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Abstract: Mediterranean islands host unique ecosystems that are particularly vulnerable to invasive
species. However, knowledge regarding the precise impact of invasive species on local biodiversity
remains limited for many of these systems. Here we report on the negative impacts of invasive wild
boars (Sus scrofa) on native snakes on islands in the Mediterranean basin. Capture-mark-recapture
was initiated in 2012 on two snake species (Montpellier snake, Malpolon monspessulanus and Ladder
snake, Zamenis scalaris) across two islands of Port-Cros National Park. Several wild boars, an invasive
species, reached the islands in 2007. They remained confined to small areas of the islands for several
years. In Port-Cros, the numbers of wild boars suddenly increased in 2015, and rapidly colonized
the whole island damaging vast land surfaces. In Porquerolles, wild boars did not proliferate. This
offered an opportunity to examine the impact of wild boar outbreak with a Before-After Control-
Impact design (BACI). Snake counts and mark-recapture modeling showed that demographic traits
were stable before 2016 for both snake species on both islands. As well as abundance, recruitment, and
population growth rate of Montpellier snakes significantly declined where wild boars proliferated but
remained constant on the island where they did not. Wild boars probably impacted snake numbers
through habitat destruction and direct killing. The rapid decline of snakes (apex predators) and
intensive uprooting that strongly damage ground dwelling species (plants, animals) suggest that
wild boars represent a serious threat to island biodiversity. As elsewhere around the world, these
invasive ungulates proliferate in the Mediterranean basin, they are proficient swimmers and exhibit
a remarkably high invasive potential. We recommend vigilance and fast eradication to prevent
population outburst; even a few a localized non-proliferating individuals contain the latent potential
for devastating outbreaks.

Keywords: Before-After Control-Impact design; invasive species; Malpolon monspessulanus; Zamenis scalaris;
population survey; reptiles

1. Introduction

Island ecosystems are relatively isolated from other landmasses, they shelter unique
biodiversity [1]. They also offer refuges for species that are threatened on the mainland [2].
However, the small surface of many islands limits the possibility for threatened organisms
to escape threats, and increases contact between native and invasive species, exacerbating
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their vulnerability to global changes [3]. Worldwide, islands have been directly and indi-
rectly devastated by human activity, such as urbanization, intensive agriculture, pollution,
or climate change [1,3]. Protecting islands is crucial to limit the decline of world biodi-
versity, but also to conserve their extraordinary dynamic ecosystems and their adaptive
potential [1].

Introduced predators are major drivers of extinction on islands. Indeed, insular species
thrive under relaxed predatory constraints compared to mainland ecosystems, individual
tend to be less alert and defenseless against invasive species [4]. Alien herbivores can
have devastating effects on the vegetation cover on islands, with cascading negative
impact on pelagic birds for example [5]. Invasive species are responsible for the loss of
greater numbers of species on islands compared to continental areas [1,6]. Thus, to guide
conservation action, it is important to survey alien species on islands and to monitor their
possible impacts on native species.

In Europe, wild boar (Sus scrofa) is a native species not officially classified as “Inva-
sive Alien Species” [7]. This classification can be misleading, however. Wild boars are
considered among the worst invasive species, across their broad distribution range [8–11].
Wild boars are robust and highly fertile ungulates that can colonize various habitats and
exploit a wide range of resources, rapidly proliferating, especially when large predators
are lacking [12] (including human hunters). Colonization of new areas might be natural
(dispersal), but anthropogenic disturbances such as climate warming that limits winter
mortality, predator eradication (e.g., wolves), and intensive agriculture promote spreading
of wild boars [13]. This ungulate opportunistically feeds on a wide range of plants and
animals (invertebrates, amphibians, reptiles, and mammals). Sounders (groups of wild
boars) deeply dig out the soil and destroy large ground surfaces [14]. During outbreaks,
they can entail strong demographic decline in the native biodiversity, causing multiple
local population extinctions, notably in snakes [15].

Snakes are important predators that occupy high trophic levels and thus play impor-
tant roles in the functioning of ecosystems [16]. More generally, it has been suggested that
reptiles represent the most effective taxon when using animal counts as a surrogate of local
diversity [17]. Snakes depend on the very microhabitats destroyed by wild boars, and they
are regularly consumed by them [18]. In continental areas, large and dense populations of
wild boars have a devastating effect on local populations of snakes [15,19]. Thus, snake
population size changes might be used to monitor the impact of invasive wild boars on
island ecosystems. The relationship between invasive species on island snakes, although
likely recurrent, is insufficiently quantified [20,21].

Islands represent relatively small and simplified ecosystems where populations are
relatively closed (limited migration across populations) [1]; therefore, they provide ap-
propriate sites to precisely monitor the effects of invasive species, providing that native
populations have been surveyed in the long term. One of the best-documented examples is
found in Australia where populations of different animal species (mostly reptiles) have
been monitored over decades before and after cane toad invasions, offering suitable data
to examine large scale spatial and temporal effects [22]. However, the arrival of invasive
species is not often predictable, and it is important to disentangle the effects of invasive
species from other threats (e.g., climatic changes, pollution, diseases) or from natural varia-
tions. Comparative data among sites subjected to different degree of exposure to invasive
species are thus needed to allow for temporal and spatial comparisons (i.e., without/with
the invasive species). In such case, Before-After Control-Impact design (BACI) analyses
are well suited to monitor possible negative impact on native species [23,24]. To the best
of our knowledge, the possible impact of wild boars has never been assessed using such
an approach.

Due to their isolation and to the implementation of strict protection measures, small is-
lands are some of the last pristine landscapes in Europe. They host exceptional ecosystems
characterized by high animal and plant diversity and important level of endemism [25,26].
Nonetheless, many invasive species such as the black (Rattus rattus) pose serious conserva-
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tion issues. Small Mediterranean islands are relatively spared from wild boars; however.
This was notably the case for two small islands that are part of Port-Cros National Park
(PNPC; Southeast France). Limited human disturbance (especially on Port-Cros) and very
low road traffic volumes offer favorable conditions to snakes, promoting adult survival
and prolonged growth (unpublished data) that may explain exceptionally large sizes in
both species and in both islands [27]. Indeed, road mortality mostly impacts large and
presumably old snake individuals [28]. First signs of wild boar’s presence on Porquerolles
and Port-Cros islands were recorded in 2007 [29]. From 2008 to 2015, in both islands, very
few individuals were observed and remained confined to small areas (likely, because only
one sex was present). However, an outbreak of invasive wild boars occurred in one island
(Port-Cros) in 2016 possibly triggered by the arrival of novel individuals associated with
the lack of predation pressure (no natural predator and no hunting). No wild boar outbreak
occurred in Porquerolles [29]. Importantly, snake populations were monitored prior to wild
boar outbreak. Therefore, the contrast between the two islands provided an opportunity to
use a BACI approach: one strongly affected island, one largely spared island (control site),
both monitored before and after wild boar outbreak.

In this study, we evaluated the impact of wild boar outbreak on demographic traits of
two native snake species. Since 2012, using visual counting and CMR, we monitored native
populations of the Montpellier snake (Malpolon monspessulanus) and of the Ladder snake
(Zamenis scalaris) [27]. These large Mediterranean snakes are terrestrial and abundant in
PNPC islands [27]. They are oviparous and exhibit an eclectic diet that includes ectother-
mic and endothermic prey [30,31]. Both species are active foragers; M. monspessulanus
is mostly diurnal and conspicuous while Z. scalaris is more secretive and tends to be
nocturnal [30,32–34]. Monitoring simultaneously two species of native snake species using
capture-mark-recapture protocol, in two protected islands before and after the prolifer-
ation of an invasive species in one site only, offered a unique opportunity to perform a
robust analyse. Overall, this study provided a unique occasion to observe in real time the
consequences of wild boar invasion in fragile island ecosystems.

2. Materials and Methods
2.1. Study Areas

Port-Cros (PC) and Porquerolles (PQL) are situated off the southeast coast of France
(Figure 1). Port-Cros (700 ha, maximal altitude 199 m) is located 8.3 km from the mainland,
while Porquerolles (1.254 ha, maximal altitude 142 m) is located 2.6 km from the mainland.
In both islands, the landscape is hilly and mostly composed of dense forests (Aleppo pines
and holly oaks). In Port-Cros, open areas include roads, several hiking trails, old fortresses,
three small meadows, and scattered small rocky patches. In Porquerolles, the landscape
is more open, composed of a mosaic of cultivated plains (25%), including vineyards
and orchards. Both islands experience intensive summer tourism (peak ~90.000 visitors
per month in summer). Continuous management efforts are required to preserve local
biodiversity, notably in Port-Cros to combat highly invasive plants and animals such as the
Hottentot fig (Carpobrotus edulis) and the black rat (Rattus rattus) [35–37].

2.2. Wild Boar Arrival and Proliferation

Wild boars were first recorded in 2007 on Port-Cros and in 2011 on Porquerolles [29].
They have been observed in the sea, halfway between mainland and PNPC islands, sug-
gesting they are able to colonize naturally islands that are close to the shore. On Port-Cros,
before 2015, only one or two wild boars were localized to the south-east of the island.
Reproduction was detected and evidence of rooting was found across the whole island,
both elements suggesting rapid population growth. In 2016 and following years, we es-
timated that 60% to 80% of the monitored area was uprooted, reflecting a demographic
explosion [29]. Park authorities set up wild boar regulations (boar beating, cage trap)
in late 2016. Many individuals were removed, demonstrating that wild boars were in-
deed proliferating (as indicated by high number of boars killed between 2017 and 2019,
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n = 200; [29]). Unfortunately, uprooting did not decrease, and wild boar impact remained
strong on the whole landscape. Currently, uprooting occurs across ~60% of the areas where
snakes are monitored (Figure 2). Most spots where snakes are regularly observed have
been devastated (e.g., scrubs destroyed and stones returned). In Porquerolles, the number
of wild boars remained low and rooting concerned less than 5% of the surface monitored
(rooting slightly increased in 2019, reaching 10%) [29]. Throughout the study, no other
alterations were noticed in the environment and tourist traffic did not change [38].

Figure 1. Study location Port-Cros and Porquerolles are situated off the south-east coast of France’
located respectively 8.3 km and 2.6 km from the coast which are 9 km apart (google-earth© image).

Figure 2. Sampling locations on Port-Cros before (A,B) and after wild boar outbreak in 2016 (C,D).
Image (A) shows an intact dry stone wall. Image (B) shows corrugated fibrocement coverboard
positioned along a hedge in a meadow. Image (C) shows rooting of the ground, leading to the
disappearance of the herbaceous layer and of many shrubs. Image (D) shows the partial destruction
of a stone wall. Overall a variety of habitat types was affected, we estimated that 60% to 80% of the
whole area was plowed.
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2.3. Snake Population Monitoring

Between 2012 and 2019 (8 years), we monitored snake populations using the capture-
mark-recapture methodology. Surveys were conducted during the day from mid-April
to mid-June by two experienced observers. We used two techniques: networks of cor-
rugated fibrocement coverboards (80 × 120 cm and 80 × 90 cm, Figure 2) to detect and
capture sheltered snakes, and Visual Encounter Surveys (VES) along transects to find
not-sheltered snakes basking in screes or sun patches [27]. Coverboards were placed in
different appropriates sites (e.g., open areas) varying in size, from one hectare to three
hectares (20–30 cover boards per hectares) [27]. Distances between coverboards were ap-
proximately 10 to 20 m. Coverboards were not displaced over time, and similar transects
were searched. In Port-Cros 25 boards were positioned along the hedges of a meadow and
of an old orchard. VES were conducted along a 10 km trail that winds through forest and
bush patches and that encloses 170 ha (25% of the island) [27]. The trail and the immediate
area surrounding the trail were searched. Basking snakes can be spotted from a distance
of ~10 m, thus the total surveyed area covered ~20 ha (3% of the island’s surface). In
this island, most snakes were not found under shelters (95%). On Porquerolles, a total of
232 coverboards were positioned mostly along hedges while VES were conducted along
tracks between places where coverboards were placed. On this island, most snakes were
found sheltered (95%). Total surveyed area covers ~80 ha, representing 6% of the island’s
surface [27]. Each year, on each island, we performed 6 to 8 survey sessions of two or
three days each (except in 2012 with only two surveys). Two weeks separated each session.
During each survey session, we attempted to capture each snake. Individuals spotted
but not caught were described as precisely as possible (location, crude body size, color
pattern that is sexually dimorphic in Malpolon monspessulanus). Captured individuals were
measured for body size (snout-vent length, SVL, ±0.5 cm) by stretching the snake along a
tape measure, weighed (±1 g) using an electronic scale (Ohaus, CL2000), sexed (using color,
tail inspection, hemipenes eversion when necessary), and were permanently marked using
superficial scale branding. Identity numbers were coded using unique combination of
ventral scales plus adjacent lateral scale line [39]. Juveniles and adults were distinguished
according to their size (snout to vent length, SVL) and/or using information on their repro-
ductive status when available (i.e., presence of eggs) [32]. The size at which individuals
attain maturity varies according to species and sex, we used the following criteria: juvenile
(SVL < 55 cm) in male of M. monspessulanus, and females SVL < 65 cm [40]. All individuals
were rapidly released at the exact place of capture.

2.4. Analyses

Counts of snakes detected along transects and under coverboards were pooled and
used as a measure of yearly abundance. We modeled variations in snake abundances using
the number of snake observations gathered at each field survey session as an index of
snake abundance calculated per year and per site. This number includes captured and
uncaptured individuals (i.e., snakes observed but escaped capture). Repeated observations
of the same individual within the same session were counted only once; this happened
rarely (individuals were observed less than once per year one average, and rarely more
than twice, see results). For consistency among years, and to limit the effects of survival and
recruitment on estimates (negligible in each short-term session), we used spring sessions
only in this analysis. We also excluded data collected in 2012, given that field procedures
were not yet standardized at that time. The effect of boar presence on snake abundance was
analyzed using generalized linear modeling (GLMs; MASS package). In this model, the
dependent variable was the total snake count per session. The independent variables were
the islands and the timing of the invasion event (i.e., before or after wild boar outbreak,
named time for conciseness).

We used a negative binomial distribution instead of a Poisson distribution to account
for large over-dispersion in the counts (c-hat ≈ 1.5−2.0 for all datasets). As monitoring
effort (number of searching days) varied per session, we used the number of searching days
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(log-transformed) as an offset in the model. To fulfill BACI analysis requirements [41], we
fitted the model in which the rough number of snakes observed depends on the interaction
between time (before 2016 versus after 2016; BA) and islands (CI). BACI analysis suggests
an impact has occurred when the interactions between these factors is significant. We
ran three models, first considering all species then a second, and a third for Z. scalaris
and M. monspessulanus species respectively. All GLM analyses were performed under R
statistical software, v3.6.1 [42].

To analyze capture-recapture data we used a Robust Design Pradel model, which
is based on two nested temporal scales of sampling: the year and the repeated session
intra-years [43]. Robust design schemes allow the population to be open between the
primary sessions (birth, death, and dispersal are possible) but assume closure for the
secondary sessions (no dispersal, birth or death between secondary sessions of the same
primary session) [44]. Seven primary sessions were considered, corresponding to the years
2012 to 2019. Each secondary session corresponded to field survey sessions that occurred
within each year (n = 6 to 8 depending of the year). This modeling framework allows
estimating the survival probability (phi = φ), between primary sessions, the probability
that an individual captured during a session was present in the population during the
previous primary session (Gamma γ = seniority), the capture probability for each secondary
sessions (p), the recapture probability (c) and the number of present but missed individuals
(F (0)) at each primary session from which yearly population abundances can be derived.
The simultaneous estimation of survival and seniority probabilities also allows deriving
inter-annual population growth rate (GR). We only modeled captures of adults because
immature snakes display low recapture probabilities so that their inclusion can lead to
strong capture probability heterogeneity [45]. We simultaneously analyzed both species to
increase statistical power, to compare them and both islands (we had no a priori regarding
possible differential impact of wild boars on each of the two snake species). Capture-
recapture analyses were performed using MARK software (8.0) [46]. All estimates are
provided with their 95% confident interval.

We used a backward stepwise modeling approach to select the most parsimonious
model. We first fitted a general model in which survival and seniority probabilities depend
on the interaction between islands, time (before 2016 versus after 2016), and species. In this
model capture-recapture probabilities were allowed to depend on the island, the species,
and the year. From this general model, we first removed covariates fitted on capture-
recapture parameters (e.g., removing year effect on φ), one by one (e.g., we tested three
models with two covariates in each of them instead of three). Models were compared
using AIC criteria. We considered that a model was significantly better when its AIC was
two points lower compared to another, enabling a ranking of all the models. Then, from
the best model, we simplified the survival probabilities by first removing the interaction
between islands and time, then the covariates one by one. We performed the same proce-
dure to model the seniority probabilities from the best model of the second step. Resulting
model comparisons are summarized in Table 1.

2.5. Ethics Statement

All data used in this analysis were collected using protocols approved by the Direction
Départementale des Territoires et de la Mer (DDTM 83 2015-01). Snakes were gently
handled and kept in a calico bag (one snake per bag) to minimize stress between capture
and release. No individual was harmed or injured, we never observed any sign of disorder
or distress.
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Table 1. Model selection statistics for the capture-recapture models used to estimate the demographic parameters of snakes
of Porquerolles and Port-Cros islands from 2012 to 2019. φ is the survival probability, γ the seniority probability, p is
the capture and recapture probability. Year means that a yearly variation was fitted on the parameter, sp an effect of
species, island and effect of island, BACI means an interaction between island and time (before 2016 vs. after 2016), BA
means “before 2016 versus after 2016” and “cst PQL” means that only the estimates of Port-Cros after 2016 differ from all
others transitions.

Model Deviance Num. Par AICc Delta AICc AICc
Weights

φ (sp) γ (sp + BACI cst PQL) p(island + sp + year) 145.03 46 3059.25 0.00 0.54
φ (sp) γ (sp + BACI) p(island + sp + year) 144.99 47 3061.57 2.32 0.17

φ (sp) γ (island + sp + BA) p(island + sp + year) 145.59 47 3062.17 2.92 0.13
φ (sp) γ (island + sp + BACI) p(island + sp + year) 144.38 48 3063.32 4.07 0.07

φ (island + sp) γ (island + sp + BACI) p(island + sp + year) 144.34 49 3065.66 6.41 0.02
φ (sp + BA) γ (island + sp + BACI) p(island + sp + year) 144.37 49 3065.69 6.44 0.02

φ (sp + BACI cst PQL) γ (island + sp + BACI) p(island + sp + year) 144.38 49 3065.70 6.45 0.02
φ (island + sp + BA) γ (island + sp + BA) p(island + sp + year) 145.53 49 3066.85 7.60 0.01

φ (island + sp + BA) γ (island + sp + BACI) p(island + sp + year) 144.33 50 3068.04 8.79 0.01
φ (sp + BACI) γ (island + sp + BACI) p(island + sp + year) 144.37 50 3068.08 8.83 0.01

S(sp) γ (sp + BA) p = c(island + sp + year) 154.47 46 3068.70 9.45 0.00
φ (island + sp + BACI) γ (island + sp + BACI) p(island + sp + year) 144.26 51 3070.36 11.11 0.00

φ (island + sp + BACI) γ (island + sp + BACI) p(island + year) 149.69 50 3073.39 14.15 0.00
φ (island + sp + BACI) γ (island + sp + BACI) p(sp + year) 154.37 50 3078.08 18.83 0.00
φ (island + sp + BACI) γ (island + sp + BACI) p(island + sp) 180.85 44 3090.38 31.13 0.00

3. Results

A total of 892 snakes were observed between 2012 and 2019 (PC, n = 539; PQL,
n = 338). On both islands, Malpolon monspessulanus was more frequently observed than
Zamenis scalaris (n = 631 observations vs. n = 261). The total number of individuals marked
was 384 (PC, n = 231; PQL, n = 153). We obtained 246 recapture events (Supplementary
Material Table S1). A total of 122 individuals were recaptured at least once (24 individuals
recaptured within a given year; 64 recaptured one year later; 20 two years later; 9 three years
later; 3 four years later; 1 four or six years later). A greater number of M. monspessulanus
(n = 256) were marked than Z. scalaris (n = 128). Most snakes were adult (92% of marked
individuals); we found 33 juveniles (8%; M. monspessulanus, n = 26; Z. scalaris, n = 7).

3.1. Index of Snake Abundance

After discounting 2012 and autumnal sessions, we analyzed 822 observations (258 Z. scalaris
(PC, n = 141; PQL, n = 117) and 556 M. monspessulanus (PC, n = 351; PQL, n = 205)).

Pooling both species, estimated abundance of snakes was significantly affected by the
interaction between time (before 2016 vs. after 2016) and site (Porquerolles vs. Port-Cros)
(p < 0.05, Table 2). In Port-Cros, estimated abundance declined from 13.45 snakes per session
before 2016 (95% CI: 11.17–16.19) to 7.82 snakes per session after 2016 (95% CI: 6.49–9.42). In
Porquerolles, estimated abundance was stable over time (before 2016 = 8.32 (95% CI: 6.67–10.39);
after = 7.88 (95% CI: 6.49–9.57)).

Table 2. Results of the generalized linear models’ analysis testing the influence of time (before 2016 versus after 2016 = BA),
site (islands, CI), and their interaction (*, BACI) on snake abundance.

Species Factors Estimate Std. Error Z Value p

Zamenis scalaris + Malpolon monspessulanus
Time 0.542270 0.134336 4.037 <0.001

Island 0.007439 0.137389 0.054 0.9568
Time*island −0.486746 0.201369 −2.417 <0.05

Zamenis scalaris
Time 0.04709 0.23341 0.202 0.840

Island 0.09590 0.22207 0.432 0.666
Time*island −0.22933 0.34120 −0.672 0.502

Malpolon monspessulanus
Time 0.78568 0.14436 5.443 <0.001

Island −0.04636 0.15788 −0.294 0.769
Time*island −0.56400 0.22182 −2.543 <0.05
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Temporal changes of estimated abundance differed between snake species and be-
tween sites (Figure 3). In M. monspessulanus, the interaction between time and site on
estimated abundance was significant (p < 0.05, Table 2). In Port-Cros, estimated abundance
declined from 10.45 before 2016 (95% CI: 8.66–12.063) to 4.76 after 2016 (95% CI: 3.86–5.88).
In Porquerolles, estimated abundance remained stable (before = 5.68 (95% CI 4.47–7.22);
after = 4.55 (95% CI 3.63–5.71)). In Z. scalaris, the interaction between time and site was not
significant (p = 0.50; Table 2). Estimated abundance of Z. scalaris remained stable over time
in Port-Cros (before = 3.01 (95% CI: 2.14–4.23); after = 2.87 (95% CI 2.12–3.89)) as well as in
Porquerolles (before = 2.63 (95% CI: 1.80–3.84); after = 3.16 (95% CI: 2.32–4.31)).

Figure 3. Annual abundance of the species of snake (M. Monspessulanus or Z. scalaris) was assessed
using a generalized linear model to estimate the number of snakes encountered during a daily
transect (Y axis, see text for details). Error bars represent lower and upper 95% confident interval
respectively. Vertical dashed lines indicate the time limit before and after wild boar outbreak that
occurred in Port-Cros (upper panel), but not in Porquerolles (lower panel).

3.2. Demographic Parameters

The best Robust Design model included an effect of species on survival probability, an
interaction between island and time with a significant difference after 2016 only in PC, a
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species effect in addition to seniority probability with the effects of islands, species, and
year in addition to capture-recapture probabilities (Table 1).

Capture-recapture probabilities were low, ranging from 0.07 to 0.14. They were lower
for Z. scalaris than for M. monspessulanus. They were lower in PQL than in PC. They differed
among years, for instance in PQL for M. monspessulanus, varying between 0.01 and 0.07. Sur-
vival probabilities were higher in Z. scalaris (φ = 0.75 (0.66–0.82)) than in M. monspessulanus
(φ = 0.62 (0.53–0.39)), were constant through time and equal between islands. Before
2016, “seniority” (i.e., probability that a captured individual was present during the pre-
vious session) were higher in Z. scalaris than in M. monspessulanus in PQL as well as in
PC (Z. scalaris, γ = 0.72 (0.62–0.80]) vs. M. monspessulanus, γ = 0.63 (0.54–0.71)). Seniority
probability was constant across years in PQL. Estimated gammas were not significantly
different between PQL and PC before 2016; γ = 0.63 (0.54–0.71) for M. monspessulanus and
γ = 0.72 (0.62–0.80 for Z. scalaris). After 2016, in PC, estimated values increased for both
snake species (γ = 0.81 (0.64–0.91) for M. monspessulanus; γ = 0.87 (0.75–0.93) for Z. scalaris)
while they remained constant on PQL.

These estimates translate into annual population growth rates close to one at PQL
(all years) and PC before 2016 for both species (M. monspessulanus, GR = 0.98 (0.90–1.08);
Z. scalaris, GR = 1.04 (0.94–1.14)). After 2016, the population growth rates were however
below one on PC (M. monspessulanus, GR = 0.76 (0.66–0.88); Z. scalaris, GR = 0.86 (0.77–0.97)).

4. Discussion

This study has shown that wild boar (Sus scrofa) outbreaks can clearly have devastating
impacts on mainland snakes [15] with snake counts and mark-recapture demographic
analyses both revealing a strong negative effect of wild boars on snakes on one island,
especially on Montpellier snakes (Malpolon monspessulanus), and to lesser extent on ladder
snakes (Zamenis scalaris). The combination of snake abundance estimates and demographic
trends performed in two islands, before and after the proliferation of wild boars that
occurred in one site but not in the other, offered comparative information. After 2016, and
only on the island affected by wild boars, did we find a significant decline in snake counts,
recruitment, and annual population growth rates in both species. These results provide
further evidence that wild boars can be destructive when they proliferate, notably in the
absence of predatory pressures (wolf or hunters) [14,47–49].

Snakes are experiencing a worrying rate of global decline worldwide, and hence the
maintenance of sanctuaries such as the Port-Cros and Porquerolles islands is important; in
this context, the population decrease we observed is particularly damageable [50]. Small
islands offer exceptional conditions for many snake species; endemism and extremely
high densities are commonly documented [21,51]. The recent invasion of wild boars may
compromise their viability through different mechanisms [15]. Guided by a fine sense of
smell, wild boars are able to pursue snakes in the open and in thick vegetation. We observed
intensive rooting in the places frequently used by M. monspessulanus snakes (e.g., screes
in open areas), which suggests that snakes were also found in their refuge [18]. Large
shelter rocks were frequently upturned (elsewhere this problem also concerns coverboards;
unpublished XB data). Small snakes and eggs are easy prey for wild boars; this may
explain the decrease of recruitment observed in the population of M. monspessulanus in
Port-Cros. There was no decline in survival between years and high recapture rate (>50%,
unpublished data) of the largest individuals (M. Monspessulanus: SVL > 1.50 m; Z. scalaris
SVL > 1.30 m) suggesting that population decrease was principally caused by predation
targeting small individuals (including juveniles) rather than the result of emigration of
large snakes outside the prospected areas which would have induced a drop of apparent
survival. In other words, this suggests that snake above a certain size (e.g., SVL > 1.20 m)
might be less impacted. Field management may focus on the protection of youngest age
classes (e.g., fencing nesting area or creation of heavy shelters) so that they can reach a size
where the boars will not affect them.
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The abundance of M. monspessulanus and Z. scalaris on Port-Cros and Porquerolles is
associated with the large body size (SVL) attained by many individuals in both sites [27].
Large and presumably old individuals are essential for population viability in long-lived
reptiles with indeterminate growth, notably because reproductive output and survival prob-
ability increase with body size [52]. Both snake species (M. monspessulanus and Z. scalaris)
are long-lived animals (>14 years) [40] with delayed maturity and relatively low fecun-
dity [31]. The sharp decline in M. monspessulanus snake numbers in Port-Cros is worrying,
adult numbers will decrease if wild boar pressure is not relaxed, therefore entailing popu-
lation collapse. Moreover, snakes are highly susceptible to the destruction of their habitat
for which they express fine scale fidelity [53]. In Port-Cros, wild boars shift between forest
refuges, open areas, and low maquis where they destroy microhabitats, and shelters [19].
All areas frequently used by snakes are plowed. Snakes might also be impacted by re-
duced abundance of their main prey, micromammals notably, that are destroyed during
rooting [54].

Compared to M. monspessulanus, the ladder snake (Z. scalaris) appears to be less
impacted. The ladder snake is a particularly cryptic species with marked fossorial and
nocturnal habits [33,34]. This explains the difficulties in finding this snake using visual
surveys (e.g., VES). In contrast M. monspessulanus is a conspicuous species often observed
basking in the open or during displacements. Snakes are more exposed to predation
during displacements in the open and mortality is high in large racers such as whip snakes
(Hierophis viridiflavus) or M. monspessulanus [28]. We assume that he highly secretive and
fossorial lifestyle of Z. scalaris may have limited the impact of wild boars.

The low detectability of Z. scalaris and immature snakes also limited the statistical
power of several analyses. More generally, snakes are secretive organisms notoriously
difficult to study in the field. Demographic changes are not easily accessible to evalua-
tion [55,56]. Strong decreases may escape observation and their possible causes might
remain unnoticed. Mark-recapture studies (CMR) enable circumvention of most of these
difficulties. In the current study, important field effort (>15 days per year per site), and the
combination of visual searching with the systematic inspection of two networks of artificial
refuges (coverboards) for 8 years allowed us to gather abundant count and CMR data. CMR
data allowed taking into account spatial and temporal heterogeneity of detectability. They
indicate that the decline in snake abundance cannot be attributed to increasing snake’s
vigilance or discretion as a possible response of wild boar impact (i.e., detectability is
factored out). In addition, M. monspessulanus is a typical thermophilic racer species that
frequently basks in the sun to meet its physiological demands, and thus cannot easily adopt
fossorial/diurnal habits and escape boars. Overall, the strong consistency between visual
counts and CMR demographic parameters suggests that the negative impact of wild boars
in M. monspessulanus was not a methodological artifact.

Wild boars were detected almost 10 years before the outbreak in Port-Cros. However,
control operations were initiated only in 2016; thus, too late to prevent population outbreak.
This decision was based on the erroneous notion that small numbers of wild boars (possibly
one sex only) did not necessarily represent a threat. This was true for a while but for un-
known reasons (e.g., arrival of new individual(s) of the other sex, behavioral change, novel
capacity to exploit local resources) these fertile ungulates suddenly expressed their capacity
to proliferate. Wild boars should be removed from newly colonized areas, especially in
small and fragile ecosystems characterized by many Mediterranean islands where the lack
of predators demographic explosions of invasive species [10,57]. Successful eradication
operations of wild boars have been achieved on different islands [47,58] but to be effec-
tive, adult females and piglets must be targeted and early controls are essential [59–61].
Unfortunately, wild boars are not easy to capture in rocky and very bushy landscapes
while hunters are reluctant to target reproductive females. In Port-Cros, during eradication
operations, tens of wild boars are killed each year but a large population persists [29].
Control programs therefore should be intensified, hunting could be supported by methods
such as poisoning that are efficient but that must be performed very cautiously [47,62].
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5. Conclusions

Wild boar (Sus scrofa) poses serious challenges on the two islands surveyed. Intensifi-
cation of control operations would require important logistical and financial investments,
typically in the range of those undertaken to eradicate other less popular invasive species
(e.g., black rats). Unfortunately, due to strong opposition from the public, setting up total
eradication programs is controversial. The common misconception of what is an invasive
species puts threatened species and fragile ecosystems at risk of extinction. Wild boar
numbers are increasing all over the world; this increases invasion risks in yet untouched
small islands. Prevention is better than cure, vigilance is thus needed to control wild boars
as soon as they are detected.
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