other environmental param-
eters was found. Results from a laboratory study indicate 
that the exposure to nitrate, which is used as fertilizer and 
thus can often be found in agricultural ponds, can affect 
the body size of males (Secondi et al. 2009). Although fer-
tilizer are hardly used in viticulture, contaminations could 
be one explanation for the smaller body sizes we found in 
agriculture newts in our study.

The body size of newts in our agricultural landscape 
(males: 35.8 mm; females: 38.9 mm) is still within the 
body size range of other European populations. Arntzen 
et al. (1998) reported males with a mean SVL of 34 mm 

Figure 2. Boxplots of the snout–vent length (SVL; A), the body mass (B) and the scaled mass index (SMI; C) of male and female 
Lissotriton helveticus reproducing in forest (n = 6) and agricultural (n = 5) ponds. In each boxplot, the boundaries of the box are the 
25th and 75th percentiles and the whiskers correspondent to the lowest and largest value no further than 1.5 times from the 25th and 
75th percentiles away. Data points beyond the whiskers are shown as unfilled circles. Mean values are given in Table 2. For effects of 
the pond type and the sex on the traits see Table 3.

Figure 3. Demographic structure of Lissotriton helveticus captured in forest and agricultural ponds (A) and correlation between snout–
vent length (SVL) and age (B). No difference in the median age of males and females reproducing in forest and agricultural ponds, 
respectively, was found. The age had a significant effect on the SVL, but growth did not differ between males and females reproducing 
in forest and agricultural ponds. 
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in Mayenne (western France) and Denoël et al. (2019) a 
mean SVL of 38.9 mm of males and females from Larzac 
(France). In northeast Andorra males and females with 
a mean SVL of 36.0 mm and 38.8 mm, respectively, were 
found in two Pyrenean Lakes at an altitude of 2,300 m a.s.l. 
(Amat et al. 2010). One might assume that the high eleva-
tion and thus low temperatures and short activity periods 
might limit the growth of L. helveticus in the Pyrenees, but 
in fact, there is a general trend for an increase in body size 
with elevation in many amphibian species (Morrison & 
Hero 2003). Although the elevation gradient in our study 
is low (138–508 m; Table 2), the higher location of forest 
ponds (mean = 310 m; mean agricultural ponds = 176 m) 
might contribute to the observed differences in SVL. In-
terestingly, we found a negative effect of body size on body 
condition, which could indicate that it is harder for large 

newts to cover their food demand. Differences in body 
mass and body condition between forest and agriculture 
newts were a result of differences in the SVL and the habi-
tat type had no additional effect on these traits.

Sexual dimorphic traits

In Palmate Newts sexual dimorphic traits play an im-
portant role in female mate choice (Cornuau et al. 2012, 
2014). They can be even more important than body size, 
as they directly reflect the current fitness of an individual 
and not unfavourable conditions during earlier life stages 
(Haerty et al. 2007). As we assumed forest ponds to have 
a higher habitat quality and thus to allow a higher fitness 
of newts, we expected that forest newts have a longer cau-
dal filament and a higher tail. However, pond type had no 
significant effect on both traits, and differences are only 
caused by a correlation with SVL and SMI. By comparing 
the sexual dimorphic traits measured in March/April and 
May we found that they are highly dependent on the time 
of measurement, but also on the pond. In Palmate Newts, 
sexual dimorphic traits are developed in the water and are 
regressed when they leave the aquatic phase at the end of 
the reproductive period (Griffiths & Mylotte 1988), 
whereby the exact time depends on microclimatic condi-
tions. Consequently, we detected in the pond at the highest 
altitude (P05), with a presumed rougher microclimate and 
later migration of the newts to the pond, less pronounced 
sexual dimorphic traits in March/April than in May. In 
contrast, most individuals already left the agricultural 
pond P07 in May, so we were only able to catch two males 
with hardly any sexual dimorphic traits left. Incomplete 
development of the sexual traits in March/April would also 
explain the correlation with the SVL, which is in contrast 
to Cornuau et al. (2012) and Haerty et al. (2007). The 
significant correlation of the sexual dimorphic traits and 
the SMI is in line with Cornuau et al. (2014) and confirms 

Table 5. Genetic parameters of each population with the allelic richness (AR), the expected and observed heterozygosity (He and Ho), 
the inbreeding coefficient (FIS) with its lower (FIS low) and upper (FIS high) 95% confidence intervals and the p-value from a Chi-square 
test for goodness-of-fit to Hardy-Weinberg equilibrium (p-HWE) are given. 

Pond-ID Classification AR He Ho FIS FIS low FIS high p-HWE

P01 Forest 3.20 0.47 0.53 -0.118 -0.243 0.015 0.854
P02 Forest 3.07 0.49 0.5 -0.012 -0.171 0.151 0.784
P03 Forest 3.00 0.47 0.48 -0.026 -0.182 0.128 0.841
P04 Forest 2.93 0.44 0.42 0.038 -0.142 0.189 0.075
P05 Forest 2.92 0.44 0.52 -0.195 -0.334 -0.064 0.854
P06 Forest 2.93 0.44 0.44 -0.004 -0.181 0.180 0.597
P07 Agriculture 2.66 0.38 0.41 -0.067 -0.242 0.123 0.760
P08 Agriculture 2.85 0.45 0.41 0.100 -0.107 0.301 0.100
P09 Agriculture 2.98 0.38 0.38 0.017 -0.102 0.142 0.552
P10 Agriculture 2.81 0.39 0.40 -0.034 -0.230 0.159 0.775
P11 Agriculture 2.76 0.49 0.51 -0.047 -0.191 0.099 0.649

Figure 4. Boxplots showing the allelic richness (A) and the in-
breeding coefficient FIS (B) of Lissotriton helveticus populations 
situated in the forest (n = 6) and the agriculture (n = 5). In each 
boxplot, the boundaries of the box are the 25th and 75th percen-
tiles and the whiskers correspondent to the lowest and largest 
value no further than 1.5 times from the 25th and 75th percentiles 
away. While a significant difference between forest and agricul-
tural ponds was found for the allelic richness, no difference was 
found for FIS.
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their general suitability as fitness indicators. However, the 
dependence on time of measurement and pond questions 
the ability of our models to answer the question if forest 
newts have a higher fitness. This raises general concerns 
about the reliability of both traits as indicator of fitness in 
field studies where ponds at different altitudes and/or mi-
croclimatic conditions are compared. 

Demographic traits

Differences in the demographic structure with older in-
dividuals in forest ponds would explain the differences in 
body size between forest and agricultural ponds. However, 
the skeletochronology revealed no difference in the medi-
an age between habitat types. Thus, it can also be assumed 
that there is, at least in adults, no increased mortality in the 
agricultural populations in our study area. Orchard et al. 
(2019) did not find differences in the demographic struc-
ture between crested newt populations (Triturus cristatus) 
from agricultural ponds and ponds from favourably man-
aged sites, and concluded that agricultural ponds can har-
bour sustainable crested newt populations. While Amat et 
al. (2010) and Miaud (1991) reported L. helveticus with an 
age ranging from 3–9 (median = 5 years) and 4–8 years, 
respectively, the age of individuals from our study ranged 
between 1 and 8 years with a median of 3 years. Thus, a 
general shift in the demographic structure towards young-
er age groups can be observed in our study compared to 
Palmate Newts from Andorra and France, indicating fa-
vorable environmental conditions both in forest and agri-
cultural habitats. 

Carry-over effects and  
selection for small individuals

We could show a correlation between body size and age, 
but did not find differences in the growth rate (i.e. increase 
of SVL with the age in the adult stage) between males and 
females reproducing in agricultural and forest ponds. Thus, 
differences in the body size might be related to different 
conditions in the larval or juvenile phase that are trans-
ferred to the adult life stage (i.e. carry-over effects). Jen-
nette et al. (2019) got similar results when comparing 
American toads (Anaxyrus americanus) and wood frogs 
(Lithobates sylvaticus) from rural and urban landscapes 
in Maryland (USA) and explained it with similar habitat 
qualities for adults, but lower quality of larval or juvenile 
habitats in urban areas. In our study area, larvae or juve-
niles might face a decreased food quality/quantity in agri-
cultural ponds and landscapes, which could be compensat-
ed by adults for example by having a wider prey spectrum. 
Nobili & Accordi (1997) explained differences in the 
body size of larvae and adults between different smooth 
newt populations as a consequence of different water sta-
bility conditions of ponds. We observed changes in the wa-
ter level and temporary dry ups in both agricultural and 

forest ponds, but differences in the time and frequency of 
desiccation between pond types might contribute to ob-
served differences in the body size of adults. The agricul-
ture in our study area is dominated by vineyards, a perma-
nent cropland where pesticide mixtures are applied several 
times per year (Rossberg & Ipach 2015). Thus, soils in 
vineyards can be expected to be contaminated with pes-
ticides, like it is the case for most agricultural soils in Eu-
rope (Hvězdová et al. 2018, Silva et al. 2019). Pesticides 
can also be detected in the agricultural ponds in our study 
area (Bundschuh et al. 2016, Adams et al. 2021). As nega-
tive effects of pesticides can be expected to be stronger on 
larvae during their development and Cusaac et al. (2017) 
showed a higher impact on juveniles than on adults, differ-
ences in body size might be caused by impairments during 
the aquatic development or early growth. 

Even carry-over effects between generations can play a 
role. In the same area as the present study, Adams et al. 
(2021) sampled eggs of the common toad (Bufo bufo) di-
rectly after deposition from ponds with different pesticide 
contamination levels. The larvae were then raised in a pol-
lution-free environment but there was still a negative cor-
relation between the pesticide contamination level of the 
ponds and the size of larvae. It can thus be assumed that 
negative impacts are transferred from adults to juveniles. 
Effects on the size of larvae can also be trade-offs, e.g. from 
larger eggs to smaller eggs with thicker jelly coats as pro-
tection against environmental pollutions (Adams et al. 
2021) or from larger eggs to smaller but more eggs.

Alternatively to carry-over effects, a selection for small-
er newts in agricultural landscapes could explain differ-
ences in adult body size between pond types. Several stud-
ies showed that dispersal can select rapidly for distinct 
morphotypes. For example, Philips et al. (2006) showed 
that dispersal of cane toads (Rhinella marina) selects for 
individuals with longer legs in Australia. In Trochet et 
al. (2016) dispersal constraints due to landscape fragmen-
tation resulted in Palmate Newts with shorter hindlimbs, 
which was explained by a higher mobility and thus higher 
mortality on roads of newts with longer legs. Also, in our 
highly fragmented agricultural landscape dispersal con-
straints can be expected, which makes dispersal related se-
lection for smaller individuals possible. 

Genetic structure

A larger body size of forest newts might lead to a high-
er dispersal ability (Phillips et al. 2006, Trochet et al. 
2016, 2019). This is especially true, as our results suggest 
that differences in body size might already exist in juve-
niles, a life stage that is responsible for population connec-
tivity in many amphibian species (Cushman 2006). Also 
other factors like assumed larger populations in more fa-
vourable ponds (Unglaub et al. 2018) or fewer stressors 
(e.g. pesticides), which could lead to a negative selection of 
certain haplotypes, might have an effect on the population 
connectivity and structure. Moreover, agriculture can act 
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as a barrier for an amphibian species’ dispersal (Lenhardt 
et al. 2017, Costanzi et al. 2018). Studies on the common 
toad also showed that amphibians tend to avoid vineyards 
as habitat (Leeb et al. 2020a) and that there is an avoid-
ance behaviour against some pesticides frequently used in 
viticulture (Leeb et al. 2020b). Consequently, we assumed 
agricultural pond populations to exhibit a lower genetic di-
versity as well as a higher degree of inbreeding. While the 
higher allelic richness in forest pond populations fits our 
expectations, the difference in the degree of inbreeding is 
not strongly pronounced. In general, inbreeding is low in 
both pond types and the 95% confidence interval of the FIS 
contains zero for most populations. Inbreeding is also low 
compared to L. helveticus populations in a restored pond 
network in northwestern France (mean FIS = 0.251; Isse-
lin-Nondedeu et al. 2017). In a French population at the 
Larzac Plateau a FIS of -0.308 was observed, whereby this 
heterozygosity excess was explained by fast recolonization 
after a population decline (Oromi et al. 2016). In general, 
a high degree of inbreeding can lead to a reduced fitness of 
a population (Allentoft & O’Brien 2010). Thus, the ab-
sence of clear signs of inbreeding in all ponds can be rated 
positively. However, the relatively low number of five ana-
lyzed microsatellites might limit the detection of inbreed-
ing. Further, we only chose populations large enough to al-
low the sampling of several individuals in a short time for 
the present study. Thus, negative effects that might occur 
in small agricultural populations might be overlooked. In 
the study area, there are several agricultural ponds that are 
not used by the Palmate Newt as breeding habitat, which 
could be a long-term result of unfavourable conditions or 
inbreeding depression. 

Conclusions

In the present study, we showed that Palmate Newts repro-
ducing in forest ponds are larger than newts reproducing in 
an intensive agricultural area. However, agriculture newts 
are still within the size range of newts from other European 
populations in more natural habitats. We could show that 
differences in body size most likely already existed in larvae 
and/or juvenile life stages and thus might be carry-over ef-
fects. This is worrying as juveniles play an important role in 
the population dynamics in amphibians. As we could show 
that forest ponds differ in several aspects from agricultural 
ponds, it is unclear which factor (e.g. contaminations, ter-
restrial habitat, microclimate, altitude, pond-specific fac-
tors like water level) is responsible for the observed effect. 
We found no difference in traits describing the fitness of 
an individual between forest and agricultural ponds, what 
might be the result of pond-specific differences during the 
breeding period caused by microclimatic conditions. The 
absence of a clear sign of inbreeding suggests some degree 
of gene flow among the agricultural pond populations. Al-
though the Palmate Newt is considered a forest species, we 
conclude that agricultural ponds can be suitable breeding 
habitats for Palmate Newt populations. Thus, conserva-

tion efforts should aim at preserving existing agricultural 
ponds, but also at creating new ones. Together with green 
corridors between ponds, this would facilitate the dispersal 
of amphibians in a highly degraded agricultural landscape 
and reduce potential dispersal-related effects on biometric 
traits. Further, the potential carry-over effect indicates the 
need to increase the quality of the aquatic and terrestrial 
habitat for early life stages in agricultural landscapes, for 
example by ensuring a stable water level during the period 
of the aquatic development or reducing pollutions in and 
around agricultural ponds.
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