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Abstract

Context Functional connectivity models are essen-
tial in identifying major dispersal pathways and devel-
oping effective management strategies for expanding
populations of invasive alien species. However, the
extrapolation of models parameterized within cur-
rent invasive ranges may not be applicable even to
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neighbouring areas, if the models are not based on
the expected responses of individuals to landscape
structure.

Objectives We have developed a high-resolution
connectivity model for both terrestrial and aquatic
habitats using solely potential sources. The model is
used here for the invasive, principally-aquatic, Afri-
can clawed frog Xenopus laevis, which is a species of
global concern.

Methods All ponds were considered as suitable
habitats for the African clawed frog. Resistance costs
of lotic aquatic and terrestrial landscape features were
determined through a combination of remote sensing
and laboratory trials. Maximum cumulative resist-
ance values were obtained via capture-mark-recapture
surveys, and validation was performed using inde-
pendently collected presence data. We applied this
approach to an invasive population of the American
bullfrog, Lithobates catesbeianus, in France to assess
its transferability to other pond-dwelling species.
Results The model revealed areas of high and low
functional connectivity. It primarily identified river
networks as major dispersal pathways and pinpointed
areas where local connectivity could be disrupted for
management purposes.

Conclusion Our model predicts how the dispersal of
individuals connect suitable lentic habitats, through
river networks and different land use types. The
approach can be applied to species of conservation
concern or interest in pond ecosystems and other wet-
lands, including aquatic insects, birds and mammals,
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for which distribution data are limited or challenging
to collect. It serves as a valuable tool for forecasting
colonization pathways in expanding populations of
both native and invasive alien species and for identi-
fying regions suitable for preventive or adaptive con-
trol measures.

Keywords Biological invasion - Connectivity
maps - Corridor - Management - Xenopus laevis -
Lithobates catesbeianus

Introduction

The connectivity of a landscape reflects its capacity
to facilitate or to impede the movement of organ-
isms between patches of suitable habitat (Taylor et al.
1993; Baguette et al. 2013). Landscape connectivity
largely contributes to the genetic diversity and extinc-
tion probability of populations, as well as the stabil-
ity of metapopulations and metacommunities (Hanski
and Ovaskainen 2000; Leibold et al. 2004; Biichi and
Vuilleumier 2014; Thompson et al. 2017). By inves-
tigating the flow of individuals across a landscape,
connectivity analyses identify the most likely path-
ways and identify barriers that impede exchanges
between suitable habitats. Functional connectivity
models typically rely on resistance costs, which quan-
tify how challenging it is for a species to cross dif-
ferent land use types in relation to its movement or
dispersal capabilities (Cushman et al. 2013). Such
mechanistic models provide a greater level of realism
than models of structural connectivity, as the latter
do not consider behavioural and physiological traits
and rely on relaxed assumption about movements, i.e.
only considering distance between patches regardless
of land use (Fischer and Lindenmayer 2007; Auffret
et al. 2015).

From a conservation science perspective, con-
nectivity models are broadly used to identify poten-
tial corridors for wildlife, locate critical connectiv-
ity disruption and assist prioritization (Vuilleumier
and Prélaz-Droux 2002; Heller and Zavaleta 2009;
Gilbert-norton et al. 2010; Carroll et al. 2012; Pou-
zols and Moilanen 2014). From an invasion science
perspective, connectivity models can help to fore-
cast the expansion of invasive populations and locate
regions susceptible to invasion or where the flow of
invasive individuals can be strategically disrupted for
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conservation purposes (Morel-Journel et al. 2016;
Chaput-Bardy et al. 2017; Drake et al. 2017; Perry
et al. 2017).

However, modelling connectivity in expanding
populations that experience niche shifts over geo-
graphical scales or have been introduced in novel
regions requires caution. Specifically, connectivity
models parameterized using species occurrence or
habitat/landscape data acquired from their current
range can be designed to effectively minimize errors
caused by spatial extrapolation when transferring
models to potential new areas. This becomes particu-
larly crucial at fine spatial scales, where the influence
of climate on species distribution decreases, and the
intricate details, or granularity, of landscape features
and micro-habitat selection assume a more dominant
role. In this regard, resistance costs such as behav-
ioural estimates of movement across different land
use types or habitats within the current range and
neighbouring areas are expected to remain constant
outside the current range, unless marked spatial sort-
ing patterns are observed (Dudaniec et al. 2022).

Pond ecosystems are particularly suitable for
approaches that incorporate functional connectivity
(Compton et al. 2007; Clauzel et al. 2015). Ponds are
relatively small and easy to locate as potential sources
of aquatic individuals within the landscape. They also
host specific plant and animal communities that are
influenced in various ways by the presence of water.
The appreciation of ponds’ contribution to biodiver-
sity and ecosystem services is increasingly recog-
nized, as is the acknowledgment of considering ponds
as a network, rather than as isolated sites (Hill et al.
2018; Matthew et al. 2018). Furthermore, many
pond-dwelling species like odonates and amphibians
display periodical or erratic overland movements,
while using a range of aquatic habitats across differ-
ent phases of their life cycle or for various ecologi-
cal functions, including our focal species, the Afri-
can clawed frog Xenopus laevis and the American
bullfrog Lithobates catesbeianus (Gahl et al. 2009;
Raebel et al. 2010; De Villiers and Measey 2017).
For these species, hydrographic networks can facili-
tate movements in specific directions and be used to
reach neighbouring lentic water bodies. Thus, ponds,
as small discrete landscape elements, offer great
opportunities to model connectivity for water-related
species with low detection probability or which have
received limited study. This holds especially true for
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generalist species, i.e. when it is reasonable to assume
that most ponds, if not the majority, can be utilized
during movements, even if only temporarily. Due
to the above-mentioned methodological challenges
and conservation concern, there is a need to develop
mechanistic approaches for connectivity models of
pond-dwelling species that disperse on land or on air,
while simultaneously using aquatic habitats to breed,
forage, or seek shelter.

Herein, we developed a high-resolution connectiv-
ity model for the invasive population of the African
clawed frog X. laevis in Western France. This prin-
cipally aquatic amphibian species can occur in any
type of freshwater habitat (Measey et al. 2012), has
a generalist diet (Courant et al. 2017), and raises con-
cern for the multiple negative impacts it causes on the
native biota, globally (Measey et al. 2016). Our model
uses the presence and distribution of lentic aquatic
habitats (ponds and lakes) suitable for this frog spe-
cies and relies on the identification of major terres-
trial land use types and lotic habitat (river networks),
with each of them assigned a species-specific resist-
ance cost. These costs were obtained through labora-
tory trials (Vimercati et al. 2021) that focused on the
different landscape features encountered by African
clawed frogs during overland movement (Stevens
et al. 2006; Nowakowski et al. 2015). Because our
objective was to identify the main corridors within
and outside the range of the invasive population,
and since only a fraction of ponds in this range and
its surroundings have been sampled, the model does
not rely on distribution data. Instead, it relies on the
assumption that lentic waterbodies (ponds) bear very
low resistance costs and serve as nodes in the model
that can be used at any time during the life cycle of
the frog (Moreira et al. 2017). We also assume that
lotic habitats are used when travelling across the
landscape between ponds and have costs like any len-
tic waterbody. However, they do not serve as model
nodes.

By not relying on distribution data, a noteworthy
feature of our approach is that it might be applied to
other species or cases where sampling is challeng-
ing. To assess whether our approach can be used to
investigate connectivity pathways in other species
and geographic areas, we have chosen to apply the
same methodology to the invasive American bull-
frog Lithobates catesbeianus in Southwestern France.
Our choice was guided by the consideration that this

species is known to cause relevant impacts on native
species through predation, competition, and transmis-
sion of disease (Garner et al. 2006; Adriaens et al.
2013; Li et al. 2011) and repeated control attempts
have been conducted in Southwestern France over
recent decades to minimize its spread and impact
(Ficetola et al. 2007a, Secondi per. obs.). For both
species, we carried out a validation procedure by
using presence data collected independently during
visual, trapping and eDNA surveys (Vimercati et al.
2020). The aim of the validation was to determine
whether areas of high connectivity identified by the
model can be used to locate regions of the landscape
that have been already colonized by the species.

Current biodiversity crisis is driven, among others,
by increasing rate of biological invasions in freshwa-
ters (Nunes et al. 2015), and there is a specific need to
develop connectivity models for biological invaders
in these habitats. While freshwater invasive species
move across various landscape features and colonize
ponds or other wetlands, connectivity models and the
resulting maps can support conservation efforts. For
instance, they can help to anticipate actions along the
main expansion corridors of invasive populations or
suggest how to disrupt their connectivity for manage-
ment purposes (Chaput-Bardy et al. 2017). Addition-
ally, our approach can be potentially of use for many
groups such as aquatic insects, birds, and mammals,
and more generally for species or populations of
conservation interest in pond ecosystems and other
wetlands.

Methods
Species and areas of study

Xenopus laevis is an amphibian species native
to southern Africa that has been introduced into
several continents (Measey et al. 2012). In West-
ern France, a population has established likely
in the early 80’s (Fouquet and Measey 2006), has
expanded since then (Vimercati et al. 2020), and
has led to a decrease in the abundance of native
amphibians and nektonic macroinvertebrates, sup-
posedly through competition, predation and dis-
ease transmission (Courant et al. 2018a,b). The
invaded area is mostly covered by agricultural land-
scape with different features such as hedgerows
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and pastures, crops, vineyards, and woods, and is
crossed by a dense hydrographic network connected
to the Loire River. Pond density is high in a large
part of the study area due to historical cattle breed-
ing activities. Lithobates catesbeianus is an amphib-
ian species that originates from eastern US. It has
been introduced into at least three distinct areas in
France, where it has established alien populations.
The largest of these populations is located around
Bordeaux, where the species has been introduced
in 1968 (Berroneau et al. 2008). In this area, the
land use practices resemble those used in the inva-
sive range of X. laevis, although hedgerows are less
common, and a large coniferous forest occurs in the
western part. Many artificial lakes are also present,
and a great proportion of them has been already
colonized by the American bullfrog. The invasive
range of each frog population covers approximately
4800 km? (Secondi et al. in review). X. laevis and L.
catesbeianus have been assessed as among the most
invasive amphibians in the world (Measey et al.
2016; Kumschick et al. 2017), and are considered
as major threats to local wetlands biodiversity. Both
correlative and mechanistic niche models predicted

Landscape )
classification

n Classification into

Assignment of
resistance costs

large suitable areas for both species across most of
Europe (Ficetola et al. 2007b; Johovic et al. 2020;
Ginal et al. 2021).

Summary of the main steps taken to build
connectivity models

Following an initial step involving the classification
of the landscape into discrete features using remote
sensing, satellite imagery, and landscape data, indi-
vidual resistance costs were determined for each
landscape feature through a combination of field
and laboratory experiments. The resistance surfaces
obtained have then been integrated with the distri-
bution of ponds potentially used by the species in
the program UNICOR (Landguth et al. 2012) to
produce connectivity maps. A final validation step
has been taken to verify whether the areas of high
connectivity indicated by the model coincide with
those in which the species have been historically
observed. The main steps are represented in Fig. 1.

)
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of costs
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Fig. 1 Schematic representation of the mains steps taken to
compute resistant connectivity maps and validate the model
using independent occurrence data. Illustration of the satellite,
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frog and ponds were courtesy of the Integration and Applica-
tion Network, University of Maryland Center for Environmen-
tal Science (ian.umces.edu/media-library)
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Construction of species-specific resistance surfaces
Selection and correction of satellite images (Fig. 1a)

We used multispectral orthorectified SPOT 6/7 sat-
ellite images that were selected considering season
(mainly spring—summer, i.e. when both species dis-
perse) and cloudiness. Eight images have been used
for Western France (X. laevis) (acquisition dates
9-22nd April 2017, Appendix S3) and 12 for South-
western France (L. catesbeianus) (acquisition dates
12 April-13 July 2015 and one image 15 March
2016, Appendix S3). Each image covers a surface
of around 3600 km? (60x60 km), has four spec-
tral bands (Blue: 0.455 pm-0.525 pm; B1-Green:
0.625 pm-0.695 pm; B2-Red 0.530 pm-0.590 pm;
B3-Near Infrared: 0.760 pm—0.890 pm), a spatial res-
olution of 6 m and a location accuracy of 10 m. SPOT
6/7 products are already corrected for radiometric and
sensor distortions (Astrium 2013). Atmospheric cor-
rection was conducted on the SPOT 6/7 dataset using
Fast Line-of-Sight Atmospheric Analysis for Spectral
Hypercubes (FLAASH) module in ENVI (Cooley
et al. 2002).

Landscape classification (Fig. 1b—d)

Image data classification was conducted with the
Semi-Automatic Classification Plugin developed for
QGIS (Congedo 2016). We selected the orthorecti-
fied RGB mosaic for semi-automatic classification.
We created five classes, namely “water surfaces”,
“built-up”, “soil”, “grass”, “forest” as surrogates of
the main landscape elements that characterize West-
ern and Southwestern France in spring, the main
period of overland movement in the French popula-
tion (Secondi, unpublished data). The land cover type
“water surfaces” included all major rivers, streams
and water bodies. The land cover type “built-up” rep-
resented all urban and peri-urban human infrastruc-
tures (buildings, farms, major roads, etc.). The land
cover type ‘grass’ represented pasture, forage crops
and other graminoids (Kiichler and Zonneveld 1988).
The land cover type ‘soil’ represented fields charac-
terized by preparation tillage, crop residue and low
or no graminoids/forbs canopy (Kiichler and Zonn-
eveld 1988). The land cover types “forest” grouped
deciduous and evergreen forest, as both types impose
similar resistance costs to X. laevis (Vimercati et al.

2021). Previous studies have suggested that certain
landscape elements, such as grass and rivers, impair
and facilitate, respectively, X. laevis dispersal in
both South Africa (Vimercati et al. 2017) and West-
ern France (Vimercati et al. 2020). Moreover, resist-
ance costs associated with grass, forest litter, soil
and asphalt are available for both X. laevis in west-
ern France (Vimercati et al. 2021) and L. catesbe-
ianus and southern France (this paper, Appendix 3).
Additional information regarding the classification
of landscape into discrete categories is presented in
Appendix S4.

Assignment of resistance costs (Fig. le-g)

For the invasive population of X. laevis in Western
France, resistance costs assigned to “soil”, “grass”,
“forest” and “asphalt” have been obtained through
several physiological and behavioural experiments
whose results have been published in Vimercati et al.
(2021). These experiments estimated the degree to
which land cover types influence locomotion (meas-
ured as crossing speed) in juveniles, sub-adults and
adults, and dehydration and substrate choice in juve-
niles. Experimental results were then converted into
raw resistance costs using response ratio (Xr/Xc),
where Xr represents the mean response on a spe-
cific land cover type and Xc the mean response on
the control type (here “asphalt”). Following Nowa-
kowski et al. (2015), raw costs from each experiment
were finally used to compute an average measure of
resistance, under the assumption that each process
(locomotion, dehydration, choice) had equal weight
(Vimercati et al. 2021). Average resistance costs
(“asphalt”=1; “soil” =1, “forest” =1.5; “grass” =2.2)
were also multiplied by 5 for ease of interpretation
(see Fig. 1g; Table 1). On the contrary, resistance
costs for invasive L. catesbeianus in Southwestern
France were not available. In this species, dispersal
may be principally accomplished by juveniles that
move from the natal ponds (Sepulveda and Layhee
2015, Nelson and Piovia-Scott 2022), while adults
have shown limited dispersal propensity (Figure S1,
Table S1 in this paper, Descamps and Vocht 2016).
Thus, we conducted a locomotion experiment on 21
juveniles of L. catesbeianus in Southern France to
estimate resistance costs across the selected landscape
features (“soil”, “grass”, “forest” and “asphalt”). The
protocol and results of the experiment are reported in

@ Springer
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Table 1 Resistance costs on land use classes corresponding to
the main land substrates in the study areas for X. laevis and L.
catesbeianus

Land use class X. laevis® L. catesbeianus”
Asphalt 5 5

Soil 5 5

Forest 7.5 5

Grass 11 9

Built-up 999 999

Water 1.5 2.5

Values associated with built-up were assumed to be very high
(i.e., 999) to simulate non-penetrable elements such as build-
ings or other similar infrastructure. Values associated with
water were obtained through a sensitivity analysis in X. laevis
and assumed by expert opinion in L. catesbeianus

*Vimercati et al. (2021)

® Appendices S5, S6

the Appendix S5, with raw resistance costs that were
obtained following the same approach described for
X. laevis. For both species, we attributed the highest
resistance cost (999) to the “built-up” class, as the lat-
ter mimics artificial landscape features, including any
building types, that cannot be crossed (Fig. 1g).

The river network and lentic water surfaces (class
“water”) are expected to facilitate the dispersal of
African clawed frogs and American bullfrogs, as
individuals of both species can move throughout
waterways and colonize ponds along river valleys
(Sepulveda et al. 2015; Descamps and Vocht 2016;
Measey 2016). Under the assumption that the two
species exhibit behavioural patterns that fall some-
where in between those of a fish (cost for rivers and
streams=0) and a fully terrestrial frog (cost for riv-
ers and streams=35, like asphalt), and considering
the semi-aquatic habits of X. laevis, we set as 1.5
and 2.5 the costs to cross water for X. laevis and L.
catesbeianus, respectively. Such costs have been esti-
mated by performing a sensitivity analysis of resist-
ance costs for the class “water” for X. laevis (Fig. 1f,
Appendix S6).

Calculation of maximum cumulative resistances
and resistance kernels (Fig. 1c, h-i)

Resistance surfaces obtained in the previous step

were used to compute resistance kernels that quan-
tify landscape permeability by using the UNICOR

@ Springer

package in Python (Landguth et al. 2012). The resist-
ance kernel approach combines a kernel density esti-
mator with a directional least-cost matrix to produce a
multidirectional probability distribution representing
variability in habitat quality (Compton et al. 2007).
The maximum cumulative resistance cost used in
UNICOR for X. laevis was 11,032/yr (i.e. 3248 m/yr),
which was estimated by using data collected during a
3-year mark-recapture survey computed in 33 ponds
in the invasive range of the species in Western France
(Courant 2017). Since the mark recapture survey
recorded 30 events of dispersal between ponds, we
used the coordinates of each pair of ponds to compute
30 least-cost paths by using the resistance costs esti-
mated through laboratory experiments and to quantify
the cumulative resistance for each path. The highest
cumulative resistance has been defined as the maxi-
mum cumulative resistance obtained by using the
species-specific resistance costs estimated through
physiological and behavioural experiments (see sec-
tion below) and later used to compute resistance
kernel maps (Fig. 1h). No mark-recapture data were
available for L. catesbeianus but a distance of 1600 m
is the maximum dispersal distance ever recorded
for the species in the native range (Smith and Green
2005). Thus, the maximum cumulative resistance cost
(9932/yr, i.e., 1616 m/yr) used in UNICOR for this
species was estimated by choosing randomly ten pairs
of 1600-m-distant ponds in Southwestern France,
computing a least cost path for each pair of ponds and
calculating their cumulative resistance (Fig. 1h).

We used all ponds in the study area as poten-
tial sources (nodes) to compute connectivity maps
and identify the most probable dispersal corridors
(Fig. 1c). Ponds were identified using GIS layers of
water surfaces obtained from IGN (Institut National
de I’Information géographique et foresticre). We
obtained a very large number of ponds (for Western
France, X. laevis estimated invasive range=4800
km?; study area=23,000 km?2, estimated number of
ponds =90,200, i.e., 4 ponds/l kmz). which made
computations in UNICOR challenging and not widely
applicable. In fact, computation time increases non-
linearly with the number of nodes. Thus, we aggre-
gated ponds closer than 250 m from each other and
considered them as a single node using their cen-
troids (Fig. 1lc, see Appendix S1 for additional
details). To evaluate the effect of this operation on
the connectivity pattern, we performed the following
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analysis. Firstly, we selected a landscape portion
(30 km X 30 km) characterized by heterogeneous pat-
terns of ponds density, land use and waterways. Sec-
ondly, we computed resistant kernel connectivity for
all ponds identified in this landscape portion for X.
laevis’ range using resistance costs from lab experi-
ments (Vimercati et al. 2020). Thirdly, we recalcu-
lated connectivity by using the centroids of neigh-
bouring ponds instead of the ponds themselves. We
found no significant difference in the resulting con-
nectivity pattern for the chosen portion of the invaded
range, (see Appendix S2). Thus, we adopted the
procedure based on centroids to compute resistance
kernel connectivity of X. laevis and L. catesbeianus
(Fig. 1c).

To overcome prohibitive computational load
without compromising accuracy of composite con-
nectivity maps (Koen et al. 2019), resistance kernel
tiles of about 1000 km? were obtained individually,
by using resistance maps (see also next paragraph)
of the same size, and then overlaid in QGIS by tak-
ing the maximum value of connectivity wherever two
tiles overlapped. We ensured that all resistance ker-
nels were computed by selecting tiles that overlapped
each other at least 3248 m, which was the maximum
geographic distance of a potential kernel for X. laevis
(see above).

Validation test of the connectivity maps (Fig. 1j)

Connectivity values of grid cells within a 250-m
radius of the occurrence ponds (i.e. ponds in which
the species have been observed) were summed up and
divided by the total number of cells to obtain an aver-
age measure of connectivity (hereafter “average con-
nectivity”) and then compared to grid cells located
within 250-m radius of randomly selected points in
the landscape. Under the assumption that high con-
nectivity facilitates pond colonization, we predict
that average connectivity associated with occurrence
ponds is higher than average connectivity of random
points. For X. laevis occurrences, we considered pres-
ence data collected (2012-2017) through trapping,
visual and eDNA surveys (Vimercati et al. 2020) only
and the same dataset augmented by historical mark
recapture and visual survey since 2002 (Secondi et al.
in review). For L. catesbeianus occurrences, we con-
sidered data collected (2012-2017) through trapping,
visual, acoustic and eDNA surveys (Vimercati et al.

2020) only and the same dataset augmented by his-
torical, visual and acoustic survey since 2005 (Sec-
ondi et al. in review). We used, separately, both data-
sets because sites from the older dataset are closer to
the introduction site and had a higher probability to
be colonized over time, which might blur the relation-
ship between occurrence and predicted connectiv-
ity. To ensure that a sufficient number of occurrence
ponds was included, we carried out the analysis at
two spatial scales within the core area in both spe-
cies, by considering occurrence ponds and random
points within 15 km and 25 km from the introduction
site, respectively. For each sampling period and spa-
tial scale, we sampled a number of random points for
validation that corresponded to the number of occur-
rence ponds. To analyse the difference in average
connectivity between the two groups (occurrences—
random points), we conducted a set of Wilcoxon rank
sum tests and additionally calculated the bootstrapped
median difference and its 95% bootstrap confi-
dence interval (CI) by using 5000 bootstrap samples
with replacement with the R package “boot” (Canty
and Ripley 2021).

Results
Expected connectivity beyond the colonized ranges

We obtained a connectivity map for each invasive
population by computing the resistant kernel using
the estimated resistance costs. In X. laevis, the west-
ern half of the map showed a high level of connec-
tivity (Fig. 2a), and although we chose a resistance
cost for streams and river that capture the ability of
the species to move through lotic habitats (cost=1.5)
but does not exclude overland dispersal (costs=35
or higher), the hydrographic remain visible in many
areas. The extension of highly connected areas to
the west, resulting from the colonization of the Loire
River valley, is a noteworthy aspect of X. laevis dis-
persion in Western France, and it has been hypoth-
esized in a recent study (Vimercati et al. 2020). On
the contrary, the eastern part of the range exhibited
much lower connectivity. However, the presence
of the frog in this region is confirmed, and a closer
examination of this map reveals that most colonized
ponds are located in areas of high connectivity,
generally linked to a water course (Figs. 2a, 3, 5).

@ Springer
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Fig. 2 Resistant kernel
connectivity for X. laevis
(a) and L. catesbeianus (b).
Colours indicate different
levels of connectivity com-
puted through UNICOR
and defined using quantiles.
Blue dots represent ponds
where the two species were
detected through visual,
acoustic, visual and eDNA
surveys

Similar considerations apply to L. catesbeianus, as
this species has been detected through eDNA visual
and acoustic surveys in areas of high connectivity
(Fig. 2b).

Test and validation of model robustness

We detected difference in connectivity values
between occurrence grid cells (hosting the spe-
cies) and background grid cells. In X. laevis, con-
nectivity was significantly higher in occurrence grid
cells (i.e. associated with occurrence ponds) than in
background grid cells (i.e. associated with random

@ Springer
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points) at 15 km and 25 km around the introduction
site (Fig. 4a,b), except for the most recent occurrence
data collected within a 15-km radius (Table 2, blue
dots in Fig. 4a). In L. catesbeianus, connectivity was
significantly higher in occurrence grid cells than in
background (random) grid cells at both spatial scales
and regardless of the survey methods and periods
(Table 2, Fig. 4 c,d). This result suggests that by iden-
tifying areas of high connectivity, our model can be
used to pinpoint specific occurrence regions that are
suitable for preventive and control measures for both
species.
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Fig. 3 Details of areas characterized by differential resistance
kernel connectivity for X. laevis in Western France. a Area of
high connectivity already invaded by the species. b Area of
low connectivity not yet invaded. ¢ Area of low and high con-
nectivity where the species is mostly found in narrow areas of

Predicting the expansion of newly introduced
populations

Because our approach does not require occurrence
data, we have additionally used model parameters
obtained from the main invasive range of X. laevis (in
Western France) to compute a connectivity map for
a specific site in which the species has been recently
detected. This site lies within the invasive range of L.
catesbeianus around the city of Bordeaux and there

e Occurrence ponds

Connectivity

. Low

[ Medium-Low
| Medium-High
B High

high connectivity. Colours indicate different levels of connec-
tivity computed through UNICOR and defined using quantiles.
Blue dots represent ponds where the species were detected
through visual, acoustic, visual and eDNA surveys

are questions about whether the movement patterns
of the two species will coincide or each of them will
use specific pathways (Fig. 5). In accordance with the
resistance costs used to parameterize the model, the
connectivity maps of the two species show a large
coincide, which suggest that X. laevis could poten-
tially invade an overlapping region with L. catesbe-
ianus, using the same corridors. However, given X.
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Fig. 4 Boxplots showing the average connectivity generated
in UNICOR within a 250-m buffer around occurrence ponds
and random points at two spatial scales, i.e. within 15 km and
25 km from the introduction site, for X. laevis (a, b) and for L.
catesbeianus (¢, d). Ponds in which the species were detected
through recent eDNA, mark-recapture, visual and acoustic sur-
veys only, are shown in blue. Ponds in which the species were
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detected through eDNA, mark-recapture, acoustic surveys and
historical data (before 2012) are shown in yellow. Points ran-
domly chosen for validation are shown in grey. Asterisk indi-
cate significant differences in connectivity values between grid
cells around occurrence ponds and random points as detected
by Wilcoxon rank-sum tests and bootstrapped confidence inter-
vals (Table 2)
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laevis’ greater reliance on waterways for overland
dispersal, it is noteworthy that out model shows the
hydrographic network playing a more substantial
role in its overall connectivity pattern compared to L.
catesbeianus.

Discussion
Robustness and limits of the model

We developed a high-resolution connectivity model
that is based on how amphibians respond to the main
land features they encounter when moving across the
landscape. The model considers potential movement
pathways, both terrestrial and aquatic. Unlike other
modelling approaches, our model does not require
occurrence data and relies only on landscape features
and the estimated connectivity between potential
sources. This approach provides a solution to spatially
extrapolate predictions beyond the species’ range.
It relies, however, on the assumption that resistance
cost values are similar in the colonized range, i.e.,
having climatically and topographically similar area.
Our mechanistic approach could therefore be inte-
grated with species distribution models that correct
for biased sampling efforts (Fourcade et al. 2014) and
account for niche shifts between native and invasive
populations (Atwater and Barney 2021). This integra-
tion might enhance the predictive power of hybrid
species distribution models by forecasting the most
likely areas of expansion within broader areas of high
suitability.

In support of our approach, we observed a good
match between model predictions and species occur-
rences collected independently. However, historical
data reveal the presence of the species also in regions
with low connectivity values, mostly in proximity of
corridors promoted by the river network (Figs. 2c, 3).
Here, it is critical to emphasize that our connectivity
maps do not rule out the possibility that ponds sur-
rounded by low-connectivity landscape are colonized.
Instead, the maps suggest that the colonization pro-
cess will, in this case, be impeded compared to ponds
situated in high-connectivity areas. We also observed
a high congruence between occurrences and connec-
tivity predictions for L. catesbeianus. More impor-
tantly, the grid cells underlying and surrounding the

Table 2 Average connectivity (expressed by median, first and third quartiles) generated in UNICOR within a 250-m buffer around occurrence ponds and random points, p-value

for Wilcoxon rank-sum tests and bootstrapped median differences and 95% confidence intervals (Cls) obtained from 5000 bootstrap estimate. Results are shown for both species
at different spatial scales and sampling periods. The results in bold indicate significant p-value (p <0.05) and significant bootstrapped confidence intervals (not containing the zero

value)

Bootstrapped median dif-
ference [95%bsClI]

Average connectivity for Wilcoxon p-value

random points—median

[Q1, Q3]

Average connectivity
for occurrence ponds—
median [Q1, Q3]

Sampling period

Spatial scale

X. laevis

15 km

0.26 [-0.71, 1.43]
1.44 [0.78, 2.27]
1.05 [0.23, 2.08]
1.39 [0.67, 2.18]

0.094

9.19 [5.84, 13.40]
9.08 [5.48, 12.66]

9.42[7.18, 13.43]

318
616
499

2012-2017
2002-2017

<0.001
<0.001
<0.001

10.51[7.48, 14.16]
10.92 [7.89, 15.00]
11.28 [7.94, 14.74]

9.90 [4.93, 14.94]

2012-2017

25 km

9.89 [5.05, 14.89]

814

2002-2017

L. catesbeianus

15 km

1.31 [0.58, 1.93]

<0.001
<0.001
<0.001
<0.001

5.03 [3.78, 6.35]
4.67 [2.94, 6.36]

6.43 [5.15, 7.27]
6.42 [5.09, 7.27]

84

2012-2017

1.77 [1.27, 2.234]
4.00[2.83, 5.81] 2.19 [1.49, 2.75]
4241276, 5.83] 2.06 [1.66, 2.42]

6.19 [4.73, 7.23]
6.25 [4.88, 7.24]

252
100
284

2005-2017
2012-2017
2005-2017

25 km
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Fig.5 a Land use in Southwestern France near Bordeaux
where X. laevis has been recently detected (blue dot), con-
nectivity resistance maps based on species-specific resistance
costs for X. laevis (b) and L. catesbeianus (c¢) and high connec-

ponds invaded by both species exhibited significantly
higher connectivity values than background grid
cells. This crucial result strengthens the robustness
and usefulness of our models, as it suggests that areas
with high connectivity have higher chances to be col-
onized than those having lower connectivity.

One assumption of our modelling approach is that,
excluding areas with drastically different environmen-
tal conditions, resistance costs are the same across the
invasive range and in the neighbouring areas so that
we can extrapolate the model beyond the colonized
zone. We did not integrate other parameters, like
the presence of predators or competitors, for which

@ Springer
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tivity in both species (d). In b and ¢ colours indicate different
levels of connectivity computed through UNICOR and defined
using quantiles

information is lacking. Nevertheless, both invaded
areas are of relatively small size and topographi-
cally (lowlands) and climatically (oceanic climate)
homogenous. This assumption might be challenged
by spatial sorting, which increases movement capac-
ity of individuals at the range periphery in expand-
ing populations (Travis and Dytham 2002) or biases
connectivity predictions in species where movement
capacity is strongly affected (Phillips et al. 2006).
This process has not been investigated in L. catesbe-
ianus but has been documented in X. laevis (Courant
et al. 2019), in which, however, the position of indi-
viduals in the range (core vs. periphery) had only a
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negligible effect on resistance costs (Vimercati et al.
2021). Thus, we opted for a unique set of resistance
costs for the entire population.

Conservation implications about control strategies

Many freshwater organisms move both overland and
along hydrographic networks (Bohonak and Jenkins
2003; Chaput-Bardy et al. 2017). While both move-
ment types should be considered, it is notably difficult
to estimate resistance cost for water, which opposes
little resistance to amphibian movements (low fric-
tion, no dehydration). We used a procedure to balance
the effect of the hydrographic network on the model
output. Even so, the network appeared as an important
component of the connectivity map for both species,
with particular prominence in the case of or X. laevis.
The predicted pattern is consistent with the species
invasion history in western France. The most distant
individuals from the introduction site were detected
on the Thouet river valley (Eggert and Fouquet 2006)
and more recently on the Loire River (Vimercati et al.
2020). The influence of rivers on colonization suc-
cess may be attributed to the fact that these are slow-
flowing or do not flow in summer because of dams. In
addition, the valleys of these rivers host many lentic
habitats like ponds and ditches, at times stretching
for kilometres along the Loire River, which may act
as stepping stones for the species.

The overall high connectivity level that we observe
suggests that the containment of both invasive ranges
within their current limits is unlikely, which sup-
ports their inclusion, at the European level, in the list
of invasive alien species of union concern (Commi-
sion 2016, latest update 12th July 2022). For control
purpose, centrality analyses can be used to search for
hubs or network components which could be targeted
in priority (Drake et al. 2017), as used for the invasive
population of X. laevis (Chaput-Bardy et al. 2017).
Authors found that removing the species from 5% of
its colonized sites would reduce overall connectivity
of the colonized area. However, this would imply to
manage hundreds of sites, which might be challeng-
ing. Such a strategy seems more appropriate within a
smaller area or at an earlier stage of the invasion. If
disrupting connectivity across the whole range seems
out of reach, it may be achieved in the eastern part
of X. laevis range, where drier landscape and differ-
ent rock substrates (limestone as opposed to schist)

impose sparser hydrographic networks and lower
pond density.

Beyond the cases investigated here, our approach
can be applied to other invasive populations of X.
laevis and L. catesbeianus regularly found in other
continents (Ficetola et al. 2007a; Measey et al. 2012).
The outputs can serve as integral components to
the risk assessment process and the execution of
rapid response actions, for instance to determine the
maximum extent of the population or identify tar-
get areas for control or prioritization. Beyond these
two invasive amphibians of major concern (Measey
et al. 2016), our approach can be applied to animal
groups that use ponds and hydrographic networks and
are active overland dispersers, like multiple insect
and mammal species. Notably, the approach is not
restricted to pond-dwelling species, either as ponds
may serve as step over sites to river organisms dis-
persing overland, like odonates (Chaput-Bardy et al.
2008). To conclude, a substantial advantage in the
use of these connectivity models lies in their ability
to perform spatial extrapolation for examining diverse
expanding populations, such as invasive species,
those reintroduced for conservation, or those migrat-
ing under climate change, assuming that resistance
costs are available.
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