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Abstract. Species monitoring is a key activity for conservation studies. Some of the monitoring methods require indi-
vidual handling, which may provoke negative effects on animal fitness. We here present a new non-invasive method
that allows to estimate the body condition of the European cave salamanders (genus Speleornantes) using the tail area
as a proxy, since these species usually accumulate fat tissue in their tail. We selected 915 high-quality images of indi-
viduals belonging to the eight Speleomantes species. Using the Image] program we calculated the tail measurements
(length and area) from which we obtained the Fat Tail Index (FTI). The FTI was then correlated with the Scaled Mass
Index (SMI) of individuals. We used GLMM to assess whether SMI is correlated to FTI, individual sex, species iden-
tity and the type of inhabited environment. We observed a significant correlation between SMI and FTI (R? = 0.62).
The GLMM analysis showed a significant effect on SMI due to sex, species and the type of environment. Females and
individuals from surface environments showed the highest SMI. Among species, we observed a significant variability
in their body condition and in the correlation between SMI and FTI. This study provided a reliable and non-invasive

method that allows to estimate the body condition for terrestrial salamanders of the genus Speleomantes.
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INTRODUCTION

Monitoring is a key activity for species conserva-
tion (Beebee and Griffiths, 2005). It consists of repeated
sampling activities that allow us to collect important
information on the status of the species and on the
ecological features that characterise their environment
(McCravy, 2018; Lunghi et al., 2020a). Species moni-
toring provides direct information on the population
consistency and the individuals’ fitness (Ficetola et al.,
2018a; Lunghi et al., 2022). It can be performed by
adopting non-invasive methods such as counting the
observed individuals (Ficetola et al., 2018a), or methods
that require animals’ handling (Dunn and Ralph, 2004;
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Lunghi and Bruni, 2018). Capture-mark-recapture and
the record of biometrics parameters represent powerful
tools for collecting important data on species; however,
they may provide negative side effects on individuals.
For example, invasive marking methods (e.g., toe-clip-
ping) can affect individuals’ behaviour and negatively
impact their fitness (Golay and Durrer, 1994; Davis and
Ovaska, 2001). Negative effects could also be provoked
by low-impact techniques such as handling. Individual
handling can be a direct source of pathogen transmis-
sion, and it can also represent a source of stress that
weakens the individual immune system and increases
its exposure to potential pathogens (Bliley and Woodley,
2012; Lunghi et al., 2016).
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During the last decades, there has been a tendency to
adopt less invasive methods aiming to reduce the nega-
tive effects on individuals without compromising the
quality of data (Soto-Azat et al., 2009; Perry et al., 2011;
Gabor et al., 2013). For example, biocompatible com-
pounds (e.g., Visible Implant Elastomers) or distinctive
individual patterns are preferred over invasive toe-clip-
ping to individually recognize wild animals (Speybroeck
and Steenhoudt, 2017; Lunghi and Bruni, 2018). The
use of digital photography in conservation studies fur-
ther contributes to reducing the negative effects on indi-
viduals. Indeed, digital datasets composed of high-quality
images have been demonstrated to be a valuable source
of information for species monitoring and conservation
(Husain et al., 2017).

In this study, we aimed to test a new method that
allows to predict the body condition (defined as the
amount of fat stored; Wilder et al., 2016) in European
cave salamanders (genus Speleomantes) from digital
images. The genus Speleomantes includes eight strictly
protected amphibian species that are endemic (or sub-
endemic) to Italy (Lanza et al., 2006; Rondinini et al.,
2022). Speleomantes are fully terrestrial troglophile spe-
cies (see Howarth and Moldovan, 2018) inhabiting both
surface and subterranean environments (Costa et al.,
2016; Ficetola et al., 2018b). They are generalist predators
that prey on a wide range of invertebrate species (Cian-
feroni and Lunghi, 2023) and use their tails as organs to
accumulate fat tissue (Wake and Dresner, 1967; Fitzpat-
rick, 1973). Accordingly, the area of the tail should pro-
vide reliable information on the amount of fat stored by
individuals, which can be considered a fitness-related
trait (Wilder et al., 2016). Previous studies have shown a
positive correlation between tail width and body condi-
tion in urodeles (Bendik and Gluesenkamp, 2013); how-
ever, this seemed to not apply to Speleomantes (Rosa et
al., 2021). In both studies only the width at the tail base
was considered, overlooking the potential that the rest of
the tail may have in energy storage. We here specifically
tested the use of the overall tail area as a reliable method
for predicting the body condition of individuals.

MATERIALS AND METHODS

We analysed high-quality images of Speleoman-
tes from different datasets (Lunghi et al., 2020c; Lunghi
et al., 2021b; Coppari et al., 2024). Pictures were taken
directly in the field and showed a dorsal view of indi-
viduals in their natural position (Fig. 1) (Lunghi et al.,
2021a). We randomly selected photos of 915 individuals
(Table 1), for which sex, weight, and total length were
known. To avoid introducing bias, we did not include
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Fig. 1. An example of the image used in this study; in red the sec-
tion of the tail area used to estimate individuals’ body condition
(scale bar = 10 mm).

Table 1. Summary of the images used in this study.

Number of Number of Number of

Species juveniles males females Total
S. italicus 30 56 55 141
S. supramontis 46 31 44 121
S. sarrabusensis 36 21 17 74
S. ambrosii 62 29 49 140
S. strinatii 47 41 35 123
S. imperialis 41 30 15 86
S. genei 41 41 40 122
S. flavus 29 34 45 108
Total 332 283 300 915

pictures of individuals with tail issues and gravid females
with visible eggs in our dataset. Due to the possibility of
recognizing individuals of Speleomantes from the dorsal
pattern (Lunghi et al., 2019), pictures taken on the same
population but during different periods were checked to
avoid pseudoreplication. We used the program Image]
to obtain measurements of the tail, which extends from
the end of the cloaca (tail base) to the tip of the tail (Fig.
1) (Lunghi et al., 2020b). We measured the tail length
and area. We divided the tail area for its length to pro-
duce a standardized Fat Tail Index (FTI), which should
be linked to the amount of adipose tissue the individual
stored in its tail (Wake and Dresner, 1967; Fitzpatrick,
1973). We used the Scaled Mass Index (SMI) as a refer-
ence to evaluate the reliability of the FTI in predicting
Speleomantes’ body condition. The SMI is a reliable index
used to estimate fat stored in amphibians (MacCracken
and Stebbings, 2012; Rosa et al., 2021), and it is based
on the relationship between the body mass of individu-
als and a linear predictor of body size that accounts for
allometric growth (Peig and Green, 2009). Consider-
ing the size difference between juveniles and adults and
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Table 2. Parameters related to model selection for testing the significant correlation between SMI and FTT in Speleomantes. We here com-
pare the full model (SMI ~ FTI *Domain + FTI *Species + FTI *Sex) with a series of reduced models to evaluate the usefulness of each
interaction. The best model (lowest AIC) failed the collinearity test (see text), and therefore, we chose the second-best model (bold), which
does not have the same issue. Df = degree of freedom; AIC = Akaike information criterion; BIC = Bayesian information criterion; ADf =

difference of degrees of freedom.

Model Df AIC BIC LikIe;l(i)}%;)O J Deviance  Chi-Square ADf P-value
FTT*Domain + Species + FTT*Sex 15 566.89 639.17 -268.445 536.89
Domain + Species + Sex 15 566.89 639.17 -268.445 536.89 0 0
FTT*Domain + Species + Sex 16 539.94 617.41 -253.971 507.94 28.949 1 < 0.001
Domain + Species + FTT*Sex 17 567.86 649.78 -266.929 533.86 0 1 1
Domain + FTT*Species + Sex 22 237.08 343.09 -96.538 193.08 340.781 5 < 0.001
FTI*Domain + FTT*Species + Sex 23 239.07 34991 -96.537 193.07 0.001 1 0.970
Domain + FTT*Species + FTI*Sex 24 225.96 341.62 -88.981 177.96 15.113 1 < 0.001
FTT*Domain + FTT*Species + FTI*Sex 25 227.43 347.90 -88.714 177.43 0.534 1 0.465
between the different Speleomantes species (Lanza et al.,  * B
2006; Lunghi, 2022), we estimated the SMI for each age —— N
class (adult vs juveniles) and species separately. We used ] J '
Generalized Linear Mixed Models (GLMM) implement- = s
ed in R Studio to evaluate how well FTT correlates with 3 ;
SMI. The SMI was the dependent variable, while FTI, 3’ i il
individuals’ sex, species, and habitus (surface vs. subter- L i
ranean) were independent factors. The use of sex and  —— i

species allowed us to evaluate the potential divergences
occurring between sexes or between species (Lanza et
al., 2006; Rosa et al., 2021). Including the habitus among
independent variables allowed us to assess whether sub-
terranean populations might show higher efliciency in
fat storage, a feature observed in other cave vertebrates
(Lunghi and Zhao, 2020). Population identity and the
sampling period were included as random factors to
account for geographical and seasonal variance in indi-
viduals’ body condition (Lunghi et al., 2022). We added
the interactions between FTI and the other three vari-
ables (sex, species, habitus) as additional predictors.
The FTI variable was log-transformed and then centred
on its mean to mitigate collinearity. Model selection was
performed based on the AIC criterion and through the
Likelihood Ratio Test. The model with the lowest AIC
showed severe collinearity issues (Variance Inflation Fac-
tor, VIF > 10), making parameter estimates unreliable.
Therefore, we selected a slightly higher AIC model with
acceptable collinearity levels (VIF < 7) to ensure stability
and interpretability (Table 2).

RESULTS

We identified a significant correlation of SMI with
FTI ()2 (1) = 204.07, P < 0.001), habitus (3* (1) = 5.73, P

Subterrancan Surface Juveniles Females Males.

Fig. 2. Results of the GLMM showing the effects of the environ-
ment (A) and of the individual sex (juveniles, adult females, adult
males) (B) on the individual SMI. Boxes delimit the 2" and 3™
percentile; bars inside boxes represent the median; the whiskers
represent the standard deviation; the asterisks indicate outliers.

= 0.017), species (x* (7) = 110.64, P < 0.001), sex (x* (2)
= 5400.25, P < 0.001) and with the interaction between
FTI and species (x° (7) = 424.90, P < 0.001). The SMI
was higher in surface populations (f =0.159, SE = 0.07,
P = 0.017) (Fig. 2A) and in females (males, = -0.05,
SE = 0.01, P < 0.001; juveniles, f = -0.93, SE = 0.01, P <
0.001) (Fig. 2B). The correlation between SMI and FTI
significantly diverged between Speleomantes species (Fig.
3, Supplementary Materials Fig. S1). This model showed
a very high explanatory power (marginal R? = 0.95, con-
ditional R? = 0.96).

DISCUSSION

Our study identified the Fat Tail Index (FTI) as
a reliable method to estimate individual body condi-
tion regarding the amount of energy reserves. The cor-
relation between FTI and SMI was strong and relatively
high (R? = 0.62), indicating that this index can be reliably
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Fig. 3. Results of the GLMM showing the divergent correlation
between SMI and FTT for each Speleomantes species. On the plot, FTT
is log-transformed and centred on its mean as used in the analysis.

employed to estimate the body condition of Speleoman-
tes from digital images, even in the absence of individual
weight. This outcome further highlights the usefulness
of digital photos in conservation studies and the poten-
tial contribution that citizen science could provide for the
monitoring of animal population.

Our findings opposed the results of previous stud-
ies where the use of the tail width was not recommended
for the estimation of the body condition for this genus. In
their study, Rosa et al. (2021) considered the width at the
tail base as a proxy of individual fitness in S. imperialis
(using the Scale Mass Index, SMI). Instead, we propose
using the overall tail area (FTI) because adipose tissue
is likely stored throughout the tail length and not just at
its base (Fitzpatrick, 1973). Our method was highly sup-
ported by the analysis, confirming the hypothesis that fat
tissue is accumulated not only in a specific section but
throughout the tail organ. In some circumstances, the
enlargement at the tail base might be considered a proxy
for the overall tail enlargement due to fat storage (Bendik
and Gluesenkamp, 2013). Still, it does not always work
(Rosa et al., 2021). Indeed, in their study, Rosa et al.
(2021) assessed the correlation between SMI and the tail
base only in S. imperialis. Considering the variability of
the correlation between SMI and FTT observed here (Fig.
3, but see also Fig. S1), it may be possible that the tail
base may be more diagnostic for some other Speleoman-
tes species. On the other hand, the assessment of the over-
all increase in the tail volume seems more reliable and
informative than the use of specific tail parts (Rosa et al.,
2021). Although the proposed method already represents
a reliable alternative for estimating the body condition in
Speleomantes, considering the overall tail volume might
further increase the accuracy of the estimation.
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Rosa et al. (2021) found a significant correlation
between tail width and SMI in females but not males.
In our analysis, we observed a strong effect of sex on
SMI, where females showed the highest correlation and
juveniles the lowest (Fig. 2B). Sexually mature females
need to store large amounts of energy to carry out high-
ly demanding reproduction and consequently usually
have a higher body condition than males of similar size
(Lunghi et al., 2018b). On the other hand, the low cor-
relation with SMI observed for juveniles can also be eas-
ily explained. Juvenile Speleomantes likely invest more
in growth than in fat storage to quickly reach a size that
makes them unsuitable for some predators (Lunghi and
Corti, 2021). This was also hypothesized in other stud-
ies where juveniles often occurred in sub-optimal envi-
ronmental conditions to find the highest prey availability
(Ficetola et al., 2013; Lunghi et al., 2015).

We observed a divergence in SMI among the eight
Speleomantes species (Fig. 3). The group of species that
showed the highest correlation with SMI was composed
of four Sardinian species (S. flavus, S. imperialis, S. supra-
montis, S. sarrabusensis) and S. italicus. The four Sardini-
an species showed the highest divergence (8 = 0.30-0.51),
while that for S. italicus was moderate (f = 0.15). This
group of Sardinian Speleomantes is defined as “giant” due
to their larger size compared to the other congeneric spe-
cies (Lanza et al., 2006). The larger size of these species
may allow them to increase the proportion of fat stored
in their body (Fitzpatrick, 1973), or they can have access
to bigger prey that provide a more significant amount
of nutrients (Lunghi et al., 2018a). On the other hand,
hypothesizing the reasons for the higher SMI observed in
S. italicus compared to the other similar-sized species is
more challenging, and, considering the lack of support-
ing information, we save this for future assessments to
avoid falling into mere speculations.

The correlation between FTI and SMI showed sig-
nificant variability between species, ranging from 0.47 for
S. sarrabusensis to 0.72 for S. supramontis (Fig. 2). This
means that, although FTT is a good proxy to estimate Spe-
leomantes body condition, for some species this predic-
tion seems to be stronger. Unfortunately, we do not have
supporting information to explain this result. Further
analyses aiming to evaluate potential physiological and
morphological interspecific divergences are needed to
shed light on this interesting case.

We observed a higher SMI in surface populations of
Speleomantes. This result does not support the hypoth-
esis that subterranean populations of Speleomantes show
improved abilities in fat storage (Lunghi and Zhao,
2020) but rather raises alternative hypotheses. Speleo-
mantes from surface environments are mostly active dur-
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ing wet seasons, meaning that their main foraging activ-
ity likely occurs only during limited periods (Costa et
al., 2016; Salvidio et al., 2017). Contrarily, subterranean
populations can buffer hostile seasons (too hot and/or
dry) thanks to the underground microclimate (Culver
and Pipan, 2019), which allows them, and their prey as
well, to be more or less active all year round (Lunghi
et al., 2022). Therefore, in this circumstance, the oppo-
site could occur, and the surface populations may show
enhanced abilities for fat storage. On the other hand,
although being active for less time, surface populations
have at disposal higher prey diversity and availabil-
ity compared to those living in subterranean environ-
ments (Culver and Pipan, 2019), a key factor that can
compensate for the reduced foraging activity and pro-
vide more nutrients that can be translated into a higher
body condition of individuals. These hypotheses need
to be explored to shed light on the dynamics behind the
observed divergence in SMI between surface and subter-
ranean populations.

In conclusion, our study demonstrated the validity
of the correlation between the tail area and the individu-
als’ body condition in Speleomantes, making this a valu-
able proxy for implementing conservation and ecological
studies.

SUPPLEMENTARY MATERIAL

Supplementary material associated with this article
can be found at <http://www-9.unipv.it/webshi/appen-
dix/index.html> manuscript number 16853
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