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Abstract Graph-based analysis is a promising

approach for analyzing the functional and structural

connectivity of landscapes. In human-shaped land-

scapes, species have become vulnerable to land deg-

radation and connectivity loss between habitat patches.

Movement across the landscape is a key process for

species survival that needs to be further investigated

for heterogeneous human-dominated landscapes. The

common frog (Rana temporaria) was used as a case

study to explore and provide a graph connectivity

analysis framework that integrates habitat suitability

and dispersal responses to landscape permeability. The

main habitat patches influencing habitat availability

and connectivity were highlighted by using the

software Conefor Sensinode 2.2. One of the main

advantages of the presented graph-theoretical approach

is its ability to provide a large choice of variables to be

used based on the study’s assumptions and knowledge

about target species. Based on dispersal simulation

modelling in potential suitable habitat corridors, three

distinct patterns of nodes connections of differing

importance were revealed. These patterns are locally

influenced by anthropogenic barriers, landscape per-

meability, and habitat suitability. And they are affected

by different suitability and availability gradients to

maximize the best possible settlement by the common

frog within a terrestrial habitat continuum. The study

determined the key role of landscape-based approaches

for identifying the ‘‘availability-suitability-connectiv-

ity’’ patterns from a local to regional approach to

provide an operational tool for landscape planning.
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Introduction

In fragmented human-dominated landscapes, move-

ments across the landscape matrix are fundamental for

plant and animal species survival (Wiens et al. 1993).

Depending on the type of pressures and related

anthropogenic disturbances within the landscape
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matrix, the effects of fragmentation vary with the

specific habitat needs of particular species. Responses

to habitat loss depend both on how the species uses

resources in space and on the spatial pattern of the

habitat fragmentation (Fahrig 2003). Habitat fragmen-

tation leads to concomitant processes of decreasing

habitat suitability and increasing patch isolation of

remaining habitat patches within the landscape matrix

(Andrén 1994; Joly et al. 2003). Movements between

remaining habitat patches are also impeded by land-

scape matrix permeability loss and anthropogenic

barriers. Yet, landscape connectivity remains of

fundamental importance for population stability

(movement of genes, individuals, populations and

species over multiple time scales) (Taylor et al. 1993;

Minor and Urban 2008). From a conservation biology

perspective functional connectivity depends on how

biological flows are influenced by landscape features

(Foll and Gaggiotti 2006; Gauffre et al. 2008) and on

how landscape features are organized within the

matrix in relation to landscape continuities or barriers

(i.e. structural connectivity) (Taylor et al. 1993). For

conservation and land management, knowing species’

responses to landscape connectivity loss in relation to

changes in land cover and environmental conditions is

important. Two types of approaches are usually used

to assess connectivity: (1) evaluation of the strength of

connections between patches and identification of

patch isolation based on dispersal simulation within

the landscape matrix, using methods such as least-cost

modelling, circuit theory and individual based models

(Adriaensen et al. 2003; McRae et al. 2008; Janin et al.

2009; Wang et al. 2009; Safner et al. 2010; Sawyer

et al. 2011); and (2) identification of continuities on

species population distribution, based on habitat

suitability modelling (Richard and Armstrong 2009;

Bollmann et al. 2011). These two approaches can be

integrated within a graph theory framework (also

known as network analysis) (Urban and Keitt 2001;

Schadt et al. 2002; Pascual-Hortal and Saura 2008;

Zetterberg et al. 2010; Pereira et al. 2011), particularly

for landscape planning applications (Taylor et al.

1993; Marulli and Mallarach 2005; Opdam et al. 2006;

Saura and Pascual-Hortal 2007; Minor and Urban

2008; Rayfield et al. 2010; Garcia-Feced et al. 2011;

Pereira et al. 2011).

A graph provides a simple method of representing

habitat patches within a landscape while allowing

the integration of functional flows between patches

to identify the most important connected nodes and

related connectivity measures (Bodin and Saura

2010; Pereira et al. 2011). When graph theory is

incorporated on an integrative approach considering

species-specific functional and structural landscape

connectivity aspects, the method becomes promising

to efficiently explore and analyze ecological net-

works, landscapes and habitats (Urban and Keitt

2001; Pascual-Hortal and Saura 2006; Minor and

Urban 2008; Saura and Torné 2009; Urban et al.

2009; Galpern et al. 2011).

Efforts are needed to make these graph-theoret-

ical approaches operational within ecological assess-

ments and integrative landscape planning programs.

We focus on an example to test the most important

aspects of the habitat network structure that need to

be maintained within a decision-making planning

exercise. We combined least-cost and habitat suit-

ability modelling with a graph-based representation

and analysis (Dale and Fortin 2010; Galpern et al.

2011) to provide an operational method for plan-

ning, design, and assessment applications. The

breeding site locations of the common frog (Rana

temporaria) in the French Alps provided a testing

ground for the development of the operational

approach. The study focused on a twofold integra-

tion: (1) effects of landscape matrix permeability as

a constraint influencing home-range area available

around ponds and connections between populations

(i.e. for this study patches were set to represent

annual home ranges) and (2) effects of forest patch

distribution as a driver of habitat suitability. Pond-

breeding amphibians in permanent water bodies

represent a challenge for a patch-based analytical

approach to connectivity (Fortuna et al. 2006; Hartel

et al. 2010; Zetterberg et al. 2010; Curado et al.

2011) due to their life cycle involving annual

migrations to and from aquatics and upland habitats.

This dual capacity makes amphibians extremely

dependent on the surrounding environment and more

vulnerable to land degradation and anthropogenic

pressures (Fahrig et al. 1995; Allentoft and O’Brien

2010). Consequently when combined with its

restricted dispersal ability, a holistic landscape level

approach is needed when planning for amphibian

conservation measures and habitat management. In

what follows, we propose a multi-scale hierarchical

view of the landscape, represented by ponds, patches

and clusters.
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Materials and methods

We only used breeding ponds site locations for the

development of patch-based graphs (Galpern et al.

2011); these locations were described by the node

attributes (i.e. patch quality) and links between nodes

(i.e. connections). The graph was used for summariz-

ing landscape organization and permeability relation-

ships (Garcia-Feced et al. 2011; Galpern et al. 2011).

Figure 1 shows the logical sequence of steps and the

multi-scale hierarchical criteria used to build up the

approach presented in this work as follows: (i) annual

home-range area patch modelled as nodes based on

least-cost surface modelling to simulate frogs’ annual

mean dispersal around breeding sites (Safner et al.

2010; Zetterberg et al. 2010); (ii) node attribute

assessment based on habitat suitability modelling; (iii)

identification of potential node connections based on

dispersal scenario; (iv) graph connectivity analysis

based on indices computed using the software Conefor

Sensinode (Saura and Torné 2009) and combining

node attributes and connections.

Study area and common frog pond occupancy

This study used the common frog (R. temporaria) as the

focal species in the French Alps. This species is an

explosive breeder that reproduces in this area in spring

in various types of aquatic habitats. After the repro-

ductive period, the frogs migrate to forest patches

(distant up to 1,500 m) where hibernation occurs. The

study area covers 4,067 km, within the regions of Isère

and Savoie (Fig. 2), encompassing a densely populated

central valley in the outer French Alps named Grési-

vaudan. The two main urban areas in the valley—

Grenoble and Chambéry—with a population of approx-

imately 500,000 inhabitants and 100,000 inhabitants

respectively are undergoing increasing suburban sprawl

(Fig. 2). The landscape matrix constitutes a complex

gradient with different degrees of urban pressures

surrounded by three mountainous ranges that present

large forest patches acting as natural landscape units

under the tree line (1,600 m).The northwest part of the

area is composed of a dense agricultural network

interlaced with small fragments of forest patches. A

Fig. 1 Spatial connectivity

network: methodological

flow chart
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dense transportation infrastructure web is highly con-

centrated in the area with four main highways and

several national and local minor roads (Fig. 2). Local

populations of the common frog are threatened with

isolation and a high mortality rate due to increasing

forest fragmentation, urban sprawl, and pressures from

road traffic. Because the subalpine belt, frog dispersal

patterns are constrained by environmental variables

such as climatic limiting factors, we focused on

common frog populations occurring under the tree

line. Thus, the study area elevation is between 200 and

1,600 m. We used 212 breeding sites (Fig. 2) from non-

governmental organization surveys (LPO Isère and

Avenir 38). The data used included potential breeding

sites considered as stable patches where frogs were

observed to be present and breeding during several

years without discontinuities.

Annual home-range area patches as nodes based

on least-cost surfaces around breeding sites

Cost-distance methods based on landscape matrix

permeability (Ray et al. 2002; Adriaensen et al. 2003;

Joly et al. 2003; Janin et al. 2009) were used to define

annual home-range patches (Safner et al. 2010; Zetter-

berg et al. 2010). The patches were set to delineate

annual home ranges, as the annually terrestrial surface of

migration around a suitable pond based on landscape

permeability. The patches are supposed to contain all the

resources needed throughout the year for spawning,

foraging and overwintering. The resulting patches are

considered as centroids for the nodes of the spatial graph

network representation. For the cost distance analysis,

Spatial Analyst in the ArcGIS software was used (ESRI

Inc, USA, 2008). The computation is based on the

Fig. 2 Study area

(4,067 km2) in the French

Alps and pond distribution

of the common frog
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energy that individuals would spend during migration

from ponds, followed by the additive costs surface of

migration from breeding patches. In our simulations,

individuals migrate along surface of least resistance and

stopped when either they reached a barrier (e.g.

highways) or reached the maximum cost of migration

(Ray et al. 2002), defined as the minimum value of

friction coefficient times the total migration distance.

The matrix permeability was obtained from a friction

map providing inputs in terms of species ability to cross

the landscape matrix. The friction map was also

calculated with ArcGIS software by applying resistance

cost values (Safner et al. 2010) to hydrological and road

networks derived from the French National Geographic

Institute in tandem with CORINE Land Cover data raster

layer (EEA 2007) (Table 1). CORINE Land Cover is a

standardized land cover map for European Union

countries with a minimum mapping unit size of 25

hectares. The friction map resolution was set to 5 m to fit

the minimum landscape feature width used for the river

and water networks. A maximum cumulative dispersal

distance of 1,500 m corresponding to the maximum

annual common frog dispersal distance (Kovar et al.

2009; Safner et al. 2010) was used for the least-cost

surface analysis.

Node attributes based on habitat suitability

Habitat suitability considered here as a probability of

occurrence in uplands within each annual home-range

patch. It was considered as the attribute of each node

of the resulting graph. As we only had presence data, a

maximum entropy modelling approach was imple-

mented to predict habitat suitability (Philips et al.

2006). The MaxEnt software approach (Philips and

Dudik 2008) was applied to the 212 common frog

breeding site locations (Fig. 2). Environmental pre-

dictors in relation to the species’ ecological require-

ments were computed and integrated in the analysis

(Miaud et al. 1999; Pahkala et al. 2001; Palo et al.

2004): (1) distance to wetlands; (2) distance to forest

patches crossed by a river; (3) slope; (4) elevation; (5)

landscape indices as (largest forest patch index, forest

mean and forest patch area, forest patch and densities)

to describe the structure and organization of forest

patch habitats for the common frog; and (6) land

Table 1 Resistance cost

values applied to land cover

types based on Corine Land

Cover 2006

Raster layer, road, and

hydrological networks layers

were used for computation of

the friction map. The resistance

cost values of permeable

habitats vary from 0 to 80

(lowest cost for wetlands and

mixed-forest and highest cost

for crops and roads) and a cost

value of 10,000 corresponds to

an impermeable landscape

feature

Land cover types Corine Land Cover

2006 (level 3)

Resistance

cost value

Grasslands 231 5

Broadleaves, coniferous and mixed forest 311, 312, 313 5

Forest with shrublands, shrublands 324, 322 5

Rivers, water bodies and marshes 511, 512, 411 5

Natural pastures 321 10

Stone pits, landfills, yards 131, 132, 133 20

Vineyards and orchards 221, 222 20

Sparse vegetation 333 20

Crop fields 211, 242, 243 40

Continued and discontinued urbanized areas 111, 112 80

Recreational areas 142 80

Sand beaches and bare rocks 331, 332 80

Commercial and industrialized areas, train network 121, 122 10,000

Airports 124 10,000

Linear road features added to the land cover raster layer

Minor single lane roads 50

National and departmental roads with dual single lane 80

National roads with at least a dual 2-lane and motorways 10,000

Linear hydrological features added to the land cover raster layer

Rivers of 5 m large and less 5

Rivers of 15 m large 15
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cover. Landscape indices were computed with Frag-

stats software (McGarigal et al. 2002) using a moving

window of 1,500 m to match the terrestrial habitat

area annually covered by the common frog. Landscape

index calculation used the forest/non-forest European

binary map provided by the Join Research Centre

(Pekkarinen and Reithmaier 2009), in tandem with

Corine Land Cover 2006 layer. The predictor resolu-

tion was set to 25 m. Seventy percent of the 212

presence data points were used as training data for

model construction. The remaining 30% was ran-

domly set as test data for assessing the model’s

discriminative capabilities (ROC analysis) (Pearce

and Ferrier 2000; Baldwin 2009) and omission rate

(Anderson et al. 2003; Ward 2007). Fifty model

replicates were processed to choose the best predictive

model as calculated by the MaxEnt software. The

model was selected according to the ROC analysis and

omission rate with minimum training presence and

tenth percentile training presence cut-off values

(Philips and Dudik 2008; Baldwin 2009; Rödder

et al. 2009; Morueta-Holme et al. 2010). The output

raster map was used to calculate the mean occurrence

probability in each annual home-range patch as a

measure of habitat suitability.

Ecological network and potential connectivity

structures

We tested the influence of potential flows on the

independent annual home-range patch availability and

their importance as connectivity providers by consid-

ering a connection scenario between patches. For the

common frog, the maximum annual dispersal distance

was assessed as 1,500 m (Safner et al. 2010). This

distance was tested by radio tracking in previous

studies within the area (Kovar et al. 2009; Janin et al.

2009; Safner et al. 2010). These studies showed that,

some individuals may be observed far from any home-

range patches centred on aquatic breeding sites,

suggesting potential long distance dispersal. As a

result, it was considered that some individuals may

disperse by up to 3,000 m within a network of suitable

areas corresponding to ‘suitable habitat corridors’

facilitating potential long-distance dispersal between

annual home-ranges patches. A probability threshold

to the probability of occurrence raster layer was

applied to obtain a Boolean raster layer (Hu and Jiang

2010) by selecting the most suitable areas. Thus, a

tenth percentile training presence threshold was cho-

sen as the cut-off probability value (Rödder et al.

2009) for ‘suitable habitat corridor’ identification. A

least-cost path simulation with a cumulative dispersal

distance of 3,000 m was then applied to the ‘corridors’

based on the previously set resistance values. This

dispersal scenario simulation served to identify con-

nected or unconnected pairs of patches.

Spatial graph connectivity analysis

In order to find important structures within the

ecological network, the connectivity of the resulting

graph network was analyzed based on the Integral

Index of Connectivity (IIC) (Pascual-Hortal and Saura

2006). This index is based on node attributes (i.e. the

mean occurrence probability for each patch in our

case) and unweighted links (i.e. the connection

scenario) computed using the Conefor Sensinode

software (Saura and Torné 2009). IIC index was

chosen due to the unweighted nature of the node links

(connected or unconnected) estimated with the con-

nection scenario in comparison to the probability of

connectivity index (PC) based on weighted links

(Bodin and Saura 2010). One of the main advantages

of the IIC index is the integration of habitat suitability

and connectivity measures into a single value for the

overall landscape connectivity. This calculated value

provides an efficient indicator of patch availability

according to permeability and habitat suitability

depending on landscape matrix features. The same

software tool was used to calculate the relative ranking

of each patch within the network as connectivity

providers according to their relevance to maintaining

the overall connectivity of the graph network (dIIC).

The dIIC index corresponds to the ranking of each

patch according to how much the IIC value decreased

when a given patch is removed. IIC and dIIC were

computed for the connection scenario where home-

range patches were allowed to be connected with a

resistance cost determined in the prior section.

Results

Least-cost dispersal areas as a network of nodes

We simulated migration areas with a maximum

dispersal distance of 1,500 m (see methods) from
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each of the 212 pond breeding sites. This resulted

in 83 annual home range patches (Fig. 3), which

represented the nodes in the spatial graph.

Breeding sites were lumped together in the same

least cost surfaces if cost distances between sites were

less than the maximum cost distance of dispersion.

Two distinct patterns were observed (Fig. 3): (1) large

and continuous annual home-range patches including

more than one breeding site influenced by very

permeable forest lands (e.g. areas A and B); and (2)

small and scattered patches including only one

isolated breeding site and influenced by human-

dominated and forest-fragmented landscapes with

urban fabric and roads as barriers (e.g. areas C and

D, in Fig. 3).

Common frog’s occurrence prediction

The best model for predicting the frogs’ probability of

occurrence among the fifty replicates provided a

discriminative capability of 85.4% (AUC = 0.854).

The omission rate was null at the minimum training

presence threshold (logistic threshold of 0.117) and

7.4% at the tenth percentile training presence (logistic

threshold of 0.251). The relative contributions of

environmental variables to the best predictive model

were as follows: (1) distance to wetlands (51.5%); (2)

distance to forest patches crossed by a river (19.3%);

(3) slope (8.2%); (4) elevation (6.5%); (5) largest

forest patch index (5.7%); (6) forest patch density

(4.6%); (7) land cover (3.9%); and (8) mean forest

patch area (0.4%). The potential distribution of the

common frog (Fig. 4) showed the effect of dense

urbanized areas and highways as main barriers and

unsuitable habitats. These distribution patterns

showed scattered and isolated potential suitable areas

concomitant with non-continuous forest patches dis-

tribution. The results showed that the species’ highest

presence probability followed a wide central distribu-

tion range encompassing some western and eastern

corridors, but the overall scattered distribution was

constrained by main roads and suburban sprawl

(Fig. 4).

Fig. 3 Least-cost distance

modelling surfaces around

ponds based on resistance

values in relation to

landscape permeability as

annual home-range patches
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Connection scenario between patches

The tenth percentile training presence threshold of

0.251 was applied to the distribution map of the

common frog probability of occurrence (Fig. 4) to

identify potential ‘suitable habitat corridors’ within

the study area. The 3,000 m dispersal distance for the

annual home-range patch connection scenario within

the suitable habitat corridor networks highlighted

several connectivity patterns but also the lack of

connections influenced by landscape barriers. In sum,

the 212 breeding ponds observations were lumped into

83 home-range patches (multiple ponds within a larger

patch) and 16 of these were further connected at the

3,000 m distance (i.e. maximum distance observed by

radio-tracking in previous studies) to create five

clusters. From this, 67 home-range patches were

totally unconnected, many were isolated by distance,

while others were isolated by anthropogenic and

natural barriers even if separated from another patch

by less than 3,000 m (Fig. 5a). Five groups of more

than two connected annual home-range patches were

identified as clusters (A–E in Fig. 5a): seven con-

nected patches for cluster A, five connected patches

for cluster B, four nodes for clusters C and D and three

connected nodes for cluster E. Clusters A and B are

located within a natural landscape with large and

homogeneous forests where the common frog has no

constraints on movement between habitat patches.

Most of the isolated patches were located in the most

fragmented and dissected areas of the landscape

matrix. Most of the unconnected patches or pairs of

patches (e.g. F, H–K) were in a radius of less than

3,000 m from the closest patches, or clusters (Fig. 5a).

The results highlight a pattern of discontinuities as a

product of a heavily human-dominated landscape

matrix with scattered forest fragments of different

sizes.

Graph connectivity analysis

Mean occurrence probability for each patch as

predicted by the Maxent model (Fig. 5b) showed that

15 of the 83 patches were identified as the most

suitable patches for the common frog with the highest

mean occurrence probability (0.74) for the smallest

patch (0.1 km2) (patch L1 on Fig. 5b). The largest

patch of the graph (15.6 km2) presented a rather low

occurrence probability (0.40), as a result of the

unfavourable landscape permeability context. The

inherent habitat values were high but the broader

landscape permeability was low, as a consequence of

the small size of migration areas.

When the connection scenario was applied, the

dIIC index (Fig. 5c) ranked each patch as a connec-

tivity provider in relation to its availability (Fig. 5a)

and suitability (Fig. 5b). Clusters A and B (Fig. 5c)

showed the highest cumulative connectivity impor-

tance (sum of the dIIC values for each patch in the

cluster) with values of 39.71 and 30.78% respectively.

These clusters showed a high importance for all their

annual home-range patches (total area covered by the

patches: 56 km2 for cluster A and 38 km2 for cluster

B) (Fig. 5c). Clusters C, D and E showed the lowest

Fig. 4 Probability of

occurrence distribution map

of the common frog based

on the best MaxEnt model

predictions
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Fig. 5 Connection scenario and graph connectivity analysis:

pairs of annual home-range patches and clusters of more than

two connected patches within the habitat suitable corridors with

a cumulative dispersal distance of 3,000 m (components are

identified by letters A–O); mean occurrence probability for each

patch as predicted by Maxent model, and patch importance for

connectivity index (dIIC) (high, medium and low classes

correspond to dIIC values of 2.6–6.8, 1–2.6 and 0–1%,

respectively)
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cumulative connectivity importance values of 7.80,

5.57, and 4.18%, respectively, with a medium dIIC

index value for each patch. Pair L presented a

cumulative connectivity importance of 9.21% with

both patches of high importance. The patches of pair L

were also of higher importance than clusters C, D, and

E and other pairs of patches, suggesting that pair L

may be important in terms of connectivity conserva-

tion and local habitat suitability. In all, dIIC value for

each annual home-range patches of the graph com-

bined with the connection scenario provided some

trends on the patch status for planning. Hence, we

proceeded to a new dIIC computation by removing

clusters A and B from the analysis, in order to

highlight differences for each patch in terms of

importance in clusters or pairs. These two clusters

(A and B) are of limited interest in terms of

prioritization since they are located within a natural

landscape as compare to clusters and pairs located in

urbanized and heterogeneous areas where rapid per-

turbations may occur. For landscape planning pur-

poses, we can proceed to the removal of these clusters

in order to highlight the hierarchical importance of

patches within clusters of pairs of nodes (Fig. 5d). We

can then obtain a final map of suitable habitats

corridors between annual home-range patches of high

importance. This type of output help to prioritize

landscape planning to target areas, by maximizing and

maintaining connectivity in particular important clus-

ters and pairs of patches.

Discussion

How does landscape influence the dispersal

and suitability within annual home-range patches?

The landscape feature distribution, permeability, and

quality are considered the main drivers of dispersal

patterns for the common frog in human-dominated

landscapes, where rapid perturbations on connectivity

and suitability occur due to suburban sprawl and

increased development of the road network (Johansson

et al. 2005; Safner et al. 2010). In this study, we first

focused on how the species use the landscape around

breeding sites, which we assessed by simulating annual

home-range patch distributions based on least-cost

modelling. As showed in other studies on amphibian

populations (Ray et al. 2002; Janin et al. 2009; Wang

et al. 2009; Safner et al. 2010), the approach allowed the

identification of small and scattered patches with a

single breeding site embedded within a human-domi-

nated landscape as well as patches that contained

multiple breeding sites as meta-populations. Neverthe-

less, a limited home range may only act as a surrogate of

the local landscape pressures on amphibian dispersal

abilities. In this context, the quantification of terrestrial

habitat suitability within home-range patches highlights

small and scattered patches with high potential habitat

suitability, suggesting that these patches should be

protected by limiting habitat disturbance from urban-

ization or intensive agriculture, as they serve as

‘‘stepping stones’’ connecting up the broader landscape.

How does landscape connectivity influence patch

isolation or cluster organisation?

Assuming that inter-patch connectivity may exist (e.g.

dispersal beyond annual home-range patches), we

tested a connection scenario based on a dispersal of

3,000 m in potential suitable habitat corridors derived

from the MaxEnt model. Based on this scenario, we

then performed a landscape-based functional connec-

tivity analysis Three distinct patterns of annual home-

range patch organization as influenced by anthropo-

genic barriers, landscape permeability, and habitat

suitability were found: isolated patches, pairs of

patches, and clusters. The dIIC index ranked each

patch as connectivity providers. The graph connectivity

analysis also demonstrated the suitability versus

availability and associated tradeoffs required for the

settlement of the common frog in a terrestrial forested

habitat continuum. Indicating that clusters of annual

home-range patches are supposed to be more resilient

than isolated patches, especially in landscapes where

rapid changes may occur.

Even if we based our connection scenario on expert

knowledge and radio tracking surveys, the quantifica-

tion of links between patches is a key issue, especially

at the regional level. As in previous studies applied to

amphibians (Ray et al. 2002; Joly et al. 2003; Safner

et al. 2010), least cost modelling was considered to be

the most efficient approach for the identification of

impermeable barriers no matter the dispersal distance.

It must be noted that the aim of the study was not to

explore other competing approaches for calculating

the strength of the links between patches as movement

models (e.g. cellular automata and individual based
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models) or circuit theory. Even so, despite the

approach used, the key question still remains on the

threshold value needed for the identification of

connections (Lasso 2008). A genetic approach may

be useful in the future to improve link estimation and

weights (Safner et al. 2010). Genetic distance may

help define the links between patches within a graph

analysis scenario.

Toward an operational tool for patches

prioritization

The modelling approach introduced in this study

provides an operational approach for planning species

connectivity; it is based on a spatial graph construction

integrating the effects of the local landscape on the

dispersal and occurrence of common frogs in each

patch. This also provides information on the opposed

effects of natural and human-dominated landscapes in

relation to habitat suitability and patch size, this last

one considered here as the dispersal area around ponds

that depends on landscape permeability. The graph-

theoretical approach is also a promising tool for the

assessment of local landscape connectivity for the

common frog. In all, Conefor Sensinode software

provides a direct way for integrating habitat patch

distribution, suitability issues and expert knowledge.

Within the context of global amphibian decline

(Allentoft and O’Brien 2010), the methodological

framework proposed in this study may be useful for

other landscape, where sensitive amphibian species

may benefit from patch prioritization in terms of

connectivity and habitat suitability. The connectivity

analysis also suggests insights for further land plan-

ning perspectives. Scenarios of restoring connections

between pairs and clusters of medium importance may

be tested to identify the best suitable patches and

clusters to improve landscape connectivity. Further

analyses at the component level (network of connected

ponds) may help to strengthen and quantify the

importance of terrestrial habitat quality, availability

and permeability between and within patches (intra

and inter patch connectivity). All the more, the use of

the betweenness centrality index in tandem with the

previous indices should help to identify patches as

stepping stones when considering biological flows at a

broader scale (Bodin and Saura 2010).

Still we advice caution in the interpretation of

results as many sources of uncertainties inherent to

different phases of the approach needs to be consid-

ered. Albeit its limitations due to uncertainties, graph

based analysis is useful also as a heuristic framework

requiring a relatively low data input (Urban and Keitt

2001; Minor and Urban 2008).

Conclusion

The integrative and hierarchical approach used in this

study provides insight on how to combine terrestrial

habitat availability and suitability gradients influenced

by landscape patterns for a functional connectivity

analysis based only on presence data locations avail-

able at a regional level. Nevertheless, presence data

should be treated with care when metapopulation

dynamics are considered and when pond areas are

dynamic. Potential habitat locations may also be

considered as patches even if the species is not

currently observed but habitat suitability conditions

are high. In this context, the use of a population model

and genetic information for each pond may help to

identify different levels of population structure and

help to provide relevant weighted links in order to

complete the connectivity analysis.

The multi-scale hierarchical view of the landscape

proposed in this study, represented by breeding ponds

sites, patches and clusters allowed a holistic analysis

of the landscape matrix particularly important for

species that move from aquatic to terrestrial habitats. It

is expected that effective management actions rely on

maintaining acceptable levels of overall habitat con-

nectivity considering levels of increasing anthropo-

genic pressures and barriers.

In this study we demonstrated the applied value of

graph-based network analysis as a means to estimate

parameters that measures different connectivity-

related aspects of individual patches, which may be

helpful, as a complement to other relevant ecological

information, to optimize conservation efforts in the

near future. Also, we hope that the approach used will

help to further explore how the choice of links and

node attributes (i.e. field data vs. predicted data) may

influence graph connectivity analysis outputs.
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