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Abstract: Landscape connectivity is considered a key issue for biodiversity
conservation and for the maintenance of natural ecosystems stability and
integrity. Landscape connectivity defines the degree to which the landscape
facilitates or impedes movement among resource patches. A wide range of
methodological approaches can be involved in such studies. Spatial
distribution analyses are common tools but can hardly integrate
connectivity. We do here suggestions to apply graph theory and least cost
path approaches in a specific application related to common frog habitats
connectivity.

Amphibian’s life cycle involve seasonal migrations between terrestrial and
aquatic habitats which constrain them to regularly cross an inhospitable
fragmented landscape matrix. Thus, there is a growing need for maintaining
and restoring landscape connectivity between their habitat patches. This is
especially the case for the common frog Rana temporaria, a widespread
amphibian in Europe occurring in various habitat types and migrating
between forest and aquatic habitats for breeding.

The aim of preliminary study is to explore a method based on habitat
suitability modeling and graph theory in order to analyze an ecological
network. In order to assess in which manner habitat patches distribution
can affect landscape connectivity between ponds, we use both
configuration and distributions of suitable forest patches as model inputs.
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The link between common frog occurrence and forest patches configuration
and distribution is defined with a probabilistic model from sampled data and
relevant indices. Especially, elevation, land use distribution, distances to
forest patches, distance to rivers, and landscape indices computed from
forest patches distribution were shown being the main significant
environmental variables influencing habitat patches distribution. In our
application, we obtained then a suitable habitat patches distribution map by
the use of ponds occupancy location data and maximum entropy modelling.
Then, we applied least cost path modelling and graph theory approach in
order to highlight the connected ponds and their importance for regional
connectivity.

These results emphasize the potential of maximum entropy modelling, and
graph theory approach for integrating connectivity in landscape planning.
The quantification of landscape matrix permeability in relation with the
common frog dispersion patterns appears as limited in order to quantify
edge between nodes for the design of a graph integrating ponds as nodes
for a regional perspective. Nevertheless, this method combined with the
use of genetic markers may be useful to assess main barriers and corridors
for the common frog from a regional to a local perspective for planning. In
this context, the use of genetic distances could be considered as a good
surrogate to the use of least cost path as edges in a graph theoretical
approach for studying connectivity.

Keywords: graph theory approach; maximum entropy modelling;
fragmentation; connectivity; barriers and corridors; environmental planning;
habitat suitability modelling; common frog

Introduction

Landscape connectivity is considered a key issue for biodiversity conservation and for the
maintenance of natural ecosystems stability and integrity. Landscape connectivity defines
the degree to which the landscape facilitates or impedes movement among resource patches
(Taylor and al., 1993). In fragmented and heterogeneous human dominated landscapes,
movements across the landscape matrix area are key process for the survival of plant and
animals species (Wiens and al., 1993). Maintaining or restoring landscape connectivity has
become a major concern in conservation biology and land planning (Pascual-Hortal and
Saura, 2008) and especially for amphibians. Indeed, amphibian’s life cycle involves
seasonal migrations between terrestrial and aquatic habitats which constrain them to
regularly cross an inhospitable fragmented landscape matrix making them vulnerable to
land degradation and connectivity loss (Joly and al., 2001 ; Pope and al., 2000 ; Hamer and
McDonnell, 2008 ; Allentoft and O’Brien, 2010). Anthropogenic barriers as railways and
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major roads limit amphibians’ migrations and movements (Fahrig and al., 1995). Many
species have to refrain to move between small, scattered patches of different resources,
instead of one, large patch. In this sense, habitat fragmentation constitutes the main driver
of gene flow reduction (Hitchings and Beebee, 1997 ; Allentoft and O’Brien, 2010). This is
particularly the case for the common frog Rana temporaria, a widespread amphibian in
Europe occurring in various habitat types and migrating between forest and aquatic habitats
for breeding (Gasc and al., 1997 ; Miaud and al., 1999 ; Palo and al., 2004). The study
focus on habitat availability and landscape connectivity (Urban and Keitt, 2001 ; Pascual-
Hortal and Saura, 2006), under the assumption that connectivity is species specific and
should be measured from a functional perspective (Saura and Torné, 2009). Graph theory
and network analysis have become established as promising ways to efficiently explore and
analyze landscape or habitat connectivity. However, little attention has been paid to making
these graph-theoretic approaches operational within landscape ecological assessments,
planning, and design. We are working towards a methodological approach to address
habitat quality assessment and connectivity from an operational point of view in order to
support planning. In this study, we decided to use the software Conefor Sensinode 2.2
(Saura and Torné, 2009), a proven efficient tool for landscape connectivity assessment by
the use of graph theory (Pascual-Hortal and Saura, 2008).

To illustrate the basic principles of the proposed method, an ecological example using the
European common frog Rana temporaria in the French Alps region have been chosen. We
present here some preliminary results in relation with the computation of the inputs needed
for defining the underlying graph in order to study it's connectivity. The nodes of this graph
are defined from estimations of the habitat distribution. Edges define possible paths of
individual movements between habitats throughthe landscape matrix. On the application
point of view, the graph gives a functional representation of common frog’s habitats
network.

The following methodological steps explored for building this graph are presented in this
study: i) Achievement of a habitat suitability map (in this study we computed a probability
of occurrence distribution map by the use of presence data and maximum entropy
modelling) ii) Simulation of dispersal areas in order to define the main connections
between common frog ponds iii) Assessment of the main connected ponds by the use of
Conefor Sensinode.

1. Study site and sampling

This study focuses on the French departments Isére and Savoie (French Alps). This area is
about 1415126 km? (figure 1). The common frog is a typical species within this region
(Castanet and Guyétant, 1989) where it breeds in various types of aquatic habitats. Because
at the subalpine belt landscape connectivity is not the main driver of the frog dispersal
patterns due to environmental constraints (i.e climatic variables), we focused on the
common frog populations occurring under the tree line (1400-1600 meters).

The common frog was detected in 97 ponds under the tree line within this area. The sample
design followed a genetic sampling strategy framework based on tadpoles between 1999
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and 2002 (Pidancier and al., 2002). The geographic location of each sampling is known.
For this preliminary study, we reduced the area to a surface of 4067 km? including 47
located ponds (figure 1).
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Figure 1. The study area (the altitude of the ponds located on the map ranges from 200m to 1500m
which correspond to ponds occurring under the tree line).

2. Probability of occurrence distribution

We used the maximum entropy modelling approach (Phillips and al., 2006 This approach
allows to predict the distribution of a target species’ probability of occurrence in relation
with environmental variables and only presence data. Software tool MaxEnt was used for
this (Philips and Dudik, 2008).

We considered the 47 genetic sampling locations as presence data.

The common frog during its terrestrial cycle is very sensitive to the type of land cover to
cross in order to reach its required forest habitat for summer and winter (Miaud and al.,
1999 ; Pahkala and al., 2001 ; Palo and al., 2004). Based on radiotracking surveys and
expert knowledge, the common frog seems to be very sensitive to the distribution of small
forest patches around the pond area.

Consequently, we computed and integrated in the analysis different environmental variables
in relation to ecological and spatial requirements of the common frog. The forest habitat
distribution around the aquatic habitat was also considered within the modelling:
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Land cover based on Corine Land Cover 2006 (level 3).

2. Slope and elevation derived from a 50m DEM (French National Geographic
Institute).

3. Landscape indices based on forest patches distribution from the European
Forest/Non Forest map (resolution: 25m) provided by the Join Research Centre
JRC (Pekkarinen and al. 2009). For this, we used Fragstats (McGarigal and Marks,
1995) with a moving window of 3000m and we selected the following basics
landscape indices: Mean Forest Patch Area, Largest Forest Patch Index and Forest
Patch Density. The moving window of 3000m corresponds to the maximum frog’s
dispersal distance area observed during a radiotracking surveys.

4. Distance to forest patch crossed by a river derived from a combination of the
hydrological network map (French National Geographic Institute) with the
European Forest/Non Forest map.

The estimate of relative contributions of the environmental variables to the Maxent model
is as follows: 26.7 % for the altitude, 22.2% for the slope, 21.1% for Largest Forest Patch
Index, 11.6% for the distance to forest patch crossed by a river, 8.8% for Mean Forest Patch
Area, 8.0% for Forest Patch Density and 1.6% for land cover. The use of 15% of the dataset
for cross validation gives an Area under the Curve (AUC) of 0.75 for the ROC curve
analysis which corresponds to a good discriminative capability between predicted presence
and absence according to Pearce and Ferrier (2000). We plan to make model iterations and
to make a more strict variables selection by the use of the jackknife test provided by
Maxent. We will also test model sensitivity to different amount of test data (AUC and
omission rate). All the more, the moving window of 3000m corresponds to the maximum
dispersal distance area observed by a radiotracking surveys and we plan to compute
landscape indices with a moving window of 1500m corresponding to the mean dispersal
distance observed for the common frog as suggested by expert knowledge and
radiotracking surveys. In order to test and illustrate the next methodological steps of this
approach, we present here a first model output (figure 2).
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Figure 2. Probability of occurrence distribution for the common frog with the maximum entropy
modelling (area of 4067 km?). Warmer colors show areas with better predicted conditions (AUC of
0.75 for the ROC curve with 15% of the dataset for cross validation,).

MaxEnt calculates several threshold values at each run and values exceeding them may be
interpreted as reasonable approximation of the potential distribution of the considered
species suitable habitat. As suggested by Phillips and Dudik (2008), we used the 10
percentile training presence (mean = 0.339) in order to obtain the potential distribution of
the common frog in relation to suitable terrestrial habitat distribution (figure 3).
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Figure 3. Potential distribution of the common frog (10 percentile training presence of 0.339 as the
probability threshold) (area of 4067 km?).

The potential distribution of the common frog obtained (figure 3) allows to identify the
effect of the dense urbanized areas and highways as main barriers and unsuitable habitats.
This distribution also suggests the potential presence of discontinued potential suitable
areas for the frog depending on forest patches distribution impacted by human activities. In
this context, further genetic considerations will help to quantify and identify the
disconnections between frog populations in relation to human dominated areas distribution.

3. Connections between ponds

We quantified the connection between the ponds in relation with landscape matrix
permeability by the use of a friction map and the least cost modelling.

Least cost modelling (Ray and al. 2002) allows to simulate the dispersal of the common
frog in relation to the landscape matrix permeability between habitat patches. The approach
is based on the calculation of the amount of energy that an individual looses in its
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movement during a walk from a habitat patch to another one. In this case study, we
considered frogs as individuals and the movement as a “walk” from a pond to another one.

The matrix permeability is considered with the use of a friction map that provides inputs in
terms of the ability of the individuals to cross the landscape matrix. The friction map layer
is a raster map where each cell (landscape unit) expresses the relative difficulty of moving
through that cell (Fulgione and al., 2009). In this study, the present friction map was
computed by inversing the previous probability of occurrence distribution map from. The
tool MaxEnt (Fulgione and al., 2009) was used for this purpose. Indeed, a fundamental
assumption is that habitat suitability and permeability are synonyms, and that both are the
inverse of ecological cost of travel (Beier and al., 2007). These conditions can be
considered as accepted in our application. Moreover, we added specific spatial constraints
in this friction map. More precisely, in our case, the main “impermeable barriers” for the
common frog (i.e. high friction value) are the highways and the urbanized areas.

For the calculation of the least cost paths between each pond, we used the ArcView
extension Path Matrix (Ray, 2005). This methodological step will be followed by a
comparative approach with the computation of friction values based on expert knowledge
and radiotracking surveys.

4. Assessment of ponds’ importance for connectivity

We build then a graph whose nodes stand for the located ponds. Edges between nodes are
valuated as the least cost paths distances between the ponds.

In practice, we use Conefor Sensinode (Saura and Torné, 2009). The software calculates a
Number of Components NC index which identify a set of connected nodes (i.e.
components) in which a path exists between every pair of nodes (figure 4). The tool
estimates a Probability of Connectivity index (PC), combining the node attributes with the
maximum product probability of all the possible paths between every pair of nodes (Saura
and Torné, 2009) (PC equals 0 when nodes are not connected). All the more, the software
helps to assess node importance for connectivity by removing systemically each node and
recalculating the PC when that node is not present in the data set. Node importance is
quantified by an index dPC which corresponds to the importance of an existing node for
maintaining landscape connectivity according to the PC index variation when the node is
removed (Pascual-Hortal and Saura, 2008) (figure 5).

In our case study, the possible paths between every pair of nodes correspond to the least
cost paths computed in the previous step. And we used a threshold dispersal distance of
1500m based on radiotracking surveys of common frog migration pattern between ponds
and suitable terrestrials’ habitats. In this context, when a least cost path distance between
two nodes (ponds) is higher than 1500m the nodes are considered as no connected and the
PC equals 0.

The use of the NC index (figure 4) provides a rapid identification of the connected ponds in
relation with landscape matrix. In our case study, most of the ponds are isolated by distance
and few ponds can be considered as connected in term of seasonal migration patterns. All
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the more, most of the connected ponds identified are located in homogenous suitable
habitat. This is due to the orientation of the ponds location dataset for genetic analysis
(genetic isolation by distance). Within this context, we plan to improve the analysis using a
more detailed ponds’ distribution dataset in order to assess local connectivity in the near
future.

OSet of connected ponds / components (@ Ponds

B Dense urbanized areas and highways

Figure 4. Set of connected ponds (components) identified with the computation of the Number of
Components index (NC) using Conefor Sensinode software with a dispersal distance of 1500m (Nodes
are not connected when PC equals 0 which correspond to a least cost path distance between nodes
higher than 1500m).
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Figure 5. Ponds importance for connectivity based on the computation of the dPC index using
Conefor Sensinode software. Warmer colours correspond to a highest importance for connectivity.

As shown in figure 5, some ponds isolated and closed to urbanized areas appear as
important for regional connectivity (high dPC value). This may suggest that these ponds
could be considered as critical isolated ponds in relation with barriers in a human
dominated landscape context (presence of disconnections between suitable large areas for
the common frog). For the moment, this interpretation of the dPC has to be considered with
caution given that we did not use yet all the existing ponds locations within the area
(missing nodes). We plan to complete the study with the computation of a dPC index based
on genetic distance between ponds for the quantification of the potential genetic
connections.

5. Discussion

In this preliminary study, the use of the JRC Forest/Non Forest European map for the
characterisation of common frog terrestrial habitat distribution combined with the
maximum entropy modelling gives promising results for the identification of discontinuities
in distribution within a regional perspective. This approach in tandem with genetic
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considerations should provide a tool for the identification of the effects of “landscape
barriers and corridors” on populations structure in relation to common frog and its
terrestrial habitat requirements.

The use of a friction map combined with least path modelling appears also as a crucial key
issue for the quantification of connections between habitat patches when dealing with
landscape matrix permeability. Even if an efficient calibration of a friction map is possible
for a local approach (Janin and al. 2009), the computation of a relevant regional friction
map remains quite difficult for the common frog given the existence of heterogeneity in
dispersal patterns driven by local environmental conditions. This suggests that it should be
more efficient to consider regional connectivity for amphibians from the point of view of
genetic and spreading diseases as the chytrid fungus (Rédder and al, 2009). Landscape
connectivity should be better considered for a local perspective in relation with common
frog migration patterns between its aquatic and terrestrial habitats.

Conclusion

In this connectivity habitat modelling approach, the main interest of the graph theoretical
approach is its flexibility in the consideration of quantified links between nodes in relation
with the study assumptions and knowledge about the target species. Indeed, links between
nodes can be quantitative links as possible paths between nodes (least cost paths for
example) or probabilities of connection (based on genetic distance or dispersal test for
example).

The use of a habitat suitability map via a modelling or an expert knowledge approach is
essential when considerations about habitat patch availability and sustainability are needed
in a landscape connectivity study applied to an animal species in order to assess which
patches are critical for connectivity.

In this context, quantification of links between nodes (habitat patches) in relation with
animal species abilities to cross landscape matrix appears also as a critical step because of
its need of ecological realism. In many case, the quantification of landscape permeability
remains difficult and consequently is often based on assumptions and simplifications. This
appears in our study case with the common frog for which the quantification of landscape
matrix permeability and paths between ponds for a regional perspective needs more
discussions and improvements. Even if these limitations exist, this preliminary study
appears as helpful for the consolidation of our methodological framework. And the use of a
genetic approach based on genetic distance between common frog populations should be a
relevant surrogate to the use of potential paths between ponds quantified with a landscape
permeability approach.

LANDMOD2010 — Montpellier — February 3-5, 2010
WWW.symposcience.org

11



Acknowledgements

This research was supported and funded by the Interreg Alpine Space Program Econnect
(reference number: 116/1/3/A). We thank Santiago Saura for his advice on the subject and
his help on using the software Conefor Sensinode.

References

Allentoft M.E., O’Brien J., 2010. Global amphibian declines, loss of genetic diversity and fitness: a
review, Diversity, 2(1), 47-71.
Beier P., Majka D., Jenness J., 2007. Conceptual steps for designing wildlife corridor,
www.corridordesign.org, 86 p.
Castanet J., Guyétant R., 1989. Atlas de répartition des amphibiens et reptiles de France, SHF et
MNHN (Eds), Paris, 191 p.
Fahrig L., Pedlar J., Pope S., Taylor P., Wegener J., 1995. Effect of road traffic on amphibian density,
Biological Conservation, 73, p. 177-182.
Fulgione D., Maselli V., Pavarese G., Rippa D., Rastogi R.K., 2009. Landscape fragmentation and
habitat suitability in endangered Italian hare (Lepus corsicanus) and European hare (lepus europaeus)
populations, European Journal on Wildlife Research, 55, p. 3875-396.
Gasc P., Cabela A., Crnobrnja-Isailovic J., 1997. Atlas of amphibians and reptile in Europe, Societas
Europaea Herpetologica and Museum National d’Histoire Naturelle, Paris.
Hamer A.J., McDonnell M.J., 2008. Amphibian ecology and conservation in the urbanising world: a
review, Biological Conservation, 141, p. 2432-2449.
Hitchings S., Beebee T., 1997. Genetic substructuring as a result of barriers to gene flow in urban
Rana temporaria (common frog) populations: implications for biodiversity conservation, Heredity,
79, p. 117-127.
Janin A., Léna J.-P., Ray N., Delacourt C., Allemand P., Joly P., 2009. Assessing landscape
connectivity with calibrated cost-distance modelling: predicting common toad distribution in a
context of spreading agriculture, Journal of Applied Ecology, 46(4), p. 833-841.
Joly P., Miaud C., Lehman A., Groleto O., 2001. Habitat matrix effect on pond occupancy in newts,
Conservation Biology, 15, p. 239-248.
McGarigal K. and Marks B.J., 1995. FRAGSTATS: Spatial Pattern Analysis Program for Quantifying
Landscape Structure. General Technical Report PNW-GTR-351. Pacific Northwest research Station,
Forest Service, US Department of Agriculture, Portland, OR.
Miaud C., Guyétant R., Elmberg J., 1999. Variation in life-history traits in the common frog Rana
temporaria (Amphibia: Anura): a literature reviews and new data from the French Alps, Journal of
Zoology, 249, p. 61-73.
Pahkala M., Laurila A., Merild J., 2001. Carry-over effects of ultraviolet-B radiation on larval fitness
in Rana temporaria, Proceeding of the royal society of London, Series B, 268, p. 1699-1706.
Palo J.U., Schmeller D.S., Laurila A., 2004. High degree of population subdivision in a widespread
amphibian, Molecular Ecology, 13: 2631-2644.
Pascual-Hortal L., Saura S., 2006. Comparison and development of new graph-based landscape
connectivity indices: towards the priorization of habitat patches and corridors for conservation,
Landscape Ecology, 21, p. 959-967.
Pascual-Hortal L., Saura S., 2008. Integrating landscape connectivity in broad-scale forest planning
through a new graph-based habitat availability methodology: application to capercaillie (Tetrao
urogallus) in Catalonia (NE Spain), Furopean Journal of Forest Research, 127, p. 23-31.

LANDMOD2010 — Montpellier — February 3-5, 2010

WWW.SympoSCience.org

12


http://www.corridordesign.org/

Pearce J. and Ferrier S. 2000. Evaluating the predictive performance of habitat models developed
using logistic regression, Ecological Modelling, 133, p. 225-245.

Pekkarinen A., Reithmaier L., Strobl P., 2009. Pan European Forest/Non-Forest mapping with
Landscat ETM+ and Corine land Cover 200 data, Journal of Photogrammetry and Remote Sensing,
64, p. 171-183.

Pidancier N., Gauthier P., Miquel C., Pompanon F., 2002. Polymorphic microsatellite DNA loci
identified in the common frog (Rana temporaria, Amphibia, Ranidae), Molecular Ecology Notes, 3,
p. 304-305.

Philips S.J., Anderson R.P., Schapire R.E., 2006. Maximum entropy modeling of species geographic
distributions, Ecological Modelling, 190, p. 231-259.

Philips S.J., Dudik M., 2008. Modeling of species distributions with Maxent: new extensions and a
comprehensive evaluation, Ecography, 31, p. 161-175.

Pope S.E., Fahrig L., Merriam N.G., 2000. Landscape complementation and metapopulation effects
on leopard frog populations, Ecology, 81, p. 2498-2508.

Ray N., Lehmann A., Joly P., 2002. Modeling spatial distribution of amphibian populations: a GIS
approach based on habitat matrix permeability, Biodiversity and Conservation, 11, p. 2143-2165.
Ray N., 2005. PATHMATRIX: a geographical information system tool to compute effective
distances among samples, Molecular Ecology Notes, 5, p. 177-180.

Rodder D, Kielgast J., Bielby J., Schmidtlein S., Bosch J., Garner T., Veith M., Walker S., Fisher M.,
Latters S., 2009. Global amphibian risk assessment for the panzootic chytrid fungus, Diversity, 1, p.
52-66.

Riitters K.H., Wickham J.D., O’Neill R.V., Jones K.B., Smith E.R., 2000. Global-scale patterns of
forest fragmentation, Conservation Ecology 4(2), 3.

Riitters K., Vogt P., Soille P., Estreguil C., 2009. Landscape patterns from mathematical morphology
on maps with contagion, Landscape Ecology, 24, p. 699-709.

Saura S., Torné J., 2009. Conefor Sensinode 2.2: A software package for quantifying the importance
of habitat patches for landscape connectivity, Environmental Modelling and Software, 24, p. 135-139.
Taylor P.D., Fahrig L., Henein K., Merriam N.G., 1993. Connectivity is a vital element of landscape
structure, Oikos, 68, p. 571-573.

Urban D., Keitt T., 2001. Landscape connectivity: a graph-theoretic perspective, Ecology, 82, p.
1205-1218.

Wiens J.A., Stenseth N.C., van Horne B., Ims R.A., 1993. Ecological mechanisms and landscape
ecology, Oikos, 66, p. 369-380.

LANDMOD2010 — Montpellier — February 3-5, 2010
WWW.symposcience.org

13



	1. Study site and sampling
	2. Probability of occurrence distribution
	3. Connections between ponds
	4. Assessment of ponds’ importance for connectivity
	5. Discussion

