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\Résumé

Les menaces résultantes des activités humaindessonilieux forestiers vont toujours
croissantes, et cela en dépit de la valeur ineblende ces ecosystemes en terme de services
socio-économiques et de diversité biologique. Aelite actuelle, la compréhension des
mécanismes a travers lesquels l'urbanisation etpldgtation forestiere affectent la
biodiversité forestiere apparait donc comme unwegjeicial pour concevoir des plans de
gestion. Dans ce contexte, I'étude des populatidlasnphibiens, du fait de la grande
sensibilité de ces espéces face aux changemestsanant dans leur milieu de vie, peut
s'avérer étre un outil précieux pour mieux cerrex telations existantes entre espéces et
environnement. C’est pourquoi nous avons investijaé effets de 16 variables
environnementales, allant des caractéristiquepldes d’eau jusqu’aux facteurs paysagers en
passant par des parametres propres a la gestiestifwe, sur I'abondance et la richesse
spécifiqgue d'une communauté de batraciens. La mestude a été réalisée sur 46 sites de
reproduction a amphibiens localisés dans une foééurbaine du Plateau Suisse, chacun
d’entre eux ayant été visités a trois reprisesauscde la saison de reproduction. En premier
lieu, nous avons utilisé la techniqgue des modétesligtribution d’espéces en réalisant une
analyse classique de type GLMs afin d'identifies lgrincipaux paramétres affectant la
distribution spatiale des amphibiens. Dans un sgé@emps, nous avons appliqué aux especes
menacees et qui sont par ailleurs souvent caraée&ipar une faible probabilité de détection
une analyse qui, basée sur le principe sélectianatieles, nous a permis de tenir compte du
risque de fausses-absences. L'analyse au moyerGUes a révélé que les populations
d’amphibiens étudiées étaient principalement imfbéms par la taille des sites de
reproduction ainsi que la présence d'une arrivégaw’d’'une part, et par la connectivite,
I'altitude, la proportion d’aire forestiere et l&glu peuplement d’autre part. Ces points ont
été corroborés par I'analyse prenant en comptesiecthbilité qui a en outre permis de les
affiner en identifiant certains prédicteurs additiels influencant plus spécifiquement la
distribution des espéces auxquelles cette analysi appliquée. Ce résultat met donc en
évidence la contribution complémentaire des analyde détectabilité par rapport aux
méthodes classiques de distribution d’especes. Gmiatitue une information de grande
valeur dans le contexte actuel de déclin de la ibéosité et nous ne pouvons donc
gu’encourager ['utilisation de cette méthode afenaibler plus efficacement les mesures de
conservation en faveur des especes cryptiques ooagées. Finalement, nous avons

démontré que les principaux parametres affectadistaibution des amphibiens proviennent
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pour certains des caractéristiques propres aus gl@au, pour d'autres de celles propres a la
gestion sylvicole et pour d’autres enfin de celgspres au paysage. Cela souligne donc
'importance de considérer ces trois différentesefies dans le cadre des plans de gestion
forestiers. En conséquence, nous encourageondetgestionnaires forestiers premiérement
a protéger et restaurer les sites de reproductlmatraciens présentant une surface suffisante,
une alimentation en eau courante ainsi qu’une banteeconnectivité, et deuxiemement a

favoriser les peuplements forestiers montrant woeession naturelle. En effet, nous avons
pu démontrer au cours de cette étude que la priseompte de ces parametres devrait

grandement bénéficier aux communautés d’amphibiens.

\Mots-clés

hY

Habitats terrestres, sites de reproduction a anmgisb modéles de distribution d’espéces,

modeles d’occupation de sitégssotriton helveticus, Salamandra salamandra.
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Amphibian distribution in forested landscape
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\Abstract

Forested areas are increasingly threatened by muawivities despite their
inestimable value in terms of socio-economic fuotdi and above all biological diversity.
Understanding how urbanisation and forestry prastiaffect biodiversity spatial patterns in
forest ecosystem is therefore crucial to deviseiatde conservation plans. In this context,
amphibians provide a useful tool to study specresrenment relationships, as a result of
their high sensitivity to environmental changesergfore, we investigated the effect of 16
environmental variables ranging from within-ponéiccteristics to landscape scale factors as
well as forest management parameters on the aboadand species richness of pond
breeding amphibians. Monitoring survey, which imgd three visits per site during one
breeding season, was realised on 46 ponds locageduburban forested landscape of Central
Plateau in Western Switzerland. First, we usedstdab GLM techniques (i.e. species
distribution modelling) in order to identify the madrivers of amphibian distribution. And
subsequently, we realised a model selection basatysas accounting for risk of false-
absence (i.e. site-occupancy modelling) for threadespecies which moreover are often
characterised by a low detectability. Species ithstion models reveal that amphibian
populations were mostly influenced by the pond sind the presence of a water supply,
along with connectivity, elevation, forest covedatand age. These results are corroborated
by the site-occupancy analysis which highlights anmore species-specific way some
additional environmental predictors. Hence, ourdifigs underscore the complementary
contribution provided by site-occupancy modellingctassical species distribution models in
the case of rare species. This information if ofagrconcern in the current context of
biodiversity crisis and we thus strongly encourttgeuse of site-occupancy models in order
to powerfully target conservation measures for ttcypnd endangered species. In conclusion,
we provide evidence that different environmentaialdes acting at all pond, landscape and
forest management levels affect amphibian distdoutwhich emphasize the importance of
considering all those different aspects in foreahagement programs. Finally, we encourage
forest managers first to protect and restore wahected ponds presenting sufficient surface
areas as well as running water supplies, and setcofayor uneven-aged stands with natural
dynamic as we demonstrated that considering thesanpeters will greatly benefit to

amphibian communities.
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Lissotriton helveticus, Salamandra salamandra.
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\Introduction

Forested areas currently cover about 27% of lamthee around the Earth (Larsson,
2011) and are of crucial importance for biodiversit hosting more than 80% of world
terrestrial species (Achard et al., 2009). Furtlteeanforests perform a wide range of socio-
economic and ecosystem functions: they providerakatesource products, play a protective
role against destructive natural events, servefgulation recreational purposes and above
all are essential to biogeochemical cycles achievgnclimate regulation and atmosphere
quality control (Fuhrer, 2000). In Europe, desphes state of knowledge, threats to forest
biodiversity are continuously increasing, largelyedto human activity (Bengtsson et al.,
2000). Indeed, urbanisation (Hamer and McDonn€l)8 and forestry practices (Hansen et
al., 1991) have been identified as key threatepirmgesses for this rich ecosystem, mainly
through the disturbances, the loss of suitabletatsband the landscape fragmentation they
provoke (Herrmann et al., 2005). Hence, becaus#lgtprotected forests won't be sufficient
to conserve biological richness (Demaynadier andtéhy 1995), the most relevant challenge
at the moment consist in finding a right balanceveen human induced pressure on forested
areas and forest biodiversity preservation (McNeEdp4).

In this respect, forest amphibians constitute @ilpged taxon to obtain a better
understanding of the mechanisms through which huamwivity negatively impact forest
ecosystems. Indeed, amphibians are highly sensdivgost environmental changes occurring
in their natural habitats, essentially as a resutheir limited dispersal ability, their reduced
home range, their dependence to both aquatic amdsteal habitats and their high
vulnerability to road traffic, pathogens, invasispecies, pollutions and climate changes
(Cushman, 2006). Moreover, in forest as well adamet ecosystems amphibian populations
frequently represent a considerable proportionesfebrate biomass and are in addition a key
component of food webs in being important prey @nedator species (Demaynadier and
Hunter, 1995; Hamer and McDonnell, 2008). Thesesclamations make amphibian species
valuable bioindicators in forested landscape (Ssntliet al., 2009) and highlight the benefit
derived by a large guild of species from attenpaid to this taxon.

Thus, and even if amphibians have received lagsest in the past than some other
groups such as birds or mammals (Russell et &4)2@umerous studies already investigated
the main drivers of forest amphibian distributioattprns (for a review: Demaynadier and
Hunter, 1995). To date, these researches investighe influence of environmental variables

on forest amphibian populations mainly in relattorthree different axes: pond scale, forest



139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172

management scale and landscape scale. At the puel] factors known to affect amphibian
species richness and abundance include: (1) thepgaadlosure, which can induce pond
hypoxia both in increasing leaf litter decompositiMcCormick and Laing, 2003) and in
reducing in situ photosynthesis through limitatafnincoming light (Colburn, 2004), (2) the
aguatic vegetation, which provides oviposition sitshelters for larvae and adults and
contributes to tadpole diet (Hamer and McDonnélD& Smallbone et al., 2011), and (3) the
pond morphology, which is related to microhabita&edsity and invertebrate-prey availability
(Hamer and McDonnell, 2008; Smallbone et al., 201A) forest management scale,
important variables for amphibian distribution came: (1) the amount of coarse woody
debris, which favour a high humidity level (Moseletyal., 2004) and provide overwintering
refuges as well as feeding substrates (DemaynadigHunter, 1998; Waldick et al., 1999;
Owens et al., 2008), (2) the coniferous rate, wiaitbcts soil microclimate (Bury, 1983) and
acidity (Augusto et al., 2002) along with leafdittquality (Waldick et al., 1999) and coarse
woody debris quantity (Fleming and Freedman, 19@B)the stand age, which is related to
quality and quantity of microhabitat elements sashcanopy cover, soil moisture and litter
type and depth (Spies and Cline, 1988; Hansen,et391; Demaynadier and Hunter, 1995),
and (4) the exploitation intensity, which decreasas$ arthropods diversity and abundance as
well as microhabitat and coarse woody debris abiifa Finally, at landscape scale,
parameters shown to impact amphibian populatiodsidie: (1) the pond connectivity, which
is expected to be of crucial importance for spedesh as amphibians whose dynamic
resembles metapopulation models (Marsh and TrenB@1,), (2) the stream density, which
participates to pond connectivity and is in additessociated with soil humidity (Wyman,
1988), and (3) the forest cover, which enhancesl mmmnectivity and favours moisture as
well as shade at ground level (Cushman, 2006).

But despite this abundant literature, there isk laé studies investigating the
conjugated effects of within-pond variables, foresinagement parameters and landscape
factors at the same time (but see Hamer and McDipr20®8; Lemckert and Mahony, 2010;
Hamer and Parris, 2011). Therefore, with the presemvey we aim at improving our
understanding of issues related to amphibian ceasen in forested landscape. We thus
investigated how 16 different environmental vamgblresulting from either pond, forest
management, or landscape scales affect both speci@sess and abundance of forest
amphibians. Additionally, we integrated a detedigbiaspect into our analysis as it was
demonstrated by several studies (Moilanen, 2002;afa Swihart, 2004; Mazerolle et al.,

2005) that not accounting for probability of detestcan lead to erroneous conclusions
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concerning relationships linking species distribntio environmental factors. Consequently,
in studying amphibian species-environment relatigss in forested landscape, we intend to
better target conservation measures favourablemphédian communities, and to provide

clear guidance to forest managers and stakeholders.
\Methods

Study area

The study area is located in the Western Switrdrian the Central Plateau to the
North of Lausanne (46.58°N/6.68°E), an area withram® soil and semi-continental climate
(Bouét, 1985; Steinlin et al., 1993). It covers @b@0 knf separated into three patches of
dense mixed forest with elevation ranging from 5d®30 m.a.s.l. (Figure 1). This forested
area is mainly composed of two different landscagees: Galio-Fagenion at the lowest
elevations and.onicero-Fagenion at higher altitudes (for phytosociological cartagny of
the study area: Clot et al. 1994, for landscapelbgy: Delarze and Gonseth 2008). Human
influence has been for long important in the whudet of the study area through forestry due
to high wood needs for heating, construction, fpansand industry. The $9century as well
as the first part of the 20century were particularly marked by the conversiématural
forests into conifer plantations (principalBycea abies) as well as clear-cutting resulting in
the formation of even-aged stands dominated byralegr number of different tree species.
In addition, swamps and marshy grasslands werenettaBnd devoted to afforestation
(Steinlin et al., 1993). However, since 1950, foresanagement is oriented in a more
ecological way, favouring natural regeneration, sthieading progressively to the
establishment of uneven-aged and varied standtherate eighties, Forest services have
likewise launched a program of conservation andoragon of forest wetlands which
represent to date about 5% of forested landscageeistudy area (Induni-Gaffiot and Moret,
2000).

Amphibian survey

Except two ponds with surface superior to 5060amd which were stocked with fish,
all amphibian breeding ponds of the study area knbwthe Forest Services were surveyed
(n=46). Each of them was visited three times betwtbe 14' March and the 1%June 2011.
Visits occurred during the first part of the nigirtd consisted in call and light survey looking

for adults, larvae and clutches. Moreover, thet farsd third visits included the overnight
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utilization of 6 funnel traps per site. For eade,swe thus computed its species richness (i.e.
the total number of different species observedmduthe survey) and its total abundance in
amphibians (i.e. the sum of the maximal numberdofita, and eventually larvae — only for

Caudata — or clutches — only for Anura, observadetich species). We excluded from the

analysisT. carnifex andP. ridibundus which are invasive species in the study area.

Environmental predictors
We selected a set of 16 different environmentaiabées classified into 3 categories

(Table 1) related to amphibian ecology in ordeinigestigate amphibian species richness and
abundance patterns in the study area:

* Amphibian aquatic habitat has to fulfil differerdodogical characteristics with regard for
example to water quality (Sacerdote and King, 20f@@ding resources availability (Babbitt
et al., 2003) or microhabitats diversity (Hamer avidDonnell, 2008; Smallbone et al.,
2011). And such decisive qualities are tightly édkto pond properties. Therefore, we
considered the four following variables associatgth pond characteristics: (1) the pond
surface area (abbreviated Size), (2) the percenthgamergent aquatic vegetation cover
(Aqua-Vegq), (3) the canopy density above the paddnppy) and (4) the existence of a
running water supply (Water), each of them estichate the field.

» Relative to terrestrial habitat, amphibian disttibn is also constrained by different
criteria such as soil humidity and temperature (\VagmM1988; Waldick et al., 1999), leaf
litter quality (Demaynadier and Hunter, 1998), souertebrate abundance (Vonesh, 2001)
and availability of shelters and overwintering igga (Mitchell et al., 1997). Landscape type
and forest management both influence these critelénce, we measured four variables
peculiar to landscape properties: (1) the proportibforested area (Forest), (2) the stream
density (Hydro), (3) the pond elevation (Elev) gadithe pond connectivity (Connect). All
of them were obtained aid of ArcGIS v9.3 (Esri, 00In particular, we simplified the
distance-weighted area of occupied habitat (inadefinction model) presented by Prugh
(2009) in order to calculate pond connectivity, efhresulted in the following formula

S; = Z exp(—ad;),

J#u

where§ is the connectivity measure for paicldl; is the distance between focal patcdnd
patchj, anda equals 1/the average migration distance of theiepeln this calculation, we
set the average migration distance to 1 km givah $mith and Green (2005) and Kovar et
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al. (2009) demonstrated that amphibians, espegialgnile specimens, are often capable of
migrating for hundred meters or even several kilwese
« And we finally considered the following aspects forest management: (1) the
coniferous rate (Conifer-A and Conifer-B), (2) teeploitation intensity (Exploit), (3) the
stand age (Age, Diam and Sd-Diam), (4) the amotinbarse woody debris (CWD) and (5)
the herbaceous vegetation cover (Veg). Coniferaate represents the proportion of
coniferous stems against the total number of steand, was measured within a small
(Conifer-A) and a large (Conifer-B) radius in orderinvestigate the effect of conifer on
both aquatic and terrestrial habitats. Exploitafimensity corresponds to the proportion of
forested landscape that wasn't logged or harvedteidg the past decade. Stand age was
measured in three different ways. Firstly, we désd if the zone close to the pond was
already a forested area before th& 26ntury or if natural reforestation occurred dgrthe
last century (Age). Secondly, stand age was intlyr@seasured through the mean diameter
at breast height of the forest stand (Diam). Aricdti, we account for the heterogeneity of
forest seral stage in calculating the standardadiewi of this mean diameter (Sd-Diam).
Those variables regarding coniferous rate and stayed were obtained aid of ArcGIS.
Finally, we estimated visually the herbaceous (eig50 cm) vegetation cover (Veg), and
we measured the volume of large dead wood (lengtl30>cm and diameter > 12 cm) at
ground level (CWD) in accordance with Kaufmann (PQoth of these variables were
collected on the field. The amount of coarse woddiris at ground level as well as the
pond surface area were transformed using natugarithm function in order to achieve
normality.
Previous studies (Cushman, 2006; Kovar et al. 9P@@monstrated that after they
reach sexual maturity, migration of amphibians whibhasic lifecycle are restricted to a
small area surrounding their breeding pond to whilshy show considerable fidelity.
Therefore, whenever it was possible, we measuredstape and forest management
predictors within a 500 m radius around the ponor€bt, Hydro, Exploit, Diam, Sd-Diam
and Conif-B). But field data collecting constraingslto reduce this buffer to a 100 m radius

for several predictors (Age, CWD, Veg and Conifsae Table 1).

Modelling approaches

First of all, we examined possible correlationswestn variables to ensure their
independency. We then employed classical macrogwaloapproaches as referred in Dubuis
et al. (2011) using GLM modelling techniques (Md@gh and Nelder, 1989) in order to test
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the link between each of our environmental varisialed the amphibian distribution. We used
Gaussian distribution in the case of species rishirand quasi-Poisson distribution for the
total abundance in amphibians. According to thehoetdeveloped by Johnson and Omland,
(2004) we conducted minimum AIC procedure aiminghat selection of most parsimonious
model. We then evaluated the reliability of the4evis by calculating their adjusted deviance
(i.e. the explanatory power of the model, referasdR thereafter). Results of this analysis
were then used to project the expected amphibiamdd#nce on the whole study area
following Guisan and Zimmermann (2000).

In most monitoring surveys, species detection nigdrfect, thus leading to an
underestimation of the true distribution of the dbspecies (Yoccoz et al.,, 2001) and
consequently to erroneous interpretation of spemm$ronment relationships (Gomez-
Rodriguez et al., 2011). Subsequently, we derivatdation histories from our repeated visits
and ran species-specific analysis aid of the fofavare program PRESENCE v3.1 (Hines,
2006) with the intention of accounting for detentiprobabilities and true site-occupancy
rates (MacKenzie et al., 2002, 2003). Based ondtter and according to Pellet and Schmidt
(2005), we calculated the probability of not detegta species after the three visits per site
we carried out. For species with this estimatondifferent from zero, we realised a model
selection based analysis accounting for potengigefabsence. For this, we used the single-
season analysis option implemented in program PREEE introducing the 16 previously
mentioned environmental predictors as site-occup@ovariables and assuming a constant
detection probability over sites and sampling oees We then defined 11 models we
believed might explain species site-occupancy, edcthem combining a different set of
covariables (Table 2). Finally, we used the parameiootstrap procedure described by
Mackenzie and Bailey (2004) for assessing theffihese site-occupancy models (bootstrap

value was set to 3000).

\Results

Amphibian survey

Excluding observations of invasive speciefritgrus carnifex and Pelophylax
ridibundus), we detected during our field survey on 46 breggonds the presence of more
than 12°000 amphibian individuals belonging to sliferent speciesBufo bufo, Rana
temporaria, Pelophylax lessonae, Mesotriton alpestris, Lissotriton helveticus, and

Salamandra salamandra. Three of them B. bufo, L. helveticus and S. salamandra) are
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included in the Swiss Red List of endangered spewigh vulnerable (VU) conservation
status (Schmidt and Zumbach, 2005). Amphibian gedistribution varied between one and
five for species richness (mean = 3.28 + 0.88) lzetdveen five and 1016 for total abundance
(mean = 279.85 + 258.9). Site-occupancy and abwedavere high forB. bufo (site-
occupancy rate: 83%, total occurrences propor2@f), R. temporaria (100%, 56%) and.
alpestris (96%, 16%), whereals. helveticus (17%, <1%),S salamandra (26%, <1%) andP.

lessonae (7%, <1%) were much rare.

Generalized linear model analysis and communityeptmn

The analysis of the data using GLM techniques #ubthat several pond, landscape
and forest management variables affect amphibiafrilslition at the same time (Table 3).
The best model obtained relative to species rich(f®s= 0.49) emphasises significant effects
(significance threshold: P < 0.05) of the pond &tefarea, the presence of a running water
supply, the presence of a recent forest stand ¢toflee pond(positive correlations) and the
pond elevation (negative correlation). In a similaay, the best model in relation to
amphibian total abundance?R 0.73) identifies the pond size, the connectjuite stand age
heterogeneity and forest cover as having a posd#igeificant influence. Moreover, even if
not presenting significant effect, the followingriadles were kept in these final models: the
aquatic vegetation cover, the canopy closure aadstand age heterogeneity in the species
richness model, and the aquatic vegetation cower,streams density, the coniferous rate
around the pond, the exploitation intensity, théurce of large dead wood at ground level
and the pond elevation in the total abundance model

Landscape and forest management predictors hightigby the previous GLM
procedure were then used to build a projectiortierwhole study area of the expected total
abundance in amphibians on breeding ponds (FigurByllocating the most suitable areas
for new ponds creation in the centre of the foiksdmdscape and at locations characterized
by a high proximity with existing breeding pondsistprojection emphasizes the importance
of connectivity and forest cover for the determimatof amphibian total abundance. Given
the dominance of pond variables compared with leaygks and forest management variables

shown to influence species richness, repeatingotiojgection for the latter wasn't relevant.

Site-occupancy statistics and model selection arsaly
Given the very low number of occurrences obserfggdP. lessonae (n = 3), we

excluded this species from this part of the analySoncerning the five remaining species, we
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found that the three of them belonging to the SWied List of endangered species, naniely
bufo, S. salamandra andL. helveticus, present a considerable risk of false absence thite
three visits per site we carried out (respectief4, 0.14 and 0.16), whereas this estimator is
equal to zero in the case & temporaria and M. alpestris (Figure 2). Therefore, we
submitted only the three Red List species to thdehselection based analysis accounting for
potential false-absence. This analysis revealsmiwatels related to pond management and to
metapopulation survival in the caselohelveticus, and those related to larvae survival and to
pond management in the case Sfsalamandra perform best than the others (Table 4).
Indeed, the cumulative sum of Akaike weights ofhea€ these pairs of “best models” is
greater than 0.7. In addition, each of them comederb the full model in the AIC ranking.
Furthermore, this ranking is supported by the hgialue (0.48 and 0.5 in the caselof
helveticus, and 0.69 and 0.59 in the caseSo$alamandra) obtained by the top models via the
bootstrap procedure, which indicates that they iptad a consistent way with what was
observed on the field. Consequently, these resuljgest that environmental covariables that
are shared in common by these two pairs of “bestleisd, which means the pond
connectivity and the streams density in the case. dBlveticus, and the pond surface area,
the aquatic vegetation cover and the presencerahmaing water supply in the case &f
salamandra, are of crucial importance for the focal spec@sncerningB. bufo, the null
model performs best than all the others, thus atttig that this analysis didn’t provide any

trustworthy results for this species (we therefdrese not to show the resulting table).

\Discussion

Understanding ecological requirements of biphbfgcycle amphibians is hard due to
their dependence to both aquatic and terrestribitdta. Consequently, research efforts
concerning amphibian distribution generally focused one aspect of amphibian ecology
(Trenham and Shaffer, 2005). Relatively to foreaphibian species, numerous studies thus
investigated either the effect of forest managengeainsen et al., 1991; Demaynadier and
Hunter, 1995), or the effect of pond characterstiEgan and Paton, 2004) or else the
influence of landscape parameters (Herrmann et2@D5; Werner et al., 2007). Whereas
canopy closure, aquatic vegetational cover and poophology have been identified as the
main factors influencing amphibian species richreess abundance at pond scale (Burne and
Griffin, 2005; Skidds et al., 2007), pond connetyiv stream density and forest cover
appeared to be the key predictors at landscape §Calshman, 2006; Ficetola et al., 2009;
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Ribeiro et al., 2011). Finally, studies investiggtieffects of forest management parameters
highlighted the importance of dead wood, conifermts and stand age for forest amphibian
distribution (Petranka, 1994; Bull, 2002; Loehleatt 2005). But very few studies try to
investigate those different axes simultaneouslynfelaand McDonnell, 2008; Lemckert and
Mahony, 2010; Hamer and Parris, 2011). Here by @&xag the influence of 16
environmental variables, we show that pond, lan@s@and forest management characteristics
affect amphibian species richness and abundartbe aame time.

At pond scale and according to numerous previdudies (Waldick et al., 1999;
Burne and Griffin, 2005; Skidds et al., 2007), wearid that pond size positively affect both
amphibian species richness and abundance. Thigmdinshay result from an increase in
aquatic microhabitat diversity and above all indieg resources availability with pond size.
One can nevertheless expects that this relatidowsela curvilinear relationship, as bigger
ponds are more likely to contain predatory fishdkbe, 1997; Hecnar and M’'Closkey, 1998).
Our predictor range was probably insufficient tdedé such a pattern. A second valuable
result with conservation implications concerns #ignificant increase in species richness
observed in the presence of a running water sugplis can be explained by the fact that
individuals of S salamandra, and to a lesser exteht helveticus, were almost exclusively
monitored in ponds presenting a permanent watgplguphis observation fits perfectly the
ecological requirements of those species whichkaosvn to be mainly restricted to cool and
oligotrophic water (Gunther, 1996; Meyer et al.02pD

In managed forest, many studies revealed a cléecteof stand age on amphibian
species, older forests being richer than young ¢Rephael, 1988; Welsh, 1990; Petranka,
1994; Petranka et al., 1994; Dupuis et al., 199&sRIl et al., 2002). But in many cases, this
outcome simply reflect the obvious detrimental eiffef clear-cutting on amphibian
populations (Demaynadier and Hunter, 1995), youmgsts being often mingle with recently
clearcut stands (Loehle et al., 2005). In our stadha, clear-cutting practice was abandoned
for a few decades which certainly explains the tpasirelation we observed between forest
seral stage heterogeneity and amphibian abundbmised, stand age heterogeneity is related
to forest structural complexity and diversity (Hanset al., 1991) which in turn underlies
important habitat factors for amphibians such asatmount of coarse woody debris, the litter
guality and the soil moisture (Spies and Cline,&98emaynadier and Hunter, 1995). The
positive effect of recent (30century) forest stands on amphibian species rishskould be

interpreted in the same way, those areas promdliagestablishment of an uneven-aged
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stand. At forest management level, our study tmughasizes the importance of maintaining a
seral succession that gets as close as possibéuml forest dynamic.

At the landscape scale, we obtained a declinengfhébian species richness along
increasing elevation gradient, which is consisteitih the general findings of Rahbek (1995).
Actually in our survey, this pattern mainly resultem the almost complete absencelof
helveticus and especiallys. salamandra above 800 m.a.s.l., both these species prefellgntia
occurring at around 400 to 500 m.a.s.l. in Westeunope (Gunther, 1996; Meyer et al.,
2009). According to numerous studies reviewed bghthan (2006), we observed a positive
relationship between amphibian abundance and tbeopion of forested areas in the
surroundings. Forested zones are known to be dfiadrimportance for pond breeding
amphibians in providing shade, favouring moisturgyramund level and contributing to the
availability of diversified habitats (Corn and Bury©989; Waldick, 1997; Naughton et al.,
2000; Herrmann et al., 2005). Furthermore, thisiltesas to be related to the observed
positive effect of pond connectivity on amphibidsuadance, which in addition supports the
previous studies by Ribeiro et al. (2011), Hamet BttDonnell (2008) and Sjogren (1991).
Indeed, taken together these observations makeomagstase for the assumption that pond
breeding amphibian dynamic often resemble metajdpal models (Marsh and Trenham,
2001) and thus underscore the vulnerability of l@awaphibian populations to habitat loss and
fragmentation (Cushman, 2006).

Despite the abundant literature highlighting amdalibing the mechanisms through
which the amount of coarse woody debris positiwelgacts amphibian populations (Harmon
et al., 1986; Hansen et al., 1991; Demaynadier ldnadter, 1995; Whiles and Grubaugh,
1996), we found no evidence of such a relationshgur survey. This failure can probably be
attributed to the insufficiently proximal way we aseired the amount of dead wood at ground
level. Actually, our measurements didn’t considenedther the spatial distribution of coarse
woody debris (e.g. rather in piles or rather scattge nor its decomposition stage although
these parameters were shown to influence the demmtl Wuality for amphibians species
(decomposition stage: Waldick et al.,, 1999; spatigtribution: Indermaur and Schmidt,
2011). Interestingly and contrary to the findings numerous studies (Demaynadier and
Hunter, 1995; Waldick et al., 1999; Loehle et 2a005), coniferous rate didn’'t appeared as a
main driver of amphibian populations. But this ¢tenrelated to the fact that the vast majority
of the study area is located above 700 m.a.s.lisatftls naturally dominated for a long time

by mixed forests (Steinlin et al., 1993).
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A recurrent problem with species distribution misdelying on correlation analysis
between environmental factors and species richmreasundance of a taxon arises when there
are significant differences in species detecti@yudiencies, the majority of them being very
common while a few are much rarer or cryptic. Iehsgase, models identify with reliability
parameters influencing distribution of abundantcgg® but results are less trustworthy for
species with scarce distribution or that often gdetected (Gotelli and Colwell, 2001; Engler
et al., 2004). And this constitutes a great corstem issue knowing that rare species are
generally classified as endangered. In order tadastach a problem, we ran a model selection
based analysis accounting for potential false-alesdor the three Red List species of our
survey, namel\B. bufo, L. helveticus and S salamandra. With the exception oB. bufo for
which we obtained no valuable result, this analyisideed reveals that environmental
variables influencing distribution a@f. helveticus andS. salamandra partially differ from the
ones identified by the classical macroecologicathmé as affecting the whole amphibian
community.

Thus, results of this model selection based amsalyslicate that distribution o8
salamandra is firstly related to within-pond variables (i.pond size, emergent aquatic
vegetation cover and presence of a running waigslg)) wheread.. helveticus occurrence is
mainly affected by landscape scale parameterspaed connectivity and streams density).
This seems consistent with what was observed ofidhtk that is to say that presenceSf
salamandra was strongly associated with ponds fitted with atew supply, and tha.
helveticus presents a patchy distribution over the study.a&CeacerningB. bufo, our inability
to obtain conclusive outcomes obviously resultsnfrine high observed site-occupancy rate
of this species in the study area (i.e. 83%, sgarEi2) which is incompatible with such site-
occupancy-modelling. Nevertheless, we can expeat thanagement recommendations
provided on the basis of analysis ran $osalamandra andL. helveticus will also benefit to
B. bufo as this species is already widely distributechm gtudy area.

Consequently, our results indicate that, when ragmat identifying main drivers of
amphibian distribution, considering risk of faldesance for rare and cryptic species provides
complementary results to those obtained with datassspecies distribution models. This
support the findings of numerous previous studMsilanen, 2002; Gu and Swihart, 2004,
Mazerolle et al., 2005) concluding that not accountor detectability in species distribution
models can result in over- or under-estimating itifeience of the investigated variables,
which can at worst lead to erroneous conclusiomsndd, this information is of great concern

in the current context of biodiversity loss (Wakela/redenburg, 2008) and we thus strongly
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encourage the use of site-occupancy models in am@egpowerfully target conservation
measures for cryptic and endangered species.

Management implications

Although this study was carried out in a restdcégea and only during one breeding
season, the results raise several issues of gemepairtance for the management and
conservation of forest amphibians. Studies invatitg amphibian distribution in forest
dominated landscape generally focus on forest neanagt variables and often ignore the
contribution of within-pond parameters (Demaynadiad Hunter, 1995). Here we provide
evidence that different environmental variablesingctat all pond, landscape and forest
management levels affect amphibian distributionisTemphasizes the importance of
considering all those different aspects in foresthagement programs in order to first
efficiently identify and protect the most suitalaleeas for amphibians, and second to create
adequate breeding ponds surrounded by favourablesteal habitats. In this respect and
according to our results, we strongly recommendotest managers and stakeholders to
protect and restore primarily breeding ponds charaed by sufficient surface areas and by
the presence of running water supplies, as we dstrated the beneficial effects of these
parameters for amphibian species in providing pomdth varied microhabitats and
microclimates. Finally at a larger scale, our fimg# highlight the crucial importance of
considering pond connectivity, both through streamridors and above all forest cover, as
well as providing uneven-aged stands in order targntee habitat structure diversity and
mosaic landscapes, which are highly favorable tprablan communities.
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\Figure captions

Figure 1: Study area located on the Central Platethe Western Switzerland. Polygons with
black outline delimit forested areas and black defgesent the amphibian breeding ponds
surveyed. Red to green gradient displays the projeof the expected total abundance in
amphibians on the whole study area (the greener, higher expected abundance in

amphibians).

Figure 2: Barplot with standard error of the datacprobability P, the naive site-occupancy
estimate Q, the site-occupancy estimate accoufdimignperfect detection probability Psi and
the probability of non-detection after three viger site F for the five most common species

observed during the survey.

Table 1. Summary of the environmental variablesectgd in the study area and related with
forest amphibian distribution. Buffer values defthe radius of measurement of the variables

centred on the ponds. GIS stands for Geographacrivdtion Systems.

Table 2: Environmental variables content of the different models built for the model

selection analysis.

Table 3: Summary of the GLM analysis investigatietationships between environmental
variables and both amphibian species richness @tatl dbundance. Significance codes are
defined as usual (O *** 0.001 **' 0.01 *" 0.05+" 0.1 ‘" 1).

Table 4: Summary from fitting 11 different site-apancy models to the detection histories
data of (A)Lissotriton helveticus and (B)Salamandra salamandra. AAIC for a model is the

relative difference between its Akaike informatiamterion score (AIC) and the AIC score of
the most parsimonious model (lowest AIC); w is &I€ model weight; p-value is a measure
of model fit resulting from a Pearson chi-squaratistic based upon 3000 parametric

bootstraps.
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763 Table 1l

764
Variable Abbreviation Description Mean (range) Buffer Data source
Pond scale variables
Pond size (In) Size Natural logarithm of tlum@ surface area fin 4.86 (1.1 - 8.48) Pond Field
Aquatic vegetation Aqua-Veg Percentage ofpitved covered in emergent aquatic vegetation 340437.5) Pond Field
Water supply Water Presence/absence of amgmmater supply 0.3 (O=absence - 1=presence) Pondeld F
Canopy closure Canopy Canopy density abovedhe expressed as a percentage 54.78 (7.44 -)91.68 Pond Field
Forest management scale variables
Coarse woody debris (In) CWD Natural logaritbfithe amount of dead wood at ground level][m  2.44 (1.49 - 4.02) 100 m Field
Understory vegetation Veg Percentage of thbdweous vegetation cover 76.24 (30 - 98) 100 m IdFie
Stand age Age Presence/absence of recéht&ury) forest stand close to the pond ~ 0.28 (Beabe - 1=presence) 100 m GIS
Tree diameter Diam Mean diameter at breagiheaif the forest stand [cm] 36.4 (29.83 - 46.25) 00/, GIS
SD tree diameter Sd-Diam Standard deviatiath@fimean diameter at breast height [cm] 10.768(518.83) 500m GIS
Coniferous rate A Conifer-A Percentage of tenoius stems close to the pond 41.9 (0 - 88.18) nm00GIS
Coniferous rate B Conifer-B Percentage of f@yous stems around the pond 48.93 (2.76 - 75.76) oo GIS
Forest exploitation Exploit Proportion of feted landscape without logging during the last deca0.03 (0 - 0.13) 500m GIS
Landscape scale variables
Elevation Elev Elevation of the pond [m.a]s.l. 798 (582 - 910) Pond GIS
Connectivity Connect Distance-weighted coninégtindex 5.63 (1.93 - 8.64) Pond GIS
Forest cover Forest Proportion of landscapereal by forest 0.75(0.4-1) 500m GIS

Hydrology Hydro Proportion of streams density 0.07 (0-0.15) 500m GIS




765 Table 2

766
Model name Site covariables implemented ’\.'“mbe'f of site
covariables implemented

Null model

psi(.) p(.) - 0
Full model

si(full) p(.) Size, Aqua-Veg, Water, Canopy, Elev, Connect, CWe&y, Age, 16

b Pl Diam, Sd-Diam, Conifer-A,Conifer-B, Exploit, Forestydro
Pond scale models

psi(larvae survival) p(.) Size, Aqua-Veg, Wateanopy, Conifer-A 5

psi(pond management) p(.) Size, Aqua-Veg, W&ennect, Hydro 5
Forest management scale models

psi(adult survivial) p(.) Conifer-B, ExploiEWD, Veg, Age, Diam, Sd-Diam, Forest, Elev 9

psi(forest management) p(.) Canopy, ConifeCGanifer-B, Exploit, CWD, Veg, Diam, Sd-Diam 8
Landscape scale models

psi(metapopulation survival) p(.) Connect, Hyd

psi(landscape) p(.) Forest, Elev, Age 3
Hybrid models

psi(larvae survival & pond management) p(.) zeSAqua-Veg, Water 3

psi(larvae survival & forest management) p(.xCanopy, Conifer-A 2

psi(adult survival & forest management) p(.) on@er-B, Exploit, CWD, Veg, Diam, Sd-Diam 6

767
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Table 3
Estimate + Standard error
Variable Total abu_nt_jance in Am_phib_ian
amphibians species richness
(R*=0.73) (R*=0.49)
Pond surface area (Size) 0.338 £ 0.071 ***  0.19BQY0 **
Emergent aquatic vegetation cover (Aqua-Veqg) -06803003 - -0.005 + 0.004
Presence of a running water supply (Water) - 0.688 + 0.218 **
Canopy closure above the pond (Canopy) - -0.009 + 0.006
Pond elevation (Elev) 0.005 + 0.003 -0.003 £ 0.601
Pond connectivity (Connect) 0.181 £ 0.055 ** -
Volume of large dead wood at ground level (CWD) 82.% 0.165 -
Presence of recent forest stand close to the page) (- 0.606 + 0.223 **
Heterogeneity of forest stand (SD-Diam) 0.166 0.6~ 0.102 £ 0.059 »
Coniferous rate around the pond (Conifer-B) -0.621011 -
Forest exploitation intensity (Exploit) -6.796 738 -
Forest cover (Cover) 2.146 £+ 0.688 ** -
Streams density (Hydro) -5.041 +2.986 -
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Table 4

A

Model AAIC w  p-value
psi(pond management) p(.) 00.42 0.48
psi(metapopulation survival) p(.) 0.850.28 0.50
psi(full) p(.) 1.88 0.17 0.14
psi(forest management) p(.) 2.430.13 0.07
psi(adult survival & forest management) p(.) 9.39.00 0.00
psi(juvenile survival & forest management) p(.) 26L. 0.00 0.01
psi(.) p(.) 12.29 0.00 0.01
psi(adult survival) p(.) 15.34 0.00 0.00
psi(juvile survival) p(.) 15.37 0.00 0.00
psi(juvenile survival & pond management) p(.) 16.2.00 0.01
psi(landscape) p(.) 16.29 0.00 0.01
B

Model AAIC w  p-value
psi(juvenile survival) p(.) 0 041 0.69
psi(pond management) p(.) 0.150.38 0.59
psi(full) p(.) 1.28 0.21 0.21
psi(juvenile survival & pond management) p(.) 10.8®.00 0.01
psi(metapopulation survival) p(.) 20.230.00 0.00
psi(.) p() 21.27 0.00 0.01
psi(landscape) p(.) 21.39 0.00 0.00
psi(adult survival & forest management) p(.) 22.49.00 0.01
psi(juvenile survival & forest management) p(.) 2. 0.00 0.00
psi(adult survival) p(.) 24.91 0.00 0.00
psi(forest management) p(.) 25.230.00 0.01




