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Abstract

Intensive agriculture causes landscape homogenization and massive defaunation. The
creation of Strict Nature Reserves (SNR) where management is proscribed aims to stem this
trend; this is the case for SNR forests in Western Europe. Yet, unmanaged forests are
subjected to rapid habitat closing; semi-open bushy habitats that are essential to many
thermophilic organisms can be squeezed between industrial agriculture and high timber
forests. Long-term capture-mark-recapture monitoring of snake populations (~27 years; 3,447
individuals) coupled with canopy closure monitoring conducted in a 2,579 ha forest amid a
landscape dominated by intensive agriculture in France provides an illustration of this threat.
Prior to SNR classification, logging maintained a mosaic of habitats (e.g., open, semi-open,
closed plots) favorable to snakes (Hierophis viridiflavus, Zamenis longissimus). SNR
classification promoted the growth of trees and rapid habitat closing, causing the
disappearance of open woodlands and a strong decline of snake abundance (~60% drop). The
impact was rapid in the most thermophilic species (H. viridiflavus) and delayed in the less
thermophilic species (Z. longissimus). This study provides robust and direct evidence that
habitat changes can entail a drastic decrease of snake abundance. Unintendedly, applying the
most protective conservation status to temperate forests might be less valuable in terms of
snake abundance and diversity than a status where limited conservation management actions

are permitted.

Keywords: forest management; habitat closing; snake decline; snake monitoring; Strict

Nature Reserve (SNR)
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Introduction

Habitat loss is the main cause of defaunation (Coxetal., 2022; Younget al., 2016). On land,
this notably involves urbanization, the development of transport infrastructures and landscape
simplification (Tilman et al., 1994). Habitat homogenization, likely the main threat for
biodiversity, is largely associated with sprawling intensive agriculture and forest destruction
(DeFries et al., 2010; Foley et al., 2005; Karp et al., 2012). For example, in Europe several
millions of km of agricultural hedgerows have been uprooted and replaced by immense
monoculture fields during the past decades, causing large scale destruction of rich terrestrial
ecosystems (Holdenetal., 2019; Montgomery etal., 2020). The disappearance of woodlands,
especially well-preserved old forests which host large amounts of threatened biodiversity, is a
strong conservation concern (Watson et al., 2018).

Protected areas have been created to mitigate the loss of natural habitats (Watson et al.,
2014). They pertain to six main IUCN categories plus several subcategories corresponding to
the respective degree of protection they confer against human alteration (International Union
for Conservation of Nature, Dudley 2008). The category 1a or Strict Nature Reserve - SNR
hereafter - is the most restrictive; a total ban of the exploitation of wildlife, minimal public
access and minimal intervention are key operational targets. SNR are primarily designed to
limit the erosion of endangered biodiversity and are considered as wildlife sanctuaries.

In temperate biomes, the SNR status is critical to protect the few remaining old temperate
forests (e.g., that exceed 250 years in age), especially to retain old tree formations along with
the wide range of species they host (Watsonetal., 2018). However, imposing strict rules and
constraining policies generates conflicts against private interests (Shafer, 2020).
Consequently, SNR forests cover very small surfaces and most are limited to isolated patches

usually owned by countries or states (Cantl-Salazar & Gaston, 2010; Ficko et al., 2019;
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Niemel& etal., 2005). Augmenting the area and connectivity of strictly protected forests is an
objective shared by many countries (Dudley, 2008).

There is another side to consider, however. The complexity of forest habitats, including
open and semi-open spaces, correlates with animal diversity (Eggers etal., 2010; Hanberry et
al., 2020; Kopecky et al., 2013). As the basic needs of heliophilous organisms cannot be met
in very closed forests, opening up the canopy by restoring traditional coppices favours
heliophilous species, thus promoting animal biodiversity (Hamiik et al., 2023; Perlik et al.,
2023). Thus, a lack of management in forests designated as SNR reserves may lead to habitat
homogenization and decreasing local biodiversity (Hanberry etal., 2020; Sebek et al., 2015).
In the absence of drastic events such as storms or fires, a lack of intervention favours canopy
growth and forest closing at the expense of herbaceous layers, shrubs and bushes (Hanberry
et al., 2020). Mosaic landscapes that combine dense old forests, open woodlands, bushy
habitats and meadows are essential to many organisms (Pailletetal., 2010; Pike et al., 2011).
In Europe, although the total surface of forests is currently increasing (Palmero-Iniesta et al.,
2021), biodiversity is still declining at worrying rates (Felton et al., 2010; Pimm et al., 2014;
Raven & Wagner, 2021). One possible reason for this discrepancy is that the increase of
forested surfaces does not result from conservation management policies; instead, it results
from the mere abandonment of traditional agricultural lands (Benayas et al., 2007).
Traditional complex semi-open cultivated areas are now squeezed between growing uniform
industrial agriculture, forest closure and urbanization. Review articles and field experiments
show that non-intensive farming and sustainable forest exploitation substantially contribute to
the maintenance of complex and biologically rich habitats (Paillet et al., 2010; Sebek et al.,
2015; Tinyaetal., 2021). In this context, assessing the effectiveness of SNR forests to protect
vulnerable biodiversity is important, especially when strictly protected forests are surrounded

by degraded and homogeneous habitats (e.g. industrialized crops, urbanized areas). Yet,
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recurrent deficiency of data linking habitat changes and animal diversity in protected areas
pose difficulties to propose guidance for the maintenance of local biodiversity (Gaston et al.,
2008).

Comparing unexploited versus harvested forests provides a straightforward means to
examine the effect of habitat management on the status of animal populations (Paillet et al.,
2010). Several conditions may facilitate the investigation of causalities. A) An experimental
design with replicates of contrasted habitats, notably open woodlands, closed woodlands,
closing and opening spots (i.e. increase/decrease in canopy closure) would provide a robust
background. B) Long term monitoring is essential to analyse the influence of habitat changes
on animal populations, especially to filter out short-term (e.g. annual) fluctuations. C)
Focusing on sedentary animals limits blurring effects of dispersal of individuals among forest
plots. D) Mark recapture design (CMR) offers a means to accurately estimate abundance in
different habitats.

Such conditions were almost entirely fulfilled in the current study, which aims to assess
the influence of habitat closing (i.e. forest or canopy closing) on snake populations in a
temperate SNR forest. The studied forest is amid a deeply degraded landscape (most
hedgerows have been destroyed) and it shelters snake populations that have been largely
extirpated from the surrounding environment during the last decades (Reading et al., 2010).
More generally, reptiles, including the species under focus, suffer from drastic global decline
largely provoked by habitat homogenization (Cox etal., 2022; Doherty et al., 2020; Reading
etal., 2010). This is also valid for a wide array of plants and animal species (many
invertebrate taxa) that are affected by the disappearance of semi-open forests and hedgerows
in agricultural and urbanized landscapes (Lecq et al., 2017, 2018). The studied SNR forest
represents a biodiversity sanctuary in a highly degraded landscape. Before SNR

classification, clear-cut geometric parcels were exploited for wood production, creating a
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quasi-experimental background with contrasted plots (e.g. open vs closed plots). During the
last 27 years, populations of two snake species, the western whip snake (Hierophis
viridiflavus) and the Aesculapian snake (Zamenis longissimus) have been continuously
monitored using CMR in different habitats spread across the forest; broadly 11 years before
and 16 years after SNR classification. Most snakes are sedentary mesopredators that use
complex micro-habitats to find their prey, open spots for sun basking, or thick vegetation as
refuges (Beaupre, 1995; Pringle et al., 2003; Row & Blouin-Demers, 2006). Accordingly, it
has been suggested that reptiles represent appropriate organisms to assess important segments
of local biodiversity (Lewandowski et al., 2010). Overall, the study design permitted the
examination of a major question with a high spatial resolution: does a lack of management
prescribed by the SNR status necessarily favour the maintenance of globally declining
snakes?

Although H. viridiflavus and Z. longissimus are often found in syntopy, they exhibit
different ecologies. The former species is a thermophilic racer that regularly consumes
terrestrial lizards while the second species is a semi-arboreal and more thermo-conforming
snake that regularly feeds on nesting birds (Lelievre etal., 2011, 2012). We hypothesized that
the intensity of habitat closing should provoke a proportional decline of snake abundance,
expectedly more pronounced for the most thermophilic species.

To address these issues, we combined canopy surveys and snake population monitoring.
We measured the canopy cover and described the ground vegetation in all forest plots from
1996 to 2020; this provided a dynamic view of canopy closure, notably following the
cessation of logging. From 1995 to 2021 we analysed long term CMR data to estimate annual
abundance of two snake species in three habitat types characterised by contrasted degree of
canopy closure. This design enable us to assess the effect of canopy closure on snake

abundance.



137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

Material and methods

Study site

The Chizé forest (4,775 ha, 46.14°N, 0.42°W; Figure 1), located in a vast agricultural plain in
western France, is primarily represented by deciduous species (oaks [Quercus robur, Q.
petraea, Q. pubescens, Q. llex] 38%, beech trees [Fagus sylvatica] 35%, other deciduous
trees [Carpinus betulus, Sorbus torminalis, Fraxinus excelsior, Acer monpessulanum] 17%).
A dense network of agricultural hedgerows connected to the forest has been replaced by large
intensively managed crops (see online Appendix, Fig. Al). In this state forest, wood
harvesting is under the authority of the Office National des Foréts (ONF). Geometric parcels
(typically 5 to 20 ha) were exploited. More than half of the forest (~2,600 ha) was classified
in 1973 as a hunting reserve. Wood exploitation continued along with hunting of wild boar
(Sus scrofa) and roe deer (Capreolus capreolus).

In 1999, two exceptionally strong storms hit the forest (Riviere et al., 2010). Over 10,000
trees fell. Habitat openness was maximal in 2000 (Figure 1b). The excessive stock of timbers
induced a strong reduction of logging. Tree growth due to minimal forest management
promoted habitat closing (Vild et al., 2013). The year 2000 represents a milestone in the
management history of the forest, especially regarding canopy closure level.

In 2006 the status of most of the hunting reserve (2,579 ha; ~99%) was upgraded to the
maximal protection level: strict nature reserve (SNR). This status is equivalent to the 1a
IUCN category (i.e. Integral Biological Reserve, RBI, for the ONF). The Chizé Forest is the
largest continental SNR in metropolitan France and one of the largest in Europe. The official
decree (#DEVNO0650590A) stipulates that forest management and harvesting are prohibited,
except for road maintenance and to control ungulate populations. It also specifies that a key

objective of the RBI is to maintain or increase biodiversity. Two enclaves, a meadow of 15.1
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ha and a partly urbanized area of 6.4 ha, were not classified as SNR (Figure 1); habitat was
maintained open via regular shredding of wild vegetation.

From 2000 to 2021, we monitored canopy growth in different typesof parcels (i.e., closed
with dense overstorey, open herbaceous with small bushes, semi-open herbaceous bushy; see
below). The legacy of timber harvesting by plots offered a quasi-experimental design to
survey the influence of canopy closing on reptile populations. We did not consider the
unprotected part of the Chizé forest (~2,200 ha) because logging precluded systematic snake
population survey. This study therefore focuses on the 2,661 ha of protected forest with

restricted access (2,579 ha of SNR plus small enclaves and several paths).

Forest management and habitat closing

We used three complementary sources of information: timber harvesting records, a time
series of aerial views of the forest, and photos taken from the ground. It enabled us to see if
the habitat category defined using aerial view provided coherent results when considered
from the ground level (i.e. where the snakes are living). The timber harvesting records
enabled us to see whether each of the habitats defined by aerial views resulted from

contrasting timber harvesting regimes.

Timber harvesting records: The ONF provided access to the annual catalogues of wood
exploitation from 1968 until harvesting cessation in 2005. Each year, in each exploited

parcel, the total timber volume harvested (m2 and m3.hal) was available.

Aerial views: National Geographic Institute (IGN, geoportail.gouv.fr) offers a public access
of aerial images of the vegetation cover. Periods when deciduous plants do not have foliage

were excluded (e.g. mid-winter). We used images taken in 1996, 2000, 2007, 2011 and 2020,
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almost fully covering the period of snake population monitoring (1995-2021). We
georeferenced aerial images (QGIS Development Team 2020). In each image, a pixel
represented 0.7m2. This precision was sufficient to distinguish the canopy from the
herbaceousand bushy elements. In 2020, image gravimetry enabled us to estimate vegetation
height (Kiani, 2020).

Canopy cover, the surface covered by a vertical projection of the canopy (Jennings et al.,
1999), was visually evaluated. We classified each parcel as Open (O), Intermediate (1) or
Closed (C) in a given year (Figure 1b; Appendix, Section Al). We validated this procedure
using automatized analyses (Appendix, Section Al).

Habitat closing was a key dynamic variable in this study. Therefore, we further classified
each parcel, according to its cover change from 2000 (maximal forest openness) to 2020, into
three main categories of habitat closing, named “habitat categories” hereafter (Figure 1a):

e Open-Open: canopy never covered more than 30% of the surface. Only the two
managed enclaves belonged to this habitat category.
e Closed-Closed: canopy always covered more than 70% of the surface.

e Open-Closed: canopy cover increased during the study, shifting from habitat (O) to

(), from (1) to (C), or from (O) to (I) then to (C).

Photos taken from the ground: In aerial views, ground vegetation was masked by tall
crowned trees hampering the characterization of (un-)favourable microhabitats for reptiles.
Similarly, the possibility for sun rays to cross the canopy and to contribute to snake
thermoregulation could not be gauged. Therefore, we used wide angle photographs taken

from the ground to analyse sky view and ground vegetation cover (Appendix, Section Al).

Snake survey
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Species: The western whip snake (Hierophis viridiflavus) and the Aesculapian snake
(Zamenis longissimus) are medium-sized snake species (adult snout vent length ~0.9 m;
Bonnetetal., 1999). They occur in syntopy and rely on shrubby open microhabitats where
they find their main prey (voles, field mice and shrews); H. viridiflavus also regularly feeds
on reptiles (~20%) and Z. longissimus on nestling birds (~10%) (Leliévre etal., 2012).
Radio-tracking revealed substantial differences in habitat use, and strong differences in
thermoregulation and associated locomotor performances. H. viridiflavus is a terrestrial
thermophilic racer that selects high body temperature; Z. longissimus is a partly arboreal,
relatively slow moving, highly secretive and largely thermo-conforming snake (Leliévre et
al., 2011, 2013). H. viridiflavus was expected to be more dependent on open microhabitats
compared with Z. longissimus that can exploit arboreal strata.

These two species are the most abundant and widespread snakes in the studied forest, so
they were suitable to assess the impact of canopy closing. Grass snakes (Natrix helvetica) and
aspic vipers (Vipera aspis) that also occur in the studied forest are more scattered and much

less abundant, and the viper belongs to a different lineage making comparison difficult.

Population monitoring: A network of geo-located corrugated concrete slabs (120 x 80 cm)
was deployed in the forest to facilitate captures (Bonnet et al., 1999). Snakes were almost
impossible to detect without the slab network. This network was divided into 12 sub-
networks (=12 searching sites), each one assigned to one of the three habitat categories
defined above (Figure 1a). During surveys, the slabs of a sub-network were successively
lifted. Uncovered snakes were captured by hand. Most of the time, the 12 sub-networks could
not be checked during a single day; thus, we followed a rotation plan.

The total number of slabs and surveys increased over time, reaching a total of 798 slabs in

2021 (Appendix, Fig. A2). Snakes use slabs occasionally, spending most of their time in

10
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other habitats, foraging or sheltered in bushes (Lelievre et al., 2010). To better encompass
snakes’ home ranges, we considered a buffer zone of 125 m on both sides of the line joining
successive slabs in a given survey (Figure 1a). Taking into account this buffer zone, in 2020
the density of slabs per ha was respectively 3.2 in the Open-Open category, 1.4 in the Closed-
Closed category and 1.9 in the Open-Closed category. Whatever the category, the total slab
surface covered less than 0.03% of the surface of the buffer zone.
Field work was performed during the active season, from April to October. Individuals

were sexed, measured (snout to vent length), photographed, permanently marked (scale rows
were superficially burned following a code, triggering a stable color change) and released at

the exact place of capture (Bonnet et al., 2016).

Snake fidelity to study sites: Frequent movements of snakes among the three habitat closing
categories would complicate analyses and blur interpretations. Many individuals were located
more than once (either within or among years). We noted the snakes that moved across sub-
networks, possibly shifting among habitat category, and we measured the straight-line
distance between the two locations involved. Such occurrences were negligible (see results),
and we discarded the rare individuals found in more than one habitat category. Thanks to this
exclusion, we assigned all individuals to one of the six main groups: 2 snake species

combined with 3 habitat categories.

Model selection and snake abundance

Snakes are elusive in forest habitats and raw numbers (Appendix, Fig. A6) imperfectly reflect
their abundance. Therefore, capture-mark-recapture (CMR) analyses were performed to
estimate abundance and demographic parameters (Mazerolle et al., 2007). Because the

monitoring scheme was based on slab network monitoring, individuals may temporarily leave

11



262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

searching sites (i.e. sub-networks) and become unavailable for capture. These behaviors
result in temporary emigration, i.e. individuals are alive but not available for capture.
Temporary emigration may vary spatially and temporally, and its occurrence violates key
assumptions for CMR models, resulting in biased estimates (Kendall, 2023). Furthermore, for
individuals available for capture, several factors such as age, reproductive status, habitat
characteristics, climatic conditions or time of the day may affect their capture probability
(Bonnet & Naulleau, 1996). These factors are known to bias abundance estimates obtained
from methods assuming equal catchability. Moreover, through time, inherent characteristics
of open populations (i.e. births, deaths, immigration, and emigration) influence population
size and thus abundance in complex ways. Provided that a suitable data set is available (i.e.
intensive prolonged monitoring of marked individuals), robust design modelling offers a
means to avoid these major difficulties (Kendall, 2023; Kendall & Pollock, 1992). Although
we potentially considered using the Jolly Seber model to estimate abundance, we chose the
robust design due to substantial advantages despite the extra sampling effort required:
increased precision of estimates, relaxing assumptions such as homogeneity in capture
probabilities, estimating additional parameters (Kendall, 1999; Kendall et al., 1995, 1997,
Koper & Brooks, 1998; Pollock, 1982; Pollock et al., 1990; Seber, 1982; Williams et al.,
2002). We used the program MARK (White & Burnham, 1999) to conduct the Robust design
modelling, which relies on multiple capture sessions sufficiently close in time so that the
population can be considered as closed (e.g. survival rate close to 1 during short time
intervals) (Kendall, 2023). In practice, survival, recruitment, immigration or emigration can
be explicitly modeled and tested to relax the assumption of equal catchability (details
provided in Appendix, Section A2).

As snakes were monitored during the whole activity period, it was possible to divide each

yearly session into sub-sessions to estimate abundance using a Huggins robust design model.
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From early 1995 to late 2021 we obtained 27 primary sampling sessions (i.e., 27 years). Each
primary session was set from April 1 to July 30 to limit the influence of annual recruitment
(hatching occurs in late summer). Each primary session was then divided into secondary
sessions of 2 weeks. The number of secondary sessions varied from 5 to 8 per year due to
climatic conditions; for example, snakes remained invisible during cold weather in early April.
We tested for possible effects of trap-response behavior and time-related variations on capture
(p) and recapture (c) probabilities. We also modelled temporary emigration (the probability of
an individual not being available for trapping during one or more primary sampling periods),
transience (the probability that a newly captured individual was just passing through the study
area, with a near-zero chance of returning to the study area and to be recaptured during the
study), and apparent survival (the probability of surviving from one primary period to the next
and of staying in the study area). The number of individuals not captured was modelled for
each primary period as time dependent or constant and added to the number of individuals
known to be in the population to provide an estimate of population size (Ni). Capture and
recapture probabilities were modelled on an annual scale, and were either year dependent, p(f)
and c(t), or constant, p(.) and c(.). We first attempted to estimate parameters for each primary
period and for each secondary period. Due to sample size limitation in the first years of the
study, several parameters were not estimated. To reduce this problem, all secondary sessions
belonging to a given primary period were set constant. We tested the effect of time among
primary sessions for recapture and capture parameters only, to further reduce estimation

problems. Temporary emigration was modelled with two parameters: y'(.) was the probability

that a snake was absent from the study area at time t if absent at time t-1, and y"’(.) was the

probability that a snake was absent from the study area at time t if present at time t-1.

Temporary emigration was also modelled as either random y'(.)=y"’(.), or Markoviany’(.)=y"(.).

13
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The robust design modelling was implemented for each species (Hierophis viridiflavus,
Zamenis longissimus) and habitat category (Open-Open, Closed-Closed, Open-Closed). We
did notimplement the habitat category as an annual covariate of each study site because with
only 12 study sites the power of analyses would have been low, and because canopy cover
was not measured annually. Instead, we derived the estimated abundance for each habitat
category, and explored the pattern of abundance in each category.

We used an information theoretic approach to select the most appropriate model for the
data based on ecologically sound hypotheses and based on the small-sample modification
(AICc) (Anderson & Burnham, 2002). In H. viridiflavus the sample size used for the AlCc
(corresponding to the number of individuals retained for the robust design matrix) was
respectively 404,97 and 627 for Open-Open, Closed-Closed and Open-Closed categories. In
Z. longissimus, it was respectively 589, 394 and 798 for Open-Open, Closed-Closed and
Open-Closed categories. A model was preferred to a competing model when the AICc of the
model was lower than the AlICc of the competing model by at least two units. When the AlCc
difference between two models was less than 2, the difference in deviance (Adev) and the
difference in number of parameters K multiplied by two (A2K) were explored (Arnold, 2010;
Leroux, 2019). If A2K <Adev, the model with the lower deviance was selected. When A2K =
Adev the most parsimonious model (i.e. which used fewer parameters) was selected.
Confidence intervals (95% CI) of parameters between models were also inspected. If a time
dependent parameter had similar Cl among primary periods, then the constant parameter
(most parsimonious) was retained.

We assessed the fit of our initial model using program U-CARE (Choquet et al., 2009).
For this, individual sighting histories were pooled for all the secondary sampling periods
keeping only one sighting occasion per primary sampling period. Hence, we assessed the fit

of the Cormack-Jolly-Seber model corresponding to our dataset. TEST 3.SR provided a test
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for transients (Choquet et al., 2005, 2009). Transients were defined as “individuals having a
zero probability of local survival after their initial capture” (Genovart & Pradel, 2019). True
transients crossing through but not belonging to the study population should be distinguished
from individuals that die after a single reproductive bout or from individuals that die (or
emigrate) following marking (Genovart & Pradel, 2019). We excluded the two last
possibilities because Hierophis viridiflavus and Zamenis longissimus reproduce more than
once during their lifetime and our marking technique had no detectable effect on the survival
of snakes (Fauvel etal., 2012). Therefore, detecting significant transience will suggest that a
substantial proportion of marked individuals do not settle in the sub-network of slabs where
they have been marked. When transience was detected, it was explicitly modelled by
considering 2 apparent age-classes for survival (Genovart & Pradel, 2019; Pradel et al.,
1997). These age classes were apparent in the sense that they gave a means to model
transience effect when TEST 3.SR was significant. We have not performed real age models
(e.g. juveniles vs adults) in the present manuscript due to the many parameters already
involved in the robust design. However, real age models were the subject of a second paper
that targets the underlying mechanisms of potential declines due to canopy closure. No cohort
models (i.e. using age classes) were conducted in this study.

The starting model was S(.) y"'(.) Y'(.) p(t) c(t) or S(al1, a2) y"'(.) y'(.) p(t) c(t) in case of
transience, where (.) and (t) respectively representan absence or the presence of time effect
among primary sessions. We modelled the effect of time on capture and recapture
probabilities and the type of temporary emigration and used the best supported models to
obtain annual estimates of snake abundance (N;). We also sequentially tested if linear trends
occurred on each parameter issued from the best supported model. We built models where the
demographic parameter 6 was modelled as logit(0) = o + 3 xT, where a is an intercept

parameter, B is a slope parameter and T is a linear temporal trend. When 3 > 0 the parameter
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increases through time, whereas it decreases when 3 <0. We used ANODEYV to test for linear
trends (Grosbois et al., 2008). In case of a significant ANODEYV test, the slope confidence
interval (C1) was checked. If 0 belonged to the slope CI, we rejected the hypothesis of a trend
even if the ANODEYV test was significant. Linear trend was tested for each parameter and
slope estimates are reported on the logit scale (see Table A4.).

Table 1 shows the results of the model selection, and Table A6 gives the parameters of the
models shown in Table 1. Table 2 provides parameters derived from simple models for each
habitat and species to facilitate comparison with other snake studies.

The number of slabs checked (thereafter NSC) increased over time: we extended the slab
network (hence the surface prospected but not the density of slabs in the given place) and
augmented the number of surveys (Appendix, Fig. A2). The number of slabs checked during
surveys represented an integrative measure of searching area for each habitat category and for
each species. The change of NSC was known (= number of slabs lifted/habitat category/year)
and thus it was easy to factor out to scale abundance estimates to the area patrolled. Thus,
number of slabs, which is directly related to the surface prospected, was used as a post-hoc
correction, to weight the abundance estimation derived in MARK program. Practically we
divided annual estimates of snake abundance (Ny) by the NSC. Resulting values Nysc were
very low because no snake was captured below most slabs during a given survey. To
represent snake abundance more realistically (instead of fractions of individuals), we adjusted
Nisc (Adjusted Ny) using the ratio between mean N;and mean Nysc calculated between 1995
and 2021:

Adjusted N; = Nysc*(mean Nymean Nysc)

Each N; was randomly sampled from a log normal distribution with 10,000 iterations per

year (t) to obtain mean adjusted N and their 95% confidence intervals extracted from their

respective log normal distribution. This adjustment was equally applied to all categories and
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thus had no impact on the results; instead, it was explicitly designed to facilitate
interpretations. We used R 4.0.3 (R core team, 2020) and Rstudio 2022.12.0.353 to perform
iterations. In Closed-Closed and Open-Closed categories, 1995 and 1996 estimates were
based on small sample sizes and were imprecise (N =2) or unavailable (N = 6). Importantly,
snake abundance was estimated as a function of searching area and was limited to searching
sites which varied over time. Thus, the estimates provide relative values of abundance.
Indeed, most of the surface of the forest was not monitored and thus was not considered,
especially until 2002 before the strong increase of slab network. Estimating snake density
(snakes/ha, considering their home ranges) was out of scope of this study. To further assess
temporal trends, we also estimated population growth rates (L) over time in each habitat
category (Appendix, Section A2).

For H. viridiflavus we predicted lower survival values in the Closed-Closed category than
in the Open-Open category. In the Closed-Closed category, we expected a higher survival
value for the less thermophilic Z. longissimus than for H. viridiflavus. In the Open-Closed
category, we expected a negative trend in H. viridiflavus survival as the canopy closed, but no
trend in Z. longissimus. We expected no trend for temporary emigration in the Open-Open
and Closed-Closed categories for either species. However, we expected a positive temporal
trend in H. viridiflavus for temporary emigration (y'") in the Open-Closed category, with
snakes likely to be less and less present under slabs as the canopy closed over time. For the
Open-Closed category, we expected a negative trend in capture and recapture rates for H.
viridiflavus, but no trend for Z. longissimus.

Ethic statement

Non-invasive capture-recapture surveys were performed in accordance with French
regulations (permits and ethical approvals# DREAL/2021D/8647, 09/346/DEROG,

DBEC/004/2022, A79-001 and 79-157).
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Results

Forest management and habitat closing

Timber harvesting records. Logging was more intensive in Open-Closed parcels compared
with Closed-Closed parcels, especially from 1989 to 1992 (Appendix, Fig. A3; ANOVA with
the annual volume of wood extracted as the dependent variable and habitat type as the

independent variable; F; 13,=14.827, p <0.001). Logging was limited after 2000 and ceased

after 2003. Only one value was recorded in the Open-Open parcels, (113 m3.halin 1992).

Visual analyses of aerial images. Open habitats expanded from 1996 to 2000 (x> =56.892, 12
df, p <0,001; Figure 1b; Appendix, Table Al). This trend reversed from 2000 to 2020 with
continuous habitat closing (y>=610.21, 3 df, p <0,001). Two sub-networks belonged to the
Open-Open category, four to the Closed-Closed category, and six to the Open-Closed
category (Figure 1a). The forest was largely open in 2000 and was almost totally closed
twenty years later. Two small open enclaves and very few semi-open parcels persisted in

2020.

Photographs taken from the ground. Sky views revealed strong differences among habitats:
mean (SD) canopy closure (% of sky obscured) was respectively 4% (7), 87% (3.5) and 39%
(21) in the (O), (C) and (1) habitat types (ANOVA with canopy closure as the dependent

variable and habitat as a factor, F; 15=50.27, p < 0.001). These values matched the criteria
used to define habitats: canopy closure remained below 30% in open habitat and above 70%
in closed habitat (Appendix, Table A2). Photographs taken toward the ground revealed thick
herbaceous layers with abundant shrubs in open habitat (Appendix, Fig. A5). Closed habitat

was essentially characterized by forest litter. Intermediate habitat was characterised by a
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combination of herbaceous layer, various bush formations and sparse trees of various size.
Horizontally taken photographs showed similar kinds of surrounding vegetation but they
included further elements (Appendix, Fig. A5).

Overall, aerial categorization and ground assessment of habitat openness were congruent.
Open habitats offered abundant microhabitats, sunny spots and shelters to snakes; closed

habitats were essentially inhospitable.

Snake survey

Population monitoring. A total of 1,357 H. viridiflavus and 2,090 Z. longissimus were
marked; 424 H. viridiflavus and 588 Z. longissimus were recaptured at least once providing a
total of 1,258 and 1,598 recaptures respectively. The number of H. viridiflavus individuals
retained for the robust design matrix is respectively 404, 97 and 627 for Open-Open, Closed-
Closed and Open-Closed categories. The number of Z. longissimus individuals retained for
the robust design matrix is respectively 589, 394 and 798 for Open-Open, Closed-Closed and

Open-Closed categories.

Snake fidelity to study sites. Sixty H. viridiflavus (4% of marked individuals) were observed
in more than one searching site. Five individuals (0.4%) shifted among habitat categories.
The straight-line distance travelled between searching sites ranged from 100 m to 5,500 m (N
=47 individuals). Forty-one Z. longissimus (2% of marked individuals) were observed in
more than one searching site and none shifted among habitat categories. The straight-line

distance travelled between searching sites ranged from 100 m to 2,400 m (N = 30).

Model selection and snake abundance
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In the three habitat categories and for both snake species, global goodness-of-fit tests were
not significant (Appendix, Table A3). Test 3.SR GOF components were significant for Z.
longissimus and H. viridiflavus in Open-Open and Closed-Closed categories indicating
transience (H. viridiflavus, Open-Open: z=2.742, p =0.003; H. viridiflavus, Closed-Closed:
z=2.903, p <0.002; H. viridiflavus, Open-Closed: z =0.613, p =0.270; Z. longissimus,
Open-Open: z =3.647, p <0.001; Z. longissimus, Closed-Closed: z =2.479, p <0.007; Z.
longissimus, Open-Closed: z=4.936, p <0.0001; Appendix, Table A3). The best supported
models differed among habitat categories and snake species (Table 1).

In the Open-Open category and in both species, abundance fluctuated over years (i.e.
primary sessions) but declined during the study period (H. viridiflavus -51% and Z.
longissimus -31%, Figure 2). In 2005, a prolonged summer drought hampered recaptures in
Z. longissimus (the less thermophilic species), generating an imprecise estimate and excessive
SD. For Z. longissimus, survival rate remained constant in the transient group but increased in
the resident group (all subsequent Feonstant/trenartime t€Sts from ANODEV: respectively F =
5.560, p <0.007; slope Su (SE) =-0.0005 (0.020); slope S, (SE) =0.064 (0.019); Appendix,
Table A4). For H. viridiflavus, recapture probability and temporary emigration increased over
time (respectively, F =4.198, p =0.051, slope (SE) =0.041 (0.014); F=7.717, p <0.011,
slope (SE) =0.084 (0.039); Appendix, Table A4).

In the Closed-Closed category, H. viridiflavus abundance was below 10 on average and
lower than 3 after 2012 (Figure 2); capture probability decreased over time (F =8.401, p <
0.008; slope (SE) =-0.122 (0.037); Appendix, Table A4). Z. longissimus abundance was
higher (68 on average, Figure 2), capture and recapture probabilities increased over time (F =
4.952, p =0.035; slope (SE) =0.064 (0.019); Appendix, Table A4), and survival rate

remained constant in the transient group but increased in the resident group (respectively F =
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5.128, p <0.010; slope Sa (SE) =-0.126 (0.081); slope Sz (SE) = 0.110 (0.041); Appendix,
Table A4).

In the Open-Closed category and in both species, estimated abundances were elevated
during the first eight years of the study (>200 on average in both species) and then declined
sharply (71 for Z. longissimus and 39 for H. viridiflavus on average since 2003; Figure 2). A
steep drop in 2003 was partly due to the deployment of new searching networks (snakes need
time to familiarize themselves with new slabs). Disregarding this issue and focusing on the
last 15 years, a strong and continuous decline with accurate estimates (low SD) occurred in
H. viridiflavus. H. viridiflavus abundance remained below 25 after 2014 (Figure 2).
Temporary emigration decreased (F =21.465, p <0.001, slope (SE) =-29.842 (13.255);
Appendix, Table A4). For Z. longissimus, following the 2001-2003 drop, abundance
increased slightly and remained above 75 after 2014.

Overall, in both species and in the 3 habitat categories abundance declined over time
(Figure 2). Snakes became more difficult to find, especially H. viridiflavus in the Open-
Closed category (Figure 2; Appendix, Fig. A2). Population growth rates (A) reflect these
results: A fluctuated in Open-Open category and declined in the Closed-Closed and Open-

Closed categories, especially for H. viridiflavus (Appendix, Fig. A7).

Discussion

Increasing the surface and protection status of natural reserves is essential (Rodrigues et al.,
2004; Shafer, 2020), for example to safeguard large mammals (Ferreira et al., 2020).
However, SNR is not necessarily the best option to stem biodiversity loss. Some practices of
habitat management and exploitation of natural resources can be beneficial for many species;
it would be judicious to select protection status on a case-by-case and precisely assessed basis

(Elleason et al., 2021; Oldekop et al., 2016).
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Our results show that a cessation of logging in a SNR temperate forest amid an intensively
cultivated landscape entailed the rapid disappearance of open woodlands with negative
consequences on two species of snakes. Concurrent long-term monitoring of canopy cover
and of snake populations provides precise information to interpret the effect of past

management and to forecast possible consequences of forest closing.

Canopy closing

Aerial and ground images provided convergent results. Thick herbaceous layer and abundant
shrubs were dominant in open parcels but were almost totally absent in closed parcels.
Intermediate (semi-open) habitats contained a mosaic of microhabitats with dense shrub
formations and various trees. Hence, the categorisation based on aerial images provided a
suitable proxy of the availability of microhabitats that are essential to snakes in temperate
ecosystems (Bruton et al., 2016; Pringle etal., 2003; Blouin-Demers & Weatherhead, 2001).
During the first decade of the study (1995-2006), various habitats ranging from meadows
(O) to closed stands (C) were all well represented (Figure 1b). This situation resulted from
past logging regime, (O) parcels eventually covered 17% of the forest surface in 2000. Small
trees (<2m tall) were abundantin all open parcels in 2000. Between 2000 and 2007, due to
tree growth 20 parcels shifted from (O) to () status and 13 parcels from (1) to (C) status. SNR
status triggered the inevitable disappearance of open woodlands. In 2020, two small (O)
enclaves (<1% of the surface) plus eight (I) parcels remained while closed habitats (C)

covered more than 95% of the forest.

Snake decline and population fragmentation

Despite increasing searching effort, snakes became more difficult to find (raw numbers

declined over time, especially for H. viridiflavus). Accordingly, snake abundance estimated
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using robust design modelling adjusted to searching effort dropped drastically. Averaging
abundances on three periods to smooth inter-annual fluctuations illustrates the magnitude of
the decline: mean abundance shifted from 104 (SD 56) individuals (species and habitats
pooled) before logging cessation (1995-1999) to 65 (SD 27) during the following decade
(2000-2010) and to 42 (SD 12) during the next decade (2011-2021). This suggests a 60%
global decrease. This appraisal is minimal because most open and semi-open parcels (>600
ha in 2000) disappeared but were never sampled: our relative abundance estimates do not
account for the massive loss of most of the favourable habitats. Likely, forest closure
decreased most, albeit unsampled, snake populations.

In Open-Open and Closed-Closed categories habitats were relatively stable, nonetheless
snake abundance declined. This may be due to continuous tree growth; in many Closed-
Closed parcels canopy closure increased from 70% to 100% (pers. obs.). In large timber
parcels there is a lack of shelters that are essential to snakes (Bonnetetal., 2013). Eventually,
Closed-Closed parcels became excessively hostile (Figure 2) and the two Open-Open
enclaves fully isolated (Figure 1). Even partly arboreal Z. longissimus avoid high timber
zones in Poland forests (Kurek et al., 2018).

The most relevant pattern was observed in Open-Closed category where canopy closing
was rapid and strong (Figure 1). The decline of H. viridiflavus abundance was drastic (-88%
using the three periods mentioned above). Z. longissimus decline was less marked (-52%) and
followed an uneven trajectory with a slight increase since 2012 and an unexplained peak in
2016.

Transience detected in both species in the three habitat categories (except H. viridiflavus
in Open-Closed) suggests that a substantial proportion of the snakes were not resident,
possibly moving away from closing habitats. Continuous canopy growth increased

fragmentation, separating favourable albeit shrinking patchesand making long displacements
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risky. The very small proportion of snakes shifting among sub-networks of slabs supports this

hypothesis; successful dispersal events might be rare in a rapidly closing forest.

Alternative explanations for snake decline

Several alternative causes could hypothetically explain the decline we have observed, such as
predation, invasive species, disease, and climate change (Clark et al., 2011; Lorch et al.,
2016; Phillips et al., 2003; Pomara et al., 2014; Todd et al., 2010; Winton et al., 2020). In
temperate forests, wild boar outbreaks can have a dramatic impact on snakes (Graitson et al.,
2018), but boar populations were regulated in the SNR forest. We did not observe any sign of
illness or epizooty and to our knowledge no invasive species preying or competing with the
two snake species are present in the SNR. Changes in climatic conditions, such as rainfall,
can be ruled out as they cannot affect only certain habitat categories and not others given the
spatial extent of our study site. On the other hand, variations in the availability of prey may
be a determining factor. In fact, the closure of the canopy may have led to the disappearance
of microhabitats favourable to the prey of snakes (lizardsand small mammals). Interestingly,
an experiment performed in a zone initially devoid of snakes and adjacent to the south eastern
part of the forest showed that the creation of favourable habitats (0.9 hectare fitted with 9
artificial hedgerows in 2011) bolstered H. viridiflavus and Z. longissimus snake numbers: the
reptiles dispersed from the forest and rapidly colonized the experimental site (Lecq et al.,
2018). Habitat change is therefore the most plausible explanation for the strong snake
decline, especially in the forest parcels subjected to intense closing, concomitant to a

population rise in a contiguous newly created open bushy zone.

Shake species sensitivity to canopy closure
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If habitat closing mainly impacts the most thermophilic species, possible confounding effects
are less likely to play a role. H. viridiflavus and Z. longissimus occur in syntopy (often
captured under the sameslabs), they are philopatric, their diets largely overlap, and thus they
experience similar environmental conditions. The decline was stronger for the more
thermophilic racer (H. viridiflavus, 79% global decline) compared with the more thermo-
conforming slow moving species (Z. longissimus, 36% decline). H. viridiflavus select
elevated body temperatures (>25°C). Because of its higher preferred body temperature
compared to Z. longissimus, H. viridiflavus relies much more on open habitats to bask
(Lelievre et al., 2011, 2013). As expected, closed habitats were relatively favourable to Z.
longissimus but not to H. viridiflavus (Figure 2). Yet, habitat closing may reach a deleterious
limit for Z. longissimus over time. In the Closed-Closed category, the canopy closure tended
to be closer than 100% at the end of the study. This perhaps explainswhy the abundance in Z
longissimus became lower after 2015 (Figure 2).

The linear trends in temporary emigration parameters provides complementary insight
relative to the effect of canopy cover onslab use. In the Open-Open category, H. viridiflavus
were less and less observable following events of temporary emigration, contrary to our
prediction (Table 3, Appendix, Table A4). Open-Open category became strongly enclosed
with time and H. viridiflavus probably moved from the edge towards the core of these areas,
which is proportionally less equipped with slabs than the open area adjacent to the edge. H.
viridiflavus may have therefore remained more and more in the unobservable state (i. e.
increase of y"=y).

In the Open-Closed category, H. viridiflavus returned more often under slabs following
temporary emigration (Table 3 and A4), contrary to our prediction. No such trend was
detected on Z. longissimus according to our prediction. We suspect that the slabs became

more and more favorable for H. viridiflavus in the category Open-Closed as the habitat
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became less attractive: snakes relied more often on the slabs in this species. In Z. longissimus,
closure of habitat being less constraining than for H. viridiflavus, individuals did not tend to
return more often under slabs.

Finally, we have identified some limitations of the studies. First, we did not consider age
as a factor potentially affecting demographic parameters and how age-specific abundance
varied. This has prevented us to consider potentially sharp differences between naive
neonates and experienced snakes (i.e. aged one year or more). This perhaps explains why we
found similar survival estimates among habitat categories. Nevertheless, the generally similar
survival between the different habitat categories may mask survival differences of newborns
between each habitat category. Second, despite our efforts to describe population abundance
at a fine scale (i.e. woodland plot), a finer scale (i.e. microhabitat) could be more relevant to
characterize habitat changes within woodland plots, especially to better describe woodland
plot spatial heterogeneity. Third, the unequal surfacesamong the three habitat categories was
partly a limitation, although relative to snake’s home ranges other studies showed that snake
populations were viable in 1 ha (Lecq et al., 2018). Thus, even the smaller habitat category
(Open-Open) was large enough to reflect the pattern observed due to canopy closure.

Conclusion and recommendations

Two decades after the cessation of logging almost all open parcels were closed in this
temperate SNR forest. A canopy cover 5 m above ground was sufficient to inhibit the
development of herbaceous and bushy layers. Habitat closing was fast, occurring long before
climax (i.e. parcels with old >15 m timbers) (Dobbertin et al., 2013). Concomitantly, snake
abundance declined sharply. Overall, forest closing was detrimental to the populations of two
snake species, especially the most thermophilic, and likely to many other organisms that

depend on open habitats (Kopecky et al., 2013; Kosuli¢ et al., 2016; Sebek et al., 2015)
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In non-exploited temperate forests, the scarcity of disturbance factors (e.g., fires, grazing
by mega-herbivores) means that natural clearing is generally limited to small surfaces and
cannot provide enough open habitats needed for the maintenance of large snake populations.
In SNR forests, the combined lack of natural disturbance factors with the lack of management
is likely to create a very shady environment. Recent reviews suggest that forestry practices
such as coppice management are very efficient options to restore “the full range of
interconnecting growth stages” (Buckley, 2020) and the whole forest complexity which in
turn sustains the highest plant and animal biodiversity in European forests (Amori et al.,
2021; Buckley, 2020). Unfortunately, these practices are hampered by highly mechanized
wood industry that involves the promotion of continuous canopy cover and ephemeral open
areas with clear cut harvesting plus monospecific replanting. Mature forests that combine old
timbers and exploited semi-open woodlands are vanishing due to the intensification of
industrial forestry (Miklin & Cizek, 2014). In this general context, residual populations might
not be capable of adapting to climatic changes and to other threats.

A field experiment showed that limited management is efficient to bolster reptile
populations (Bonnetet al., 2016). Protected forests where limited management is permitted
may representa complementary option to create biodiversity sanctuaries. For example, in the
SNR forest of Chizé, maintaining 10% of the surface (approximately 250 ha) as open or
semi-open habitats through the selection of several interconnected parcels might be sufficient
to host large populations of heliophilous organisms, including the two studied species and
other reptiles. This implies a modification of the current status of the reserve: unchanged
SNR for 90% of the surface and shifting to conservation through active management for 10%
(category IV of the IUCN classification, Dudley 2008). A partial reassessment of the SNR
status of forests subjected to strong closing with regard to their species diversity and

functional ecological relationships would be a wise option (Shafer, 2020).

27



657

658

659

660

661

662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

Open Research statement: data are shared privately on Figshare using the active link:
https://figshare.com/s/0b3f9927eeb022b5ce57). Data will be publicly and permanently

archived if the paper is accepted for publication.

Funding. This research did not receive any specific grant from funding agencies in the public,

commercial, or not-for-profit sectors.

Supporting Information: additional supporting information may be found in the online

version of the article at the publisher’s website.

CRediT authorship contribution statement

Gopal Billy: Data curation, Formal analysis, Writing - original draft, Writing - review &
editing. Christophe Barbraud: Formal analysis, Supervision, Writing — review & editing,
Methodology. Magali Dahirel: Data curation, Formal analysis. Xavier Bonnet:
Conceptualization, Data curation, Supervision, Writing — original draft, Writing — review &

editing, Methodology, Formal analysis.

Declaration of competing interest

The authors declare that they have no known competing financial interests or personal

relationships that could have appeared to influence the work reported in this paper.

Data availability

Data will be publicly and permanently archived if the paper is accepted for publication

28



682

683

684

685

686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

Acknowledgments

We warmly thank G. Fosseries, J.M. Ballouard and the many students who contributed to
data collection. We would also like to thank L. Lorrain-Soligon and T. Schneider-Bruchon
for their help during analyses. We are grateful to the Office National des Foréts for
permission to work in the Chiz’e forest and to G. Naulleau who pioneered snake studies at
the Centre d’Etude Biologique de Chiz’e. We are grateful to two referees, Ross Goldingay

and Brian J. Halstead, who provided many valuable comments to improve the manuscript.

Author’s contributions. XB initiated and managed long-term snake surveys. XB and GB
conceived this study, collected and handled the data. GB, MD and XB performed habitat
analyses. GB and CB performed demographic analyses. GB and XB wrote the first draft. All

authors contributed to writing, editing and approved the final version.

Appendix A. Supplementary data
Supplementary data to this article can be found online at

https://doi.org/10.1016/j.jnc.2024.126683.

References

Amori, G., Mazzei, A., Storino, P., Urso, S., Luzzi, G., Aloise, G., Gangale, C., Uzunov, D., Luiselli,
L., Pizzolotto, R., & Brandmayr, P. (2021). Forest management and conservation of
faunal diversity in Italy: A review. Plant Biosystems, 1-26.

Anderson, D. R., & Burnham, K. P. (2002). Avoiding Pitfalls When Using Information-Theoretic
Methods. The Journal of Wildlife Management, 66(3), 912—918.

Arnold, T. W. (2010). Uninformative Parameters and Model Selection Using Akaike’s

Information Criterion. The Journal of Wildlife Management, 74(6), 1175-1178.

29


https://doi.org/10.1016/j.jnc.2024.126683

707

708

709

710

711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

Beaupre, S. J. (1995). Effects of Geographically Variable Thermal Environment on
Bioenergetics of Mottled Rock Rattlesnakes. Ecology, 76(5), 1655—1665.

Benayas, J., Martins, A., Nicolau, J., & Schulz, J. (2007). Abandonment of agricultural land: An
overview of drivers and consequences. CAB Reviews Perspectives in Agriculture
Veterinary Science Nutrition and Natural Resources, 2.

Blouin-Demers, G., & Weatherhead, P. J. (2001). An experimental test of the link between
foraging, habitat selection and thermoregulation in black rat snakes Elaphe obsoleta
obsoleta. Journal of Animal Ecology, 70(6), 1006—1013.

Bonnet, X., Fizesan, A., & Michel, C. L. (2013). Shelter availability, stress level and digestive
performance in the aspic viper. Journal of Experimental Biology, 216(5), 815—-822.

Bonnet, X., Lecq, S., Lassay, J. L., Ballouard, J. M., Barbraud, C., Souchet, J., Mullin, S. J., &
Provost, G. (2016). Forest management bolsters native snake populations in urban
parks. Biological Conservation, 193, 1-8.

Bonnet, X., & Naulleau, G. (1996). Catchability in snakes: Consequences for estimates of
breeding frequency. Canadian Journal of Zoology, 74(2), 233-239.

Bonnet, X., Naulleau, G., & Shine, R. (1999). The dangers of leaving home: Dispersal and
mortality in snakes. Biological Conservation, 89(1), 39-50.

Bruton, M. J., Maron, M., Franklin, C. E., & McAlpine, C. A. (2016). The relative importance of
habitat quality and landscape context for reptiles in regenerating landscapes.
Biological Conservation, 193, 37-47.

Buckley, P. (2020). Coppice restoration and conservation: A European perspective. Journal of
Forest Research, 25(3), 125-133.

Cantu-Salazar, L., & Gaston, K. J. (2010). Very Large Protected Areas and Their Contribution
to Terrestrial Biological Conservation. BioScience, 60(10), 808—818.

30



731

732

733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

Choquet, R., Lebreton, J.-D., Gimenez, O., Reboulet, A.-M., & Pradel, R. (2009). U-CARE:
Utilities for performing goodness of fit tests and manipulating CApture—REcapture
data. Ecography, 32(6), 1071-1074.

Choquet, R., Reboulet, A.-M., Lebreton, J.-D., Gimenez, O., & Pradel, R. (2005). U-CARE 2.2
user’s manual (Utilities-CApture-REcapture).

Clark, R. W., Marchand, M. N., Clifford, B. J., Stechert, R., & Stephens, S.(2011). Decline of an
isolated timber rattlesnake (Crotalus horridus) population: Interactions between
climate change, disease, and loss of genetic diversity. Biological Conservation, 144(2),
886—891.

Cox, N., Young, B. E., Bowles, P., Fernandez, M., Marin, J., Rapacciuolo, G., B6hm, M., Brooks,
T. M., Hedges, S. B., Hilton-Taylor, C., Hoffmann, M., Jenkins, R. K. B., Tognelli, M. F.,
Alexander, G. J., Allison, A., Ananjeva, N. B., Auliya, M., Avila, L. J., Chapple, D. G, ...
Xie, Y. (2022). A global reptile assessment highlights shared conservation needs of
tetrapods. Nature, 605(7909), Article 7909.

DeFries, R. S., Rudel, T., Uriarte, M., & Hansen, M. (2010). Deforestation driven by urban
population growth and agricultural trade in the twenty-first century. Nature
Geoscience, 3(3), 178-181.

Dobbertin, M., Neumann, M., & Schroeck, H.-W. (2013). Chapter 10—Tree Growth
Measurementsin Long-Term Forest Monitoring in Europe. In M. Ferretti & R. Fischer
(Eds.), Developments in Environmental Science (Vol. 12, pp. 183—204). Elsevier.

Doherty, T. S., Balouch, S., Bell, K., Burns, T. J., Feldman, A., Fist, C., Garvey, T. F., Jessop, T. S.,
Meiri, S., & Driscoll, D. A. (2020). Reptile responses to anthropogenic habitat
modification: A global meta-analysis. Global Ecology and Biogeography, 29(7), 1265—
1279.

31



755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

777

Dudley, N. (2008). Guidelines for applying protected area management categories. |[UCN.

Eggers, B., Matern, A., Drees, C., Eggers, J., Hardtle, W., & Assmann, T. (2010). Value of Semi-
Open Corridors for Simultaneously Connecting Open and Wooded Habitats: A Case
Study with Ground Beetles. Conservation Biology, 24(1), 256—266.

Elleason, M., Guan, Z., Deng, Y., Jiang, A., Goodale, E., & Mammides, C. (2021). Strictly
protected areas are not necessarily more effective than areas in which multiple human
uses are permitted. Ambio, 50(5), 1058—-1073.

Fauvel, T., Brischoux, F., Briand, M. J., & Bonnet, X. (2012). Do researchersimpact their study
populations? Assessing the effect of field procedures in a long term population
monitoring of sea kraits. Amphibia-Reptilia, 33(3—4), 365—372.

Felton, A., Lindbladh, M., Brunet, J., & Fritz, O. (2010). Replacing coniferous monocultures
with mixed-species production stands: An assessment of the potential benefits for
forest biodiversity in northern Europe. Forest Ecology and Management, 260(6), 939—
947.

Ferreira, G. B., Collen, B., Newbold, T., Oliveira, M. J. R., Pinheiro, M. S., de Pinho, F. F.,
Rowcliffe, M., & Carbone, C. (2020). Strict protected areas are essential for the
conservation of larger and threatened mammals in a priority region of the Brazilian
Cerrado. Biological Conservation, 251, 108762.

Ficko, A., Lidestav, G., Ni Dhubhain, A., Karppinen, H., Zivojinovic, I., & Westin, K. (2019).
European private forest owner typologies: A review of methods and use. Forest Policy
and Economics, 99, 21-31.

Foley, J., Defries, R., Asner, G., Barford, C., Bonan, G., Carpenter, S., Chapin Ill, F. S., Coe, M.,

Daily, G., Gibbs, H., Helkowski, J., Holloway, T., Howard, E., Kucharik, C., Monfreda, C.,

32



778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796

797

798

799

800

801

Patz, J., Prentice, |I., Ramankutty, N., & Snyder, P. (2005). Global Consequences of Land
Use. Science (New York, N.Y.), 309, 570-574.

Gaston, K. J.,Jackson, S. F., Nagy, A., Cantu-Salazar, L., & Johnson, M. (2008). Protected Areas
in Europe. Annals of the New York Academy of Sciences, 1134(1), 97—119.

Genovart, M., & Pradel, R. (2019). Transience effect in capture-recapture studies: The
importance of its biological meaning. PLOS ONE, 14(9), e0222241.

Graitson, E., Barbraud, C., & Bonnet, X. (2018). Catastrophic impact of wild boars: Insufficient
hunting pressure pushes snakes to the brink. Animal Conservation, 22(2), 165-176.

Grosbois, V., Gaillard, J.-M., Pradel, R., Barbraud, C., Clobert, J., Mgller, A., Weimerskirch, H.,
& Gimenez, 0. (2008). Assessing the impact of climate variation on survival in
vertebrate populations. Biological Reviews, 83(3), 357—399.

Hamfik, T., Gallé-Szpisjak, N., Batary, P., & Gallé, R. (2023). Effect of landscape structure
dependson habitat type in shaping spider communities of a natural mosaic of Eurasian
forest-steppe. Insect Conservation and Diversity, 16(4), 497-507.

Hanberry, B. B., Bragg, D. C., & Alexander, H. D. (2020). Openforest ecosystems: An excluded
state. Forest Ecology and Management, 472, 118256.

Holden, J., Grayson, R. P., Berdeni, D., Bird, S., Chapman, P. J., Edmondson, J. L., Firbank, L. G.,
Helgason, T., Hodson, M. E., Hunt, S. F. P, Jones, D. T., Lappage, M. G., Marshall-
Harries, E., Nelson, M., Prendergast-Miller, M., Shaw, H., Wade, R. N., & Leake, J. R.
(2019). The role of hedgerows in soil functioning within agricultural landscapes.
Agriculture, Ecosystems & Environment, 273, 1-12.

Jennings, S., Brown, N., & Sheil, D. (1999). Assessing forest canopies and understorey
illumination: Canopy closure, canopy cover and other measures. Forestry: An
International Journal of Forest Research, 72(1), 59-74.

33



802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

823

824

825

Karp, D. S., Rominger, A. J., Zook, J., Ranganathan, J., Ehrlich, P. R., & Daily, G. C. (2012).
Intensive agriculture erodes B-diversity at large scales. Ecology Letters, 15(9), 963—
970.

Kendall, W. L. (1999). Robustness of Closed Capture—Recapture Methodsto Violations of the
Closure Assumption. Ecology, 80(8), 2517—2525.

Kendall, W. L. (2023). Chapter 15 — The ‘robust design’. Program MARK: ‘A Gentle Introduction,
15-01.

Kendall, W. L., Nichols, J. D., & Hines, J. E. (1997). Estimating Temporary Emigration Using
Capture—Recapture Data with Pollock’s Robust Design. Ecology, 78(2), 563—578.
Kendall, W. L., & Pollock, K. H. (1992). The Robust Design in Capture-Recapture Studies: A
Review and Evaluation by Monte Carlo Simulation. In D. R. McCullough & R. H. Barrett

(Eds.), Wildlife 2001: Populations (pp. 31-43). Springer Netherlands.

Kendall, W. L., Pollock, K. H., & Brownie, C. (1995). A Likelihood-Based Approach to Capture-
Recapture Estimation of Demographic Parameters under the Robust Design.
Biometrics, 51(1), 293—308.

Kiani, M. (2020). Image Gravimetry: A New Remote Sensing Approach for Gravity Analysis in
Geophysics.

Kopecky, M., Hédl, R., & Szabd, P.(2013). Non-random extinctions dominate plant community
changes in abandoned coppices. Journal of Applied Ecology, 50(1), 79-87.

Koper, N., & Brooks, R. J. (1998). Population-size estimators and unequal catchability in
painted turtles. Canadian Journal of Zoology, 76(3), 458—465.

Kosuli¢, O., Michalko, R., & Hula, V. (2016). Impact of Canopy Openness on Spider
Communities: Implications for Conservation Management of Formerly Coppiced Oak
Forests. PLOS ONE, 11(2), e0148585.

34



826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

845

846

847

848

Kurek, K., Krél, W., Najberek, K., Cmiel, A. M., Solarz, W., Bury, S., Bas, G., Najbar, B., &
Okarma, H. (2018). Habitat use of the Aesculapian snake at different spatial scales.
The Journal of Wildlife Management, 82(8), 1746—1755.

Lecq, S., Loisel, A., Brischoux, F., Mullin, S. J., & Bonnet, X. (2017). Importance of ground
refugesfor the biodiversity in agricultural hedgerows. Ecological Indicators, 72, 615—
626.

Lecq, S., Loisel, A., Mullin, S. J., & Bonnet, X. (2018). Manipulating hedgerow quality:
Embankment size influences animal biodiversity in a peri-urban context. Urban
Forestry & Urban Greening, 35, 1-7.

Lelievre, H., Blouin-Demers, G., Bonnet, X., & Lourdais, O. (2010). Thermal benefits of artificial
shelters in snakes: A radiotelemetric study of two sympatric colubrids. Journal of
Thermal Biology, 35(7), 324—-331.

Lelievre, H., Blouin-Demers, G., Pinaud, D., Lisse, H., Bonnet, X., & Lourdais, O. (2011).
Contrasted thermal preferences translate into divergences in habitat use and realized
performance in two sympatric snakes. Journal of Zoology, 284(4), 265—275.

Leliévre, H., Legagneux, P., Blouin-Demers, G., Bonnet, X., & Lourdais, O.(2012). Trophic niche
overlap in two syntopic colubrid snakes (Hierophis viridiflavus and Zamenis
longissimus) with contrasted lifestyles. Amphibia-Reptilia, 33(1), 37-44.

Lelievre, H., Rivalan, P., Delmas, V., Ballouard, J.-M., Bonnet, X., Blouin-Demers, G., &
Lourdais, O. (2013). The thermoregulatory strategy of two sympatric colubrid snakes
affects their demography. Population Ecology, 55(4), 585—593.

Leroux, S. J. (2019). On the prevalence of uninformative parameters in statistical models

applying model selection in applied ecology. PLOS ONE, 14(2), e0206711.

35



849

850

851

852

853

854

855

856

857

858

859

860

861

862

863

864

865

866

867

868

869

870

871

872

Lewandowski, A. S., Noss, R. F., & Parsons, D. R. (2010). The Effectiveness of Surrogate Taxa
for the Representation of Biodiversity. Conservation Biology, 24(5), 1367-1377.

Lorch, J. M., Knowles, S., Lankton, J. S., Michell, K., Edwards, J. L., Kapfer, J. M., Staffen,R. A,,
Wild, E. R., Schmidt, K. Z., Ballmann, A. E., Blodgett, D., Farrell, T. M., Glorioso, B. M.,
Last, L. A., Price, S. J., Schuler, K. L., Smith, C. E., Wellehan, J. F. X., & Blehert, D. S.
(2016). Snake fungal disease: An emerging threat to wild snakes. Philosophical
Transactions of the Royal Society B: Biological Sciences, 371(1709), 20150457.

Mazerolle, M. J., Bailey, L. L., Kendall, W. L., Andrew Royle, J., Converse, S. J., & Nichols, J. D.
(2007). Making Great Leaps Forward: Accounting for Detectability in Herpetological
Field Studies. Journal of Herpetology, 41(4), 672—689.

Miklin, J., & Cizek, L. (2014). Erasing a European biodiversity hot-spot: Open woodlands,
veteran trees and mature forests succumb to forestry intensification, succession, and
logging in a UNESCO Biosphere Reserve. Journal for Nature Conservation, 22(1), 35—
41.

Montgomery, I., Caruso, T., & Reid, N. (2020). Hedgerows as Ecosystems: Service Delivery,
Management, and Restoration. AnnualReview of Ecology, Evolution, and Systematics,
51.

Niemel3, J., Young, J., Alard, D., Askasibar, M., Henle, K., Johnson, R., Kurttila, M., Larsson, T. -
B., Matouch, S., Nowicki, P., Paiva, R., Portoghesi, L., Smulders, R., Stevenson, A.,
Tartes, U., & Watt, A. (2005). Identifying, managing and monitoring conflicts between
forest biodiversity conservation and other human interests in Europe. Forest Policy
and Economics, 7(6), 877—890.

Oldekop, J. A., Holmes, G., Harris, W. E., & Evans, K. L. (2016). A global assessment of the social
and conservation outcomes of protected areas. Conservation Biology, 30(1), 133—141.

36



873

874

875

876

877

878

879

880

881

882

883

884

885

886

887

888

889

890

891

892

893

894

895

896

Paillet, Y., Bergés, L., Hjiltén, J., Odor, P., Avon, C., Bernhardt-Rémermann, M., Bijlsma, R.-J.,
De Bruyn, L., Fuhr, M., Grandin, U., Kanka, R., Lundin, L., Luque, S., Magura, T.,
Matesanz, S., Mészaros, |., Sebastia, M.-T., Schmidt, W., Standovar, T., ... Virtanen, R.
(2010). Biodiversity Differences between Managed and Unmanaged Forests: Meta-
Analysis of Species Richness in Europe. Conservation Biology, 24(1), 101-112.

Palmero-Iniesta, M., Pino, J., Pesquer, L., & Espelta, J. M. (2021). Recent forest area increase
in Europe: Expanding and regenerating forests differin their regional patterns, drivers
and productivity trends. European Journal of Forest Research, 140(4), 793—805.

Perlik, M., Kraus, D., BuBler, H., Neudam, L., Pietsch, S., Mergner, U., Seidel, D., Sebek, P., &
Thorn, S. (2023). Canopy openness as the main driver of aculeate Hymenoptera and
saproxylic beetle diversity following natural disturbances and salvage logging. Forest
Ecology and Management, 540, 121033.

Phillips, B. L., Brown, G. P., & Shine, R. (2003). Assessing the Potential Impact of Cane Toads
on Australian Snakes. Conservation Biology, 17(6), 1738-1747.

Pike, D. A., Webb, J. K., & Shine, R. (2011). Chainsawing for conservation: Ecologically
informed tree removal for habitat management. Ecological Management &
Restoration, 12(2), 110-118.

Pimm, S. L., Jenkins, C. N., Abell, R., Brooks, T. M., Gittleman, J. L., Joppa, L. N., Raven, P. H,,
Roberts, C. M., & Sexton, J. O. (2014). The biodiversity of species and their rates of
extinction, distribution, and protection. Science, 344(6187), 1246752.

Pollock, K. H. (1982). A Capture-Recapture Design Robust to Unequal Probability of Capture.
The Journal of Wildlife Management, 46(3), 752—757.

Pollock, K. H., Nichols, J.D., Brownie, C., & Hines, J. E.(1990). Statistical Inference for Capture -
Recapture Experiments. Wildlife Monographs, 107, 3-97.

37



897

898

899

900

901

902

903

904

905

906

907

908

909

910

911

912

913

914

915

916

917

918

919

920

Pomara, L. Y., LeDee, O. E., Martin, K. J., & Zuckerberg, B. (2014). Demographic consequences
of climate change and land cover help explain a history of extirpations and range
contraction in a declining snake species. Global Change Biology, 20(7), 2087—2099.

Pradel, R., Hines, J. E., Lebreton, J.-D., & Nichols, J. D. (1997). Capture-Recapture Survival
Models Taking Account of Transients. Biometrics, 53(1), 60.

Pringle, R. M., Webb, J. K., & Shine, R. (2003). Canopy structure, microclimate, and habitat
selection by a nocturnal snake, hoplocephalus bungaroides. Ecology, 84(10), 2668—
2679.

R core team. (2020). R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria. Http://Www. R-Project. Org/.
https://www.R-project.org/

Raven, P. H., & Wagner, D. L. (2021). Agricultural intensification and climate change are
rapidly decreasing insect biodiversity. Proceedings of the National Academy of
Sciences, 118(2), e2002548117.

Reading, C. J., Luiselli, L. M., Akani, G. C., Bonnet, X., Amori, G., Ballouard, J. M., Filippi, E.,
Naulleau, G., Pearson, D., & Rugiero, L. (2010). Are snake populations in widespread
decline? Biology Letters, 6(6), 777—-780.

Riviere, G., Arbogast, P., Maynard, K., & Joly, A. (2010). The essential ingredients leading to
the explosive growth stage of the European wind storm Lothar of Christmas 1999: The
Explosive Growth Stage of Storm Lothar. Quarterly Journal of the Royal Meteorological
Society, 136(648), 638—652.

Rodrigues, A. S. L., Andelman, S. J., Bakarr, M. I, Boitani, L., Brooks, T. M., Cowling, R. M.,
Fishpool, L. D.C., da Fonseca, G. A. B., Gaston, K. J., Hoffmann, M., Long, J. S., Marquet,
P. A, Pilgrim, J. D., Pressey, R. L., Schipper, J., Sechrest, W., Stuart, S. N., Underhill, L.

38



921

922

923

924

925

926

927

928

929

930

931

932

933

934

935

936

937

938

939

940

941

942

943

944

G., Waller, R. W., ... Yan, X. (2004). Effectiveness of the global protected area network
in representing species diversity. Nature, 428(6983), Article 6983.

Row, J. R., & Blouin-Demers, G. (2006). Thermal quality influences habitat selection at
multiple spatial scales in milksnakes. Ecoscience, 13(4), 443—450.

Sebek, P., Bace, R., Bartos, M., Benes, J., Chlumska, Z., Dolezal, J., Dvorsky, M., Kovar, J.,
Machac, O., Mikatova, B., Perlik, M., Platek, M., Polakova, S., Skorpik, M., Stejskal, R.,
Svoboda, M., Trnka, F., Vlasin, M., Zapletal, M., & Cizek, L. (2015). Does a minimal
intervention approach threaten the biodiversity of protected areas? A multi-taxa
short-term response to intervention in temperate oak-dominated forests. Forest
Ecology and Management, 358, 80—89.

Seber, G. A. F. (1982). The estimation of animal abundance: And related parameters / G.A.F.
Seber. (Second edition.). Griffin.

Shafer, C. L. (2020). Arguments forand against IUCN protected area management category VI
with a review of state versus community governance. Journalfor Nature Conservation,
53, 125697.

Tilman, D., May, R. M., Lehman, C. L., & Nowak, M. A. (1994). Habitat destruction and the
extinction debt. Nature, 371(6492), Article 6492.

Tinya, F., Kovacs, B., Bidlo, A., Dima, B., Kirdly, 1., Kutszegi, G., Lakatos, F., Mag, Z., Marialigeti,
S.,Nascimbene, J., Samu, F., Siller, 1.,Szél, G., & Odor, P. (2021). Environmental drivers
of forest biodiversity in temperate mixed forests — A multi-taxon approach. Science of
The Total Environment, 795, 148720.

Todd, B., Willson, J., & Gibbons, J. (2010). The Global Status of Reptiles and Causes of Their
Decline. In D. Sparling, G. Linder, C. Bishop, & S. Krest (Eds.), Ecotoxicology of
Amphibians and Reptiles, Second Edition (pp. 47-67). CRC Press.

39



945

946

947

948

949

950

951

952

953

954

955

956

957

958

959

960

961

962

963

%64

965

Vild, O., Rolecek, J., Hédl, R., Kopecky, M., & Utinek, D. (2013). Experimental restoration of
coppice-with-standards: Response of understorey vegetation from the conservation
perspective. Forest Ecology and Management, 310, 234-241.

Watson, J. E. M., Dudley, N., Segan, D. B., & Hockings, M. (2014). The performance and
potential of protected areas. Nature, 515(7525), Article 7525.

Watson, J. E. M., Evans, T., Venter, O., Williams, B., Tulloch, A., Stewart, C., Thompson, ., Ray,
J. C., Murray, K., Salazar, A., McAlpine, C., Potapov, P., Walston, J., Robinson, J. G.,
Painter, M., Wilkie, D., Filardi, C., Laurance, W. F., Houghton, R. A., ... Lindenmayer, D.
(2018). The exceptionalvalue of intact forest ecosystems. Nature Ecology & Evolution,
2(4), 599-610.

White, G. C., & Burnham, K. P. (1999). Program MARK: Survival estimation from populations
of marked animals. Bird Study, 46(sup1), S120-S139.

Williams, B. K., Nichols, J. D., & Conroy, M. J. (2002). Analysis and Management of Animal
Populations. Academic Press.

Winton, S. A., Bishop, C. A., & Larsen, K. W. (2020). When protected areas are not enough:
Low-traffic roads projected to cause a decline in a northern viper population.
Endangered Species Research, 41, 131-139.

Young, H. S., McCauley, D. J., Galetti M., & Dirzo, R. (2016). Patterns, Causes, and
Consequences of Anthropocene Defaunation. Annual Review of Ecology, Evolution,

and Systematics, 47(1), 333—358.

40



966 Table 1. Best supported Huggins Robust Design model derived from model selection

967 performed in the program MARK. Sp: snake species (H. viridiflavus: Hierophis viridiflavus;
968  Z. longissimus: Zamenis longissimus). S, apparent annual survival; y", temporary emigration;
969 v, temporary immigration; p, capture probability; c, recapture probability; al, first year after

970 initial capture; a2, >1 year after initial capture; t, year (primary session) effect; (.), no time

971  effect.
Sp Habitat category Best model
Open-Open  S(al,a2)y"(.)=y'(.)p(t)c(t)
H. viridiflavus  Closed-Closed  S(al,a2)y"(.)=y'(.)p(-)c(.)
Open-Closed SC)y"()y'(p()e(.)
Open-Open S(a1,a2)y"()=y'(.)p(t)c(t)
Z. longissimus ~ Closed-Closed  S(al,a2)y"(.)=y'(.)p(®)=c(
Open-Closed S(al,a2)y"(.)y'()p(.)e()
972
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Table 2. Estimation of parameters and SE derived from the constant Huggins Robust Design

model, SC)y"()y'()p()c(.) or S(al, a2)y"(.)y'(.)p(.)c(.). The modelling was performed in the

program MARK. Sp: snake species (H. viridiflavus: Hierophis viridiflavus; Z. longissimus:

Zamenis longissimus). Cat: habitat category. S, apparent annual survival; y", temporary

emigration; y', temporary immigration; p, capture probability per primary session; c,

recapture probability per primary session; al first year after initial capture; a2, >1 year after

initial capture; (.), no time effect.

Sp Cat S (SE) v’()(SE) () (SE) p()(SE) c() (SE)
H. Open-Open  Sal 0.485 0.467 0.534 0.702 0.363
viridiflavus (0.047) (0.057) (0.094) (0.042) (0.024)
Sa2 0.689
(0.028)
Closed- Sal 0.240 0.245 0.791 0.535 0.150
Closed (0.084) (0.194) (0.322) (0.119) (0.049)
Sa2 0.753
(0.119)
Open- S(.) 0.648 0.168 0.700 0.423 0.327
Closed (0.032) (0.084) (0.217) (0.046) (0.020)
Z. Open-Open  Sal 0.439 0.313 0.543 0.578 0.284
longissimus (0.040) (0.078) (0.134) (0.050) (0.020)
Sa2 0.671
(0.028)
Closed- Sal 0.472 0.131 0.557 0.261 0.361
Closed (0.076) (0.087) (0.279) (0.042) (0.029)
Sa2 0.766
(0.047)
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Open- Sal 0.501 0.211 0.587 0.433 0.244
Closed (0.038) (0.083)  (0.172)  (0.047)  (0.017)
Sa2 0.774

(0.026)
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Table 3. Temporal linear trends of temporary emigration parameters among categories and

species. Linear trend were tested by ANODEV test (see Material and methods, and Table A4

for more details). Movement is specified as either random y'(.)=y"'(.), or Markovian

vY'()=y"'(.). Sp: snake species (HV: Hierophis viridiflavus; ZL: Zamenis longissimus); Cat:

habitat category; y" trend, temporary emigration trend; y', temporary immigration trend; +

means positive trend; - means negative trend.

Sp Cat Random/Markovian y"trend  y trend Biological Possible
movement interpretation explanation
HV Open-Open random + + HV more & Open-Open
more Category
unobservable.  landlocked:
snakes tend
to move
inland, away
from the
edges of the
category
Closed- random No No trend
Closed trend
Open-Closed Markovian No - Unobservable  HVrely more
trend HV more and ofteninslabs
more because of
observable canopy
closure
ZL Open-Open random No No trend
trend
Closed- Random No No trend
Closed trend
Open-Closed Markovian No No trend
trend
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Figure captions

Figure 1.

(a) Spatial distribution of the three habitat categories in the Chizé SNR forest (left) and of
the twelve sub-networks of slabs used to monitor snakes (right). The three habitat categories
(O-0, Open-Open; C-C, Closed-Closed and O-C, Open-Closed) were assigned to each
geometric parcel retrospectively in 2020 (changes from 2000 to 2020). Open-Open stands for
the parcels that remained open (light grey); Closed-Closed for parcels that remained closed
(dark grey); Open-Closed for parcels subjected to strong closing (middle-grey). In the sub-
networks, a buffer area of 250malong each survey track was applied (the slabs, <1m?, are not
visible, sub-networks are numbered from 1 to 12).

(b). Canopy cover changes over time analyzed using aerial images from 1996 to 2020. Light
grey indicates open parcels (O), where canopy covers 0% to 30% of the surface; dark grey
closed parcels (C), where canopy covers 71% to 100% of the surface); middle grey indicates

semi open or intermediate habitats (I), where canopy covers 31% to 70% of the surface.

Figure 2.

Annual changes of snake abundance (SD) in each habitat category (O-O, Open-Open; C-C,
Closed-Closed and O-C, Open-Closed) for each snake species (H. viridiflavus and Z.
longissimus are respectively represented by white and black bars). The white vertical dashed
line indicates logging cessation in 2000. The black vertical dashed line indicates the

classification of the forest as strictly protected nature reserve (SNR).
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Figure Al. Habitat homogenization of the landscape around Chizé forest from 1950’s (top
photography, exactdate unknown)to 2021 (bottomphotography, Google Earth). Aerial images
include a small area of the western part of the forest (lower right corner in both pictures) and
surrounding agricultural landscape plus several roads and buildings. The dense network of
hedgerows (several are indicated with white arrows) and small fields initially present was

eliminated, replaced by large industrial homogeneous crops.
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Section Al. Habitat closing survey

Aerialview: aerial images were georeferenced (QGIS Development Team 2020). In each image
we considered that canopy cover was represented by tall crowned trees while open habitats
were represented by bushy and herbaceous covers. We distinguished three main types of
habitats in function of the surfacecovered by the canopy (%). Open (O): 0 to 30%; Intermediate
(): 31to 70%, and Closed (C): 71 to 100%. This categorization was straightforward in fully
closed or fully open parcels. However, visual estimation might be imprecise in parcels with
well-developed semi open habitats. Thus, in 2000 and 2020 the canopy cover of each parcel
was quantified using ImageJ software (Schneider etal., 2012). To automatically calculate the
canopy surface, B&W thresholds were applied. Threshold adjustment was performed by
targeting a group of tall trees with a houppier in crown (approximately 10 trees in six different
areas spread across the SNR). We set the threshold value once the tree crowns were precisely
captured. Threshold value was adjusted each year depending upon input images. In 2020,
gravimetric information provided a mean to assess the elevation of the vegetation above and
below the B&W threshold. We used a 4.5 ha zone characterized by a complex habitat, mixing
herbaceous layer, bushy areas, and trees (small and large). The discriminant value obtained
was of 3 m: a maximum vegetation height of 3 m defined open habitat, higher values defined
closed habitat. ImageJ automatically provided the surfacecovered by the canopy in each parcel,
subsequently labelled as (O), (1) or (C).

Automatized analyses led to slightly different results without impacting the categorization of

the parcels associated with the 12 searching sites: figure 1 b versus figure A4 below page 14).

Photos taken from the ground: in September 2022, we randomly selected several parcels in
each habitat category Open-Open, Closed-Closed and Open-Closed. From approximately the

middle of each parcel, we took 3 kinds of wide angle photographs (GoPro H9, shooting angle
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107°, N=76 pictures) with the camera held approximatively 1.75 m above the ground: a)
Toward the zenith to evaluate canopy closure (the proportion of the sky masked by vegetation
when viewed from a single pointat ground level; Jennings etal. 1999), b) Approximately 45°
toward the soil to evaluate ground vegetation cover, ¢) Horizontally to evaluate surrounding
vegetation. Canopy closure was analyzed using Gap Light Analyzer (N=21 photos pointing
toward the sky, Frazer etal. 1999). Photos pointing toward the soil or taken horizontally were
visually analyzed: the occurrence of a thick herbaceous layer, scrubs (e.g. blackthorns, Prunus
spinosa; brambles, Rubus fruticosus; dogroses, Rosa canina) andtrees was noted. Photographs
were taken in 2022, two years after the lastevaluations based on aerial views, closing level was

thus possibly slightly overestimated.
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Figure A2. A) Number of corrugated slabs used to monitor snakes that have been deployed in the
forest over time in each closing category (Open-Open [O-O]: light grey, Closed-Closed [C-C]: dark
grey and Open-Closed [O-C]: middle-grey). B) Total number of slabs deployed over time (left Y -axis,

open diamonds) and total number of surveys performed over time (right Y-axis, black diamonds). C)
Searching effort (SEF, number of slabs checked, left Y-axis, grey hexagons) from 1995 to 2021 versus

searching success per slab (proportion of successful slabs, i.e. with at least one snake observed,
right Y-axis, HV, Hierophis viridiflavus: open hexagons; ZL, Zamenis longissimus: black

hexagons).

52



1074

1075

1076

1077

1078

1079

1080

1081

1082

1083

1084

1085

1086

1087

1088

1089

1090

1091

1092

1093

1094

1095

1096

1097

1098

Section A2. Modelling details

Snakes are elusive animals and their activity level is strongly influenced by climatic conditions
(Mazerolle etal., 2007). These factors and other causes such assurvival, temporary emigration
or attractiveness for the capture slabs may generate strong time and spatial heterogeneity in
capture and recapture probabilities that may bias estimates (Kendall, 1999; Kendall etal., 1995,
1997; Koper & Brooks, 1998; Pollock, 1982; Pollock et al., 1990; Seber, 1982). Therefore, we
used a Huggins robustdesign with 27 primary sessions (i.e. years of study) and 5 to 8 secondary
sessions of 2 weeks each (depending on climatic conditions that determine the duration of the
active season).

We tested for possible effects of trap-response behavior and time-related variations on
capture (p) and recapture (c) probabilities. We also modelled temporary emigration (the
probability of an individual not being available for trapping during one or more primary
sampling periods), transience (the probability thata newly captured individual was just passing
through the study area, with a near-zero chance of returning to the study area and to be
recaptured during the study), and apparent survival (the probability of surviving from one
primary period to the next and of staying in the study area). The number of individuals not
captured was modelled for each primary period as time dependent or constant and added to the
number of individuals known to be in the population to provide an estimate of population size
(Ny). Capture and recapture probabilities were modelled on an annual scale, and were either
year dependent, p(t) and c(t), or constant p(.). We first attempted to estimate parameters for
each primary period and for each secondary period. Due to sample size limitation in the first
years of the study, several parameters were notestimated. To reduce this problem, all secondary
sessions belonging to a given primary period were set constant. We tested the effect of time

among primary sessions for recapture and capture parameters only, to further reduce

misestimation. Temporary emigration was modelled with two parameters: y'(.) was the
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probability that a snake was absent from the study area at time t if absentat time t-1, and y"’'(.)
was the probability that a snake was absent from the study area at time tif present at time t-1.
Temporary emigration was also modelled as either random y'(.)=y"’(.), or Markoviany’(.)=y"(.).

All these models were implemented in MARK program (White & Burnham, 1999) for each
species (Hierophis viridiflavus, Zamenis longissimus) and habitat category (Open-Open,
Closed-Closed, Open-Closed). We used an information theoretic approach to select the most
appropriate model for the data based on ecologically sound hypotheses and based on the small-
sample modification (AlCc) (Anderson & Burnham, 2002). In H. viridiflavus the sample size
used for the AICc (corresponding to the number of individuals retained for the robust design
matrix) is respectively 404, 97 and 627 for Open-Open, Closed-Closed and Open-Closed
categories. In Z. longissimus, the sample size used for the AlICc is respectively 589, 394 and
798 for Open-Open, Closed-Closed and Open-Closed categories. A model was preferred to a
concurrent model when the AICc of the model was lower than the AICc of the concurrent
model by at least two units. When the AlCc difference between two models was less than 2,
the difference in deviance (Adev) and the difference in number of parameters K multiplied by
two (A2K) were explored. If A2K < Adev, the model with the lower deviance was selected.
When A2K = Adev the most parsimonious model (i.e. which used fewer parameters) was
selected. Confidence intervals (95% CI) of parameters between models were also inspected. If
a time dependent parameter had similar Clamongprimary periods, then the constant parameter
(most parsimonious) was retained.

We assessed the fit of our initial model using program U-CARE (Choquet et al., 2009). For
this, individual sighting histories were pooled for all the secondary sampling periods keeping
only one sighting occasion per primary sampling period. Hence, we assessed the fit of the
Cormack-Jolly-Seber model corresponding to our dataset. TEST 3.SR provided a test for

transients (Choquetetal., 2005, 2009). Transients were defined as “individuals having a zero
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probability of local survival after their initial capture” (Genovart & Pradel, 2019). True
transients crossing through but not belonging to the study population should be distinguished
from individuals that die after a single reproductive bout or from individuals that die (or
emigrate) followingmarking (Genovart & Pradel, 2019). We excluded the two last possibilities
because Hierophisviridiflavus and Zamenis longissimus reproduce more than onceduring their
lifetime and our marking technique had no detectable effect on the survival of snakes (Fauvel
et al.,, 2012). Therefore, detecting significant transience will suggest that a substantial
proportion of marked individuals do not settle in the sub-network of slabs where they have
been marked. When transience was detected, it was explicitly modelled by considering 2
apparent age-classes for survival (Genovart & Pradel, 2019).

The starting model was S(.) y"'(.) ¥'(.) p(t) c(t) or S(al,a2) y"'(.) y'(.) p(t) c(t) in case of
transience, where (.) and (t) respectively represent an absence or the presence of time effect
among primary sessions. We modelled the effect of time on capture and recapture probabilities
and the type of temporary emigration, and used the best supported models to obtain annual
estimates of snake abundance (N;). We also sequentially tested if linear trends occurred on each
parameter issued from the best supported model. We built models where the demographic
parameter 6 was modelled as logit(6) = o + B xT, where o is an intercept parameter,  is a
slope parameter and T is a linear temporal trend. When 3 > 0 the parameter increases through
time, whereas it decreases when 3 < 0. We used ANODEYV to test for linear trends (Grosbois
et al., 2008). In case of a significant ANODEYV test, the slope confidence interval (CI) was
checked. If 0 belonged to the slope CI, we rejected the hypothesis of a trend even if the
ANODEYV test was significant. Linear trend was tested for each parameter and slope estimates
are reported on the logit scale (see Table A4.).

Finally, we used abundance estimates to calculate population growth rates (A) for each of

the six groups (2 snake species and 3 habitat categories). To facilitate interpretation of trends
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and to attenuate the effects of large inter-annual variations of N; on A estimates, we pooled the
yearsin seven time periods: 1995-1997; 1998-2001; 2002-2005, 2006-2009, 2010-2013, 2014-
2017,2018-2021. From these seven time periods i, six abundance estimates (A; to Ag) Were
calculated:
Ai = (Mean Adjusted N; of time period i) / (Mean Adjusted N, of time period i-1)

Since each adjusted N;was already linked to a log normal distribution, itwas possible to extract
the mean, the lower confidence interval (LCI) and the upper confidence interval (UCI) from
each resulting log normal distribution of A. Robust design matrix are shared privately on

Figshare using the active link: https://figshare.com/s/0b3f9927eeb022b5ce57)
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1208  Figure A3. Logging history from 1968 to 2004 in the Closed-Closed (C-C, black circles) and
1209  Open-Closed (O-C, grey circles) categories. The mean volume (SD) of wood extracted in each
1210  parcel was expressed in m3.hat (Y-axis). In late 1999 (vertical dashed line) two strong storms

1211 provoked the fall of more than 10,000 trees and the almost total cessation of logging.
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Table Al. Habitat specific areas (ha) fromvisual analyses using the QGIS software over time
(QGIS Development Team 2020). Canopy cover was evaluated qualitatively each year (see
text). Habitat types are classified in three group: Open (canopy covering 0% to 30% of parcel
surface); Closed (canopy covering 71% to 100% of a parcel surface); Intermediate (canopy

covering 31% to 70%).

Years Open Closed Intermediate
1996 336.46 2119.63 205.03
2000 461.17 1884.18 315.77
2007 230.12 2078.66 352.34
2011 111.56 2372.06 177.5
2020 27.96 2535.54 97.62
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Figure A4. Comparison of canopy cover (surface covered by a vertical projection of the
canopy, Jennings etal. 1999) quantified using ImageJ software in 2000 and 2020 (Schneider
etal., 2012). The same aerial images were used for visual quantification (see Figure 1b). Light
grey indicates open habitat type (O) where canopy covers 0% to 30% of the parcel surface;
dark grey indicates closed habitat type (C, canopy covers 71% to 100% of the surface); middle

grey indicates semi open or intermediate habitat (I, canopy covers 31% to 70% of the surface).
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1226  Table A2. Statistics describing the canopy closure rate (Canopy Openness, %) derived from
1227  the GLA software (Frazer et al., 1999). Pictures were taken toward the zenith (GoPro H9,
1228 shootingangle 107°, N =21 pictures) to evaluate canopy closure from several parcels randomly

1229  selected among each closing category (Open-Open, Closed-Closed and Open-Closed).

Category mean SD min  max

Open-Open 400 7.15 0.02 14.70
Closed-Closed 87.04 3.52 82.91 92.68

Open-Closed 39.03 20.72 233 77.34

1230
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Figure A5. Ground photographs of the three main types of habitats. First row: open habitat
(O), second row: closed habitat (C), third row: intermediate or semi-open habitat (I). First
column: photo taken toward the zenith to evaluate canopy closure, second column photo taken
45° toward the soil to assess ground vegetation, third column phototaken horizontally to assess

surrounding vegetation. Photos taken by the authors.
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Figure A6. Raw numbers of snakes found each year in each habitat category (O-O, Open-Open;
C-C, Closed-Closed; O-C, Open-Closed), from 1995 to 2021. Whip snakes (HV, Hierophis
viridiflavus) and Aesculapian snakes (ZL, Zamenis longissimus) are respectively represented
by white and black bars. Only one observation per individual is considered each year. The
white vertical dashed line indicates amilestone in the managementhistory of the forest. Timber
harvesting ceased almost totally in 2000 (see Figure A3) and canopy closure attained its lowest
level. The black vertical dashed line indicates the classification of the forestas strictly protected

nature reserve (SNR).
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1246  Table A3. Goodness-of-fit test (GOF) applied on each species and category. Sp: snake species

1247  (HV: Hierophis viridiflavus; ZL: Zamenis longissimus). Cat: habitat category.

Species  Cat GOF TEST 3.SR GOF (without TEST 3.SR)
(global)
HV Open-Open p=0.782 p=0.2137 p=0.945 »?=36.839 df=52
x2=67.127 x%=30.288
df=77 df=25
Closed-Closed p=0.949 p=0.190 p=1 »?=0 df=11
x%=8.721  x?=8.721 df=6
df=17
Open-Closed p=0.807 p=0.647 Not concerned
x2=64.265 x?=18.034
df=75 df=21
ZL Open-Open p=0.887 p=0.027 p>0.999 »2=21.505 df=51
7%=60.528 2%=39.024
df=75 df=24
Closed-Closed p=0.839 p=0.444 p=0.896 »2=23.259 df=33
27%=38.365 7%=15.106
df=48 df=15
Open-Closed p=0.379 p=0.002 p=0.982 »?=39.417 df=60
22=84.291 ¥2=44.874
df=81 df=21

1248
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1249

1250

1251

1252

1253

1254

1255

Table A4. Testing for linear temporal trends on parameters issued from the best supported Huggins Robust Design model (Best model). Slope
estimates are reported on the logit scale. Sp: snake species (HV: Hierophis viridiflavus; ZL: Zamenis longissimus). Cat: habitat category. Sign
means sign trend. Probability p was obtained using ANODEV. S, apparent annual survival; y", temporary emigration; y', temporary immigration;
p, capture probability; c, recapture probability; al first year after initial capture; a2, >1 year after initial capture; t, year (primary session) effect;

(), no time effect; TR, significant linear temporal trend; LCI, lower confidence interval; UCI, upper confidence interval; *, significant interaction.

Sp Cat Best model Sign p Slope LCI UCI

HV Open-Open S@@la2y"(TR=y(TR)p(Mc(TR) y"=y <0.011 0.084 0008  0.159

c 0.051 0.041 0.014 0.068

Closed-Closed  S(al,a2)y"()=y'()p(TR)c() p <0008 -0.122 -0.195 -0.049

Open-Closed  S(.)y"()y(TR)p(.)c() y 00001 -29.842 55821 -3.862

ZL Open-Open S(TR*_ala2y"()=y(p(c®) Sal <0.007 -0.0005 -0.040 0.039

Sa2 <0.007 0.064 0.027 0.100

Closed-Closed S(TR*_al,a2) p=c 0.035 0.064 0.026  0.103
Y'()=Y()p(TR)=c(TR)

Sal <0.010 -0.126 -0.285 0.033

Sa2 <0.010 0.110 0.030 0.189
Open-Closed  S(al,a2)y"()y'()p(.)c() No

trend
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1257

1258

1259

1260

1261

1262

Table A5. Huggins Robust Design model selection for each species and habitat category. In each case, the starting model is in italics, and the best
modelis in bold. In case of competitive models (A AICc <2) we have discarded the model with noninformative parameters (Arnold, 2010; Leroux,
2019) (see “Model selection and snake abundance” in the methods of the manuscript). Sp: snake species (HV: Hierophis viridiflavus; ZL: Zamenis
longissimus); Cat: habitat category; S: apparentannual survival; y": temporary emigration; y': temporary immigration; p: capture probability; c:
recapture probability; al: first year after initial capture; a2: >1 year after initial capture; t: year (primary session) effect; (.): no time effect; Par:

number of parameters.

Sp Category  Model AlCc Delta AICc  AICcWeights Par Deviance
HV  Open-Open  s(a1 a2)y"()=y'()p(c(® 4608192 0.000 0.529 57 2910435
S(ala2)y"()y()p(t)ct)y 4608537 0.345 0.445 58 2908431
S@1,a2)y"()y')p()e(t) 4615319 7.127 0.015 32 2974152
S@la2y"(yOpie() 4615912 7.720 0.011 32 2974744
S@ala2y"()=y(p()c() 4625238 17.046  0.000 573040927
S@ala2y"(y(Op()c() 4626808 18616  0.000 6 3040465
S(ala2)y"()y(p)=c(t) 4633826 25.634 0.000 31 2994840
S@aLla2y"(y(p()=c() 4652833 44.641 0.000 5 3068523
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Table A5. (Continued)

Sp Category Model AlCc Delta AICc AICcWeights Par Deviance
HV  Closed-Closed g(a1,a2)y"()=y'()p()c() 693-993 0.000 0.613 5  226.023
S@ala2y'(Oy(p()c() 695037 1044 0.364 6 224825
S@1,a2)y"()y'()p()=c() 702.239 8.246 0.010 5 234.269
S@la2)y'(yOpe() 41.976 47.983 0.000 327 7192.799

S@ala2y"(M) y(p()e() 745305 51313 0.000 31 200.151
S@ala2)yOy(Mp()c() 758819 64826  0.000 30 217585
S@al,a2y"()y(p@c) 881514 187521  0.000 58 171.246

HV Open-Closed SOY'OYOpt)e() 6894436 7.174 0.025 31 5379.796
S (IpC)e() 6895041 7.779 0.019 5 5434275

SOY"OYOROC® 6895722 8.460 0.013 31 5381082

SOY'O=Y'Op)e) 6896554 9.293 0.009 4 54373808

SCY" (Y Op()=c() 6897560 10.298 0.005 4 5438813

6897915 10.653 0.004 57 5326601

SCY" Oy Op®)e()
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Table A5. (Continued)

Sp Category Model AlCc Delta AICc AICcWeights Par Deviance
ZL Open-Open  s(ata2)y"()y()p(t)ct)y 5902887 0.000 0517 58 3706808
S@al,a2y"()=y'(p(c) 5903070 0.182 0.472 57 3709254
S@ala2y'OyOpie) 5910450 7.563 0.012 32 3771658
S@la2y'(y(p()e() 5921279 18391  0.000 6 3836666
S@la2)yOyOp(cty 5926140 23253 0.000 32 3787349
S@la2)y"(y(p=cty 5929480 26.593 0.000 31 3792829
S@aLa2y'(Oy(Op()=c() 5945710 42.823  0.000 5 3863122

ZL  ClosedClosed  5(a1,a2)y"()=y'()p(®)=c(t) 3559259 0.000 0.652 30 2135358
S(ala2y'()y(p)=c(ty 3560632 1372 0.329 31 2134502
S@la2y"(OyOp()ct) 3566364 7.104 0.019 32 2137998
S@al,a2)y"(OyOp(OC() 3574916 15.656 0.000 6 2202191
S@ala2y'()y(p()=c() 3581071 21812 0.000 5 2210388

3596569 37.310 0.000 58 2107124

S(al,a2)y"()y'()p(t)e(t)
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1266

1267

Table A5. (Continued)

Sp Category Model AlCc Delta AICc AICcWeights Par Deviance
ZL Closed-Closed g(a1a2)y"()y()p()c() 3599682 40.423 0.000 32 2171317
ZL Open-Closed  s(ata2)y"()y'()p()c() 8169661 0.000 0.495 6 7527509
S@aLla2y'(OyOpQc 8170211 0550 0.376 32 7474385
S@ala2y'()=y(p()e() 8172361 2700 0.128 5 7532229
S(ala2y'(yOp(t)=ct) 8185755 16.093 0.000 31 7492035
S@ala2y"()y(pltic() 8186220 16.558 0.000 32 7490393
S(ala2)y"()yOp(cr) 8186836 17.175 0.000 58 7434981

8188882 19.221 0.000 5 7548.750

S(al,a2)y"(yy'(Ip()=c()

70



1268 Table A6. Parameter estimates issued from the best supported Huggins Robust Design model (best model in Table A5). Sp: snake species (HV:
1269  Hierophis viridiflavus; ZL: Zamenis longissimus); Category: habitat category; S: apparent annual survival; y": temporary emigration; y': temporary
1270  immigration; p: capture probability per primary session; c: recapture probability per primary session; al: first year after initial capture; a2: >1 year

1271  after initial capture; (.): no time effect; SE: standard error; LCI: 95% lower confidence interval; UCI: 95% upper confidence interval.

Species Category Parameter Mean SE LClI ucl

HV Open-Open Sal 0.522 0.051 0.429 0.626
Sa2 0671 0.027 0.620 0.727

N0=10) 0.492 0.046 0.399 0578

p (1) 0.439 0.277 0.000 0.819

P (2) 0.401 0.196 0.000 0.711

P (3) 0.724 0.139 0.380 0.914

p (4) 0.625 0.178 0.189 0.870

p (5) 0.487 0.249 0.000 0.828

p (6) 0.426 0.269 0.000 0.805

p(7) 0.422 0.319 0.000 0.849

p (8) 0.507 0.264 0.000 0.856

p (9) 0.843 0.112 0.552 0.971

p (10) 0.450 0.261 0.000 0.808

p(11) 0.350 0.186 0.000 0.648

p (12) 0.745 0.143 0.384 0.931

P (13) 0.823 0.107 0.552 0.956

p (14) 0.678 0.130 0.366 0.867

p (15) 0.757 0.106 0.501 0.908

p (16) 0.772 0.079 0.587 0.894

1272 Table A6. (Continued)
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Species Category Parameter Mean SE LCI ucCl
HV Open-Open p (17) 0.885 0.093 0.637 0.985
p (18) 0.819 0.081 0.620 0.934
P (19) 0.787 0.148 0.405 0.962
p (20) 0.902 0.073 0.710 0.984
P (21) 0.826 0.105 0.562 0.957
p (22) 0.687 0.118 0.407 0.864
P (23) 0.185 0.105 0.000 0.375
P (24) 0.938 0.055 0.793 0.993
p (25) 0.580 0.267 0.000 0.909
P (26) 0.900 0.094 0.646 0.991
P (27) 0.698 0.166 0.284 0.915
c(1) 0.256 0.144 0.000 0.503
c(2) 0.241 0.190 0.000 0.560
c(3) 0.224 0.131 0.000 0.454
c(4) 0.484 0.184 0.053 0.763
c () 0.219 0.124 0.000 0.437
c (6) 0.247 0.198 0.000 0573
c(7) 0.245 0.198 0.000 0572
c(8) 0.375 0.135 0.077 0.603
c(9) 0.536 0.121 0.262 0.733
¢ (10) 0.200 0.154 0.000 0.464
c(11) 0.219 0.162 0.000 0.495
c(12) 0.284 0.119 0.026 0.493
c (13) 0.417 0.106 0.186 0.600
c (14) 0.629 0.091 0.426 0.780
¢ (15) 0.395 0.094 0.196 0.561
c (16) 0.448 0.089 0.255 0.605

Table A6. (Continued)
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Species Category Parameter Mean SE 95% LCI 95% UCI

HV Open-Open c(17) 0.177 0.087 0.000 0.335
c (18) 0.314 0.103 0.094 0.497

c (19) 0.385 0.122 0.121 0.594

¢ (20) 0.369 0.104 0.146 0.552

c(21) 0.328 0.096 0.124 0.500

¢ (22) 0.638 0.077 0.467 0.769

¢ (23) 0.391 0.177 0.000 0.673

c (24) 0.458 0.105 0.229 0.637

c (25) 0.737 0.104 0.491 0.892

c (26) 0.283 0.117 0.033 0.490

¢ (27) 0.326 0.117 0.074 0.530

HV Closed-Closed Sal 0.218 0.066 0.116 0.372
Sa2 0.705 0.081 0.527 0.837

YO=0) 0.136 0.345 0.001 0.980

p (1) 0.467 0.168 0.077 0.731

p(2) 0.369 0.141 0.059 0.609

P (3) 0.468 0.167 0.083 0.731

p (4) 0.509 0.177 0.093 0.777

p (5) 0.510 0.177 0.095 0.778

p (6) 0.421 0.155 0.075 0.675

p (7) 0.368 0.141 0.058 0.608

p (8) 0.468 0.167 0.079 0.731

P (9) 0.509 0.177 0.095 0.777

p (10) 0.510 0.176 0.097 0.777

p(11) 0.511 0.176 0.095 0.777

p (12) 0.468 0.167 0.081 0.731

p (13) 0.510 0.177 0.091 0.777

Table A6. (Continued)
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Species Category Parameter Mean SE 95% LCI 95% UCI
HV Closed-Closed p (14) 0510 0.175 0.100 0.775
p (15) 0.510 0.176 0.095 0.775
p (16) 0.509 0.177 0.091 0.776
p(17) 0.467 0.167 0.078 0.730
p (18) 0.469 0.166 0.086 0.733
P (19) 0.420 0.155 0.071 0.674
p (20) 0.468 0.167 0.085 0.731
p (21) 0.469 0.166 0.086 0.730
p (22) 0.468 0.167 0.079 0.730
P (23) 0.509 0.177 0.091 0.777
P (24) 0.509 0.177 0.093 0.777
p (25) 0421 0.155 0.070 0.674
P (26) 0.421 0.155 0.072 0.674
p (27) 0.509 0.177 0.091 0.776
c(1) 0.147 0.048 0.048 0.239
c(2) 0.108 0.036 0.035 0.177
c(3) 0.147 0.049 0.048 0.239
c(4) 0.166 0.054 0.056 0.267
c () 0.166 0.054 0.056 0.267
¢ (6) 0.128 0.042 0.042 0.209
c(7) 0.108 0.036 0.035 0.177
c(8) 0.147 0.048 0.049 0.238
c(9) 0.166 0.054 0.055 0.267
¢ (10) 0.166 0.054 0.058 0.267
c(11) 0.166 0.054 0.055 0.267
c(12) 0.147 0.048 0.048 0.238
c (13) 0.166 0.054 0.056 0.267

Table A6. (Continued)
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Species Category Parameter Mean SE 95% LCI 95% UCI

HV Closed-Closed c (14) 0.166 0.054 0.055 0.268
¢ (15) 0.166 0.054 0.056 0.267

c (16) 0.166 0.054 0.056 0.268

¢ (17) 0.147 0.048 0.050 0.239

c (18) 0.147 0.048 0.049 0.238

¢ (19) 0.128 0.042 0.043 0.208

¢ (20) 0.147 0.048 0.050 0.239

c(21) 0.147 0.048 0.049 0.238

c(22) 0.147 0.048 0.049 0.239

¢ (23) 0.166 0.054 0.056 0.268

c (24) 0.166 0.054 0.056 0.267

¢ (25) 0.128 0.043 0.042 0.209

c (26) 0.128 0.042 0.042 0.208

c (27) 0.166 0.054 0.055 0.267

HV Open-Closed 8) 0.648 0.032 0.582 0.708
Y'() 0.168 0.084 0.058 0.397

7() 0.700 0.217 0.235 0.947

p (1) 0.418 0.046 0.324 0.504

p(2) 0.321 0.038 0.244 0.393

P (3) 0.418 0.046 0.324 0.503

p (4) 0.461 0.048 0.361 0.550

p (5) 0.461 0.049 0.360 0.551

p (6) 0.371 0.042 0.285 0.451

p (7) 0.321 0.038 0.244 0.393

p (8) 0.418 0.046 0.324 0.503

P (9) 0.461 0.049 0.360 0.551

p (10) 0.461 0.049 0.361 0.550

Table A6. (Continued)
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Species Category Parameter Mean SE 95% LCI 95% UCI
HV Open-Closed p(11) 0.461 0.049 0.360 0.552
p(12) 0.418 0.046 0.324 0.503
P (13) 0.461 0.049 0.360 0551
p (14) 0.461 0.049 0.361 0.551
p (15) 0.461 0.049 0.361 0.551
p (16) 0.461 0.048 0.360 0.550
p (A7) 0.418 0.046 0.324 0.504
p (18) 0.418 0.046 0.324 0.503
p (19) 0.372 0.042 0.285 0.451
p (20) 0.418 0.046 0.324 0.503
p (21) 0.418 0.046 0.324 0.504
p (22) 0.418 0.046 0.324 0.504
P (23) 0.461 0.049 0.361 0.551
p (24) 0.461 0.049 0.359 0.551
P (25) 0.372 0.042 0.286 0.451
p (26) 0.372 0.043 0.285 0.452
p (27) 0.461 0.048 0.361 0.550
c(1) 0.322 0.020 0.282 0.361
c(2) 0.243 0.016 0.211 0.274
c(3) 0.322 0.020 0.282 0.361
c(4) 0.359 0.022 0.315 0.401
c(5) 0.359 0.022 0.315 0.401
¢ (6) 0.284 0.018 0.247 0.319
c(7) 0.243 0.016 0.211 0.274
c(8) 0.322 0.020 0.282 0.361
c(9) 0.359 0.022 0.315 0.401
¢ (10) 0.359 0.022 0.315 0.401

Table A6. (Continued)
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Species Category Parameter Mean SE 95% LCI 95% UCI
HV Open-Closed c(11) 0.359 0.022 0.315 0.401
c(12) 0.322 0.020 0.283 0.361
c (13) 0.359 0.022 0.315 0.401
c (14) 0.359 0.022 0.315 0.401
c (15) 0.359 0.022 0.315 0.400
c (16) 0.359 0.022 0.316 0.401
c(17) 0.322 0.020 0.282 0.361
c (18) 0.322 0.020 0.282 0.361
c (19) 0.284 0.018 0.247 0.319
¢ (20) 0.322 0.020 0.282 0.361
c(21) 0.322 0.020 0.282 0.361
¢ (22) 0.322 0.020 0.282 0.361
¢ (23) 0.359 0.022 0.316 0.401
c (24) 0.359 0.022 0.316 0.400
¢ (25) 0.284 0.018 0.247 0.319
¢ (26) 0.284 0.018 0.247 0.319
c (27) 0.359 0.022 0.315 0.401
ZL Open-Open Sal 0.438 0.038 0.367 0514
Sa2 0.655 0.026 0.605 0.707
YO0 0.382 0.054 0.271 0.479
p (1) 0.523 0.378 0.000 0.941
p(2) 0.526 0.247 0.000 0.860
p(3) 0.569 0.196 0.094 0.847
p4) 0.355 0.148 0.025 0.603
p(5) 0.676 0.122 0.388 0.859
p (6) 0.799 0.112 0517 0.944
p(7) 0.436 0.144 0.114 0.672

Table A6. (Continued)
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Species Category Parameter Mean SE 95% LCI 95% UCI
ZL Open-Open p(8) 0.448 0.134 0.150 0.670
p(9) 0.867 0.093 0.626 0.975
p (10) 0.730 0.109 0.470 0.889
p(11) 0.117 0.090 0.000 0.281
p (12) 0.581 0.164 0.192 0.823
p (13) 0.701 0.113 0.432 0.869
p (14) 0.681 0.090 0.475 0.826
p (15) 0.850 0.078 0.656 0.954
p (16) 0.617 0.152 0.255 0.839
p(17) 0.537 0.203 0.042 0.825
p (18) 0.223 0.118 0.000 0.433
p (19) 0.376 0.169 0.000 0.650
p (20) 0.902 0.079 0.695 0.988
p(21) 0.860 0.092 0.621 0.970
p (22) 0574 0.109 0.328 0.754
p (23) 0.520 0.130 0.225 0.730
p (24) 0.824 0.116 0.525 0.962
p (25) 0.672 0.139 0.335 0.872
p (26) 0.520 0.104 0.288 0.696
p (27) 0.825 0.067 0.665 0.925
c(l) 0.780 0.242 0.122 0.992
c(2) 0516 0.189 0.069 0.799
c(3) 0.506 0.166 0.122 0.765
c(4) 0531 0.132 0.227 0.744
c () 0.322 0.107 0.092 0511
¢ (6) 0.194 0.075 0.040 0.331
c(7) 0.330 0.149 0.000 0.581

Table A6. (Continued)
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Species Category Parameter Mean SE 95% LCI 95% UCI

ZL Open-Open c(®) 0.461 0.113 0.211 0.654
c(9) 0.415 0.098 0.203 0.586

¢ (10) 0.314 0.117 0.060 0519

c(11) 0.156 0.112 0.000 0.357

c(12) 0.312 0.128 0.032 0.533

¢ (13) 0.163 0.065 0.029 0.284

c (14) 0.440 0.094 0.237 0.604

¢ (15) 0.292 0.085 0.111 0.447

c (16) 0.460 0.121 0.191 0.662

¢ (17) 0.190 0.109 0.000 0.385

c (18) 0.239 0.139 0.000 0.479

¢ (19) 0512 0.217 0.000 0.820

¢ (20) 0.179 0.086 0.000 0.337

c(21) 0.373 0.089 0.182 0.532

¢ (22) 0516 0.090 0.322 0.671

¢ (23) 0.218 0.092 0.023 0.386

c (24) 0.307 0.080 0.140 0.453

¢ (25) 0.251 0.089 0.062 0.412

c (26) 0.347 0.106 0.119 0.533

¢ (27) 0.229 0.069 0.086 0.357

ZL Closed-Closed Sal 0.410 0.059 0.307 0.530
Sa? 0.743 0.035 0.677 0.813

Y'O=v() 0.237 0.104 0.036 0.429

p(1)=c(1) 0.799 0.500 0.000 1.000

P(2)=c(2) 0.458 0.363 0.000 0.894

P(3)=c(3) 0.594 0.213 0.067 0.881

p(4)=c(4) 0.321 0.178 0.000 0.612

Table A6. (Continued)
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Species Category Parameter Mean SE 95% LCI 95% UCI
ZL Closed-Closed p(5)=c(5) 0.234 0.199 0.000 0.560
p(6)=c(6) 0.455 0.172 0.058 0.725
p(7)=c(7) 0.292 0.290 0.000 0.716
p(8)=c(8) 0.434 1.670 0.000 1.000
P(9)=c(9) 0.405 0.374 0.000 0.860
p(10)=c(10) 0.319 0.244 0.000 0.690
p(11)=c(11) 0.275 0.158 0.000 0.542
P(12)=c(12) 0.261 0.125 0.000 0.479
p(13)=c(13) 0.243 0.126 0.000 0.463
p(14)=c(14) 0.373 0.093 0.174 0.538
p(15)=c(15) 0.241 0.101 0.029 0.422
p(16)=c(16) 0.293 0.109 0.059 0.485
P(17)=c(17) 0.143 0.090 0.000 0.307
p(18)=c(18) 0.155 0.096 0.000 0.330
P(19)=c(19) 0.212 0.108 0.000 0.404
P(20)=c(20) 0.196 0.085 0.018 0.353
p(21)=c(21) 0.499 0.085 0.316 0.648
p(22)=c(22) 0.580 0.058 0.456 0.684
P(23)=c(23) 0.434 0.068 0.290 0.559
p(24)=c(24) 0.364 0.064 0.231 0.482
P(25)=c(25) 0.320 0.065 0.186 0.439
p(26)=c(26) 0.336 0.069 0.190 0.462
p(27)=c(27) 0.462 0.072 0.310 0.591
ZL Open-Closed Sal 0.501 0.038 0.429 0.578
Sa? 0.774 0.026 0.724 0.830
Y'() 0.211 0.083 0.048 0.367
v() 0.587 0.172 0.216 0.923

Table A6. (Continued)
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Species Category Parameter Mean SE 95% LCI 95% UCI
ZL Open-Closed p (1) 0.320 0.038 0.243 0.392
p(2) 0.370 0.042 0.284 0.448
p(3) 0.370 0.042 0.284 0.449
p4) 0.459 0.048 0.359 0.548
p () 0.416 0.046 0.322 0.501
p (6) 0.416 0.046 0.323 0.501
p(7) 0.416 0.046 0.322 0.500
p(8) 0.416 0.046 0.321 0.501
p(9) 0.459 0.048 0.359 0.548
p (10) 0.459 0.049 0.359 0.548
p (11) 0.459 0.048 0.360 0.548
p (12) 0.416 0.046 0.323 0.501
p (13) 0.459 0.048 0.359 0.549
p (14) 0.459 0.048 0.358 0.548
p (15) 0.459 0.048 0.359 0.548
p (16) 0.459 0.048 0.359 0.548
p(17) 0.459 0.048 0.359 0.548
p (18) 0.459 0.049 0.359 0.549
p (19) 0.416 0.046 0.323 0.501
p (20) 0.370 0.042 0.283 0.450
p(21) 0.459 0.048 0.359 0.548
p (22) 0.416 0.046 0.322 0.501
p (23) 0.459 0.049 0.359 0.549
p (24) 0.459 0.048 0.359 0.549
p (25) 0.459 0.048 0.358 0.548
p (26) 0.459 0.048 0.359 0.549
p (27) 0.459 0.048 0.359 0.549

Table A6. (Continued)
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Species Category Parameter Mean SE 95% LCI 95% UCI
ZL Open-Closed c(1) 0.173 0.013 0.147 0.197
c(2) 0.203 0.015 0.174 0.232
c(3) 0.203 0.015 0.174 0.232
c(4) 0.261 0.018 0.225 0.297
c () 0.233 0.017 0.200 0.265
c (6) 0.233 0.017 0.200 0.265
c(7) 0.233 0.017 0.200 0.265
c(®) 0.233 0.017 0.200 0.265
c(9) 0.261 0.018 0.225 0.297
¢ (10) 0.261 0.018 0.225 0.297
c(11) 0.261 0.018 0.225 0.296
c(12) 0.233 0.017 0.200 0.265
¢ (13) 0.261 0.018 0.225 0.297
c (14) 0.261 0.018 0.225 0.297
¢ (15) 0.261 0.018 0.225 0.297
c (16) 0.261 0.018 0.225 0.297
¢ (17) 0.261 0.018 0.225 0.297
c (18) 0.261 0.018 0.225 0.296
¢ (19) 0.233 0.017 0.200 0.265
¢ (20) 0.203 0.015 0.174 0.232
c(21) 0.261 0.018 0.225 0.297
¢ (22) 0.233 0.017 0.200 0.265
¢ (23) 0.261 0.018 0.225 0.297
c (24) 0.261 0.018 0.225 0.297
¢ (25) 0.261 0.018 0.225 0.297
¢ (26) 0.261 0.018 0.225 0.297
c(27) 0.261 0.018 0.225 0.297
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Figure A7. Changes in population growth rates (Lambda, A with lower and upper confidence
intervals) in each habitat category (O-O, Open-Open; C-C, Closed-Closed; O-C, Open-
Closed), and for each snake species (HV, Hierophis viridiflavus and ZL, Zamenis longissimus
respectively represented by white and black circles). To attenuate the effects of large inter-
annual variations, A were calculated using seven time periods: 1) from 1995-1997 to 1998-
2001; 2) from 1998-2001 to 2002-2005, 3) from 2002-2005 to 2006-2009, 4) from 2006-2009
t0 2010-2013, 5) from 2010-2013 to 2014-2017, 6) from 2014-2017 to 2018-2021. The dashed

line indicates stable population (A =1).
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