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Abstract

Context Maintaining connectivity is crucial for
wildlife conservation in human-occupied landscapes.
Structural connectivity modeling (SCM) attempts to
quantify the degree to which physical features facili-
tate or impede movement of individuals and has been
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widely used to identify corridors, but its accuracy is
rarely validated against empirical data.

Objectives We evaluated SCM’s ability to identify
suitable habitat and corridors for onagers (Equus
hemionus onager) through a comparison with func-
tional connectivity (i.e., actual movement of individu-
als) using satellite tracking data.

Methods We used MaxEnt to predict suit-
able habitat and evaluated the ability of three SCM
approaches: circuit theory, factorial least cost path,
and landscape corridors approaches to identify corri-
dors. The performance of the three SCM approaches
was validated against independently collected GPS
telemetry data.

Results Onagers selected water sources and dense
vegetation while avoiding areas grazed intensely by
livestock. The three approaches to SCMs identified
similar movement corridors, which were interrupted
by roads, affecting major high-flow movement corri-
dors. The SCMs overlapped with functional connec-
tivity by about 21%.

Conclusion Movement corridors derived from
SCMs did not align with the locations or intensity of
corridors identified using the functional connectivity
model. This finding suggests that SCMs might have a
tendency to overestimate landscape resistance in areas
with low habitat suitability. Therefore, SCM may not
adequately capture individual decisions about habitat
selection and movement. To protect corridors linking
suitable habitat, data on functional connectivity (i.e.,
telemetry data) can be coupled with SCM to better
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understand habitat selection and movements of popu-
lations as a consequence of landscape features.

Keywords Connectivity modeling - Circuit theory -
Equus hemionus onager - Factorial least cost paths -
Landscape corridors - Satellite tracking

Introduction

Landscape connectivity is vital in safeguarding bio-
diversity by facilitating movement, resource access,
and genetic exchange among populations (Crooks
et al. 2011). The fragmentation of habitat poses a
significant threat to connectivity, leading to habitat
loss, increased extinction rates, reduced distribution
and gene flow, ecological disruption, and edge effects
(Rudnick et al. 2012; Synes et al. 2020; Liang et al.
2023). To mitigate these detrimental consequences, it
is crucial to prioritize the maintenance of landscape
connectivity (Kauffman et al. 2021). Connectivity
allows individuals to access resources and avoid risks,
and it promotes species survival through dispersal and
migration, thereby mitigating inbreeding and extinc-
tion risks (Tischendorf and Fahrig 2000; Ranius et al.
2023). Disrupted connectivity leads to decreased
gene flow and genetic diversity (Hedrick 2005), high-
lighting the need for conservation efforts to focus on
landscape connectivity (Crooks et al. 2011; Kauffman
et al. 2021). In the aftermath of extirpations stem-
ming from habitat fragmentation, wildlife reintro-
ductions (or “rewilding”) offers a potential means by
which to restore community structure and ecosystem
function (Donadio et al. 2022). The success of such
programs requires a mechanistic understanding of
how landscape connectivity facilitates gene flow, off-
sets genetic drift, and boosts population resilience
to environmental changes (Fischer and Lindenmayer
2007; Ranius et al. 2023).

Landscape connectivity consists of two main com-
ponents, structural connectivity (the physical charac-
teristics of a landscape that allow for animal move-
ment) and functional connectivity (the movements of
individuals, populations, or genes across a landscape;
Taylor et al. 1993; Taylor 2006; Rudnick et al. 2012).
Structural connectivity is independent of species biol-
ogy (Taylor 2006), whereas functional connectivity
hinges on habitat preferences, dispersal ability, and
other traits that interact with the structural features of
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the landscape (Rudnick et al. 2012). Structural con-
nectivity modeling (SCM) is a suite of tools used to
quantify the locations and intensity of use of poten-
tial corridors. This predictive framework quantifies
the degree of connectivity among habitat patches by
analyzing the sizes and spatial configuration of such
patches across landscapes (Urban and Keitt 2001;
Fortuna et al. 2008; Keeley et al. 2021). Through
SCM, a suite of methods has been proposed to esti-
mate landscape connectivity—each with distinct
advantages and disadvantages—such that it often is
essential to use several methods to accurately predict
the locations and use intensity of corridors (Mura-
tet et al. 2013; Rayfield et al. 2016; Marrotte et al.
2017). Specifically, data on habitat suitability, occu-
pancy, and expert opinion frequently are combined
to parameterize “resistance surfaces”, the degree to
which landscape features impede or facilitate animal
movement (Adriaensen et al. 2003; McGuire et al.
2016; Littlefield et al. 2017; Zeller et al. 2021). How-
ever, because SCM is based on habitat selection by
individuals within populations, characteristics of
movement corridors have only a small impact on the
resulting model (Rudnick et al. 2012). As a result,
erroneous predictions of functional (actual) corri-
dors are likely, which can potentially mislead con-
servation efforts aimed at maintaining or restoring
landscape connectivity (Rudnick et al. 2012). Until
now, there have only been a few quantitative empiri-
cal studies directly comparing the ability of SCM to
models based on actual movement data (e.g. genetic
data: Mateo Sanchez et al. 2015a, b; GPS telemetry:
Ziotkowska et al. 2016). Habitat suitability models
can predict animal occurrences within their home
ranges, although these models may not fully encom-
pass the impact of environmental factors on animals
when moving outside of their customary home ranges
(Cushman et al. 2013). Because numerous studies
have provided conservation implications based solely
on SCM, this may result in ineffective safeguarding
of movement corridors and, consequently, the fail-
ure of conservation programs. Only a single study
(Zidtkowska et al. 2016) has compared the outcomes
of SCM with telemetry data. This study utilized least-
cost paths to predict brown bear (Ursus arctos) move-
ment corridors, but telemetry data were employed for
both habitat and movement models. In contrast, our
study obtained onager occurrence locations indepen-
dently of telemetry data.
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Despite its widespread use, SCM has limitations
in accurately predicting functional corridors due to
its focus on habitat suitability rather than movement
characteristics. Individuals select habitats based on
food, thermal and security cover, and mating oppor-
tunities in attempt to maximize fitness (Molles and
Sher 2019; Brown et al. 2023). Movement corridors
link suitable habitats via dispersal, migration, or
interpatch movements within a broader landscape
(Beier and Loe 1992; Fingesi 2023). However, indi-
viduals may select corridors based on characteris-
tics that are distinct from those used to select habi-
tat (Trainor et al. 2013; Gastén et al. 2016; Keeley
et al. 2016). For instance, food abundance or qual-
ity may not be prioritized when an animal moves
among habitat patches across a landscape; instead,
minimizing exposure to human activities may drive
selection for corridors (Rezvani et al. 2020).Wide-
ranging mammals and their habitats are affected by
human population growth, exploitation of natural
resources, direct persecution, and competition with
humans and their livestock (Ripple et al. 2015).
The situation is especially precarious for perisso-
dactyls, with nearly 95% of this order classified as
threatened or near-threatened (Bowyer et al. 2019;
Kaczensky et al. 2015). As a family adapted to arid
and semi-arid grasslands, equids in particular have
declined in number and geographical range from
competition with livestock and over-hunting (Feh
et al. 2002; Neumann-Denzau and Denzau 2007).
The Persian wild ass or onager (Equus hemionus
onager) is an endangered subspecies of the Asi-
atic wild ass (Equus hemionus). In its native range,
populations are confined to two protected areas in
central Iran (Kaczensky et al. 2015). The largest
onager population occurs in the 310 km? Qatroui-
yeh National Park (QNP), which is encompassed
by the larger (3747 km?) Bahram-e-Goor Protected
Area (BPA; Kaczensky et al. 2015). Because ona-
gers have been extirpated across much of Iran, it
is impractical to quantify functional (i.e., actual)
connectivity across the majority of their historical
range. Consequently, and by quantifying connec-
tivity and associated barriers to movement based
on physical characteristics of landscapes, SCM
offers a potential solution to the challenge of iden-
tifying sites at which reintroductions have a high
probability of success (i.e., self-sustaining popula-
tions). However, the utility of SCM for successful

reintroductions hinges on the degree to which it can
accurately identify actual movement corridors (i.e.,
functional connectivity).

We compared movement corridors predicted by
SCM for onagers with actual movement corridors
obtained through satellite tracking to inform reintro-
duction sites. Specifically, our objectives were three-
fold: (i) to identify suitable habitats and landscape
connectivity for onagers using three approaches to
SCM with different algorithms and natures: circuit
theory, factorial least cost path, and landscape cor-
ridors (LSCorridor); (ii) to estimate functional con-
nectivity of telemetered individuals using a Brownian
bridge movement model; and (iii) to validate the three
SCM approaches against functional connectivity
in attempt to identify which approach (if any) holds
the most utility for future reintroductions of onagers
across their historical range.

Materials and methods
Study area

With an area of approximately 3747 km?, the BPA
is located in the southern region of the Iranian pla-
teau (28° 37’ to 29° 45" N and 54° 25' to 55° 16 E;
Fig. 1), surrounding the QNP. This protected area
has an elevation range of 1580-2840 m, an average
annual temperature of 15 °C, and an average annual
precipitation of 150-250 mm. The region has a dry
climate and includes desert steppe habitats with per-
ennial shrubs and sparse trees such as wild almond
(Prunus scoparia) and wild pistachio (Pistacia atlan-
tica). The dominant plant species in the area are Arte-
misia sieberi, Zygophylllum eurypterum, Astragalus
spp., and Noaea mucronata (Darvishsefat 2006).
The QNP consists of three plains, Rig-Jamshid, Deh-
Vazir and Einol-Jalal, partially separated by a moun-
tain range. QNP and BPA are home to an increasing
population of onagers (ca. 1050 individuals; Iranian
Department of Environment 2022), which frequently
comes into conflict with pastoralists and farmers in
BPA (Esmaeili et al. 2019). Semi-nomadic pasto-
ralists herd their livestock through a grazing lease
schedule in BPA throughout the year, but livestock
is prohibited within QNP; BPA is a multi-use area
in which livestock grazing is permitted. Addition-
ally, the expansion of onagers’ home ranges and their
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movement from QNP to BPA in the wet season brings
them into close proximity with livestock, which
may affect onager activity and resource selection
(Esmaeili 2020). Over the past decade, a combination
of increased enforcement and resource supplementa-
tion (water and food additions) have led to a 2.61%
increase in the onager population within QNP, lead-
ing to increased human-onager conflict in and around
BPA (Esmaeili et al. 2019; Mohammadi et al. 2021).
Such conflicts are exacerbated by water shortages and
high grazing pressure in BPA, highlighting the need
for translocations from QNP as part of broader efforts
to reintroduce onagers to large swaths of their histori-
cal range.

Modeling onager distribution and landscape
connectivity

To model the distribution and landscape connectivity
for onagers, we used a combination of species occur-
rence data and telemetry data. From 2012 to 2020, we
collected occurrence data by visually identifying ona-
gers and recording presence using a Global Position-
ing System (GPS; n=234). To reduce spatial auto-
correlation and bias, we performed spatial filtering
of our data using the radius of the mean home range
(Jennings et al. 2010; Kramer-Schadt et al. 2013).
We calculated the radius of the mean home range
based on the home range size reported by Esmaeili
(10-12 km?; 2020). Lastly, we used Moran’s index
to verify the absence of spatial autocorrelation in the
spatially-filtered data (Fig. S1). Ultimately, we used
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97 locations to model the distribution of onagers
within QNP and BPA.

In three attempts, we captured 15 onagers using
two baited corral traps with remotely triggered doors
in December 2016 and January 2017 in QNP. In each
attempt, three mares (total n=9) were selected from
inside the corrals and fitted with GPS collars (Vertex
Lite 2 Iridium, Vectronic Aerospace GmbH, Berlin,
and Germany) after being anesthetized with remote
darting. Males and juveniles were released. As ona-
gers exhibit fission—fusion herds—i.e., collared indi-
viduals do not stay with a specific herd and move
between herds—(Kaczensky et al. 2008), we assumed
that these mares would represent different herds dur-
ing the telemetry period. We programmed collars to
record locations every 2 h. To minimize the impact
of capture and handling on animal movement, we
excluded the initial 2 weeks of GPS locations after
collar deployment (Dechen et al. 2012). We improved
accuracy by screening GPS locations with a dilu-
tion of precision (DOP) greater than 10, resulting in
ca. 72,000 locations from January 2017 to Decem-
ber 2018. We used these data to validate movement
corridors identified through SCM. We followed the
approved protocol for capture and telemetry outlined
by the Iranian Department of Environment.

Environmental variables

Initially, we extracted climatic variables from the
CHELSA database at a resolution of approximately
30 s (https://chelsa-climate.org). To downscale the
annual mean temperature and annual precipitation


https://chelsa-climate.org

Landsc Ecol (2024) 39:73

Page50f15 73

from coarse-to-fine scale, we employed moving win-
dow regression. Elevation was used as a covariate to
create downscaled bioclimatic variables. We assessed
model performance by comparing model outcomes
with observational data obtained from climatologi-
cal and synoptic stations (obtained from the National
Meteorological Organization of Iran). Linear regres-
sion yielded the best performance and highest accu-
racy in downscaling annual precipitation and annual
mean temperature. The R? values represent the
amount of variability captured by the best fit model as
calculated by the ratio of the cross-validated residual
sum of squares to the total sum of squares. Climatic
variables were then corrected based on the regres-
sion model. Next, we extracted the values of all 19
climatic variables and 1000 pseudo-absence points,
and calculated the degree of collinearity between
them using variance inflation factors (VIF) in R with
the usdm package (Naimi 2013). Based on a VIF <6,
we selected seven climatic variables for distribution
modeling: annual mean temperature, precipitation
of driest month, precipitation seasonality, precipi-
tation of warmest quarter, temperature seasonality,
temperature annual range, and mean temperature of
driest quarter. In addition to the aforementioned cli-
matic variables, we used 16 additional environmental
variables that collectively represented spatial vari-
ation in topography, land cover, and human threats
(Table S1). We obtained a digital elevation model
with a resolution of 30 m from the USGS database
(https://earthexplorer.usgs.gov) to extract slope,
aspect, and roughness using the surface analysis tool
in ArcGIS 10.3 (ESRI 2014). The Euclidian distance
to mountains was calculated according to the global
mountains layer (Karagulle et al. 2017), which was
also acquired from the USGS using the surface analy-
sis tool in ArcGIS 10.3. The roughness variable was
calculated using a digital elevation model, vector of
ruggedness index (Sappington et al. 2007), and a 3 X3
moving window. We obtained a soil type layer from
the Geological Survey and Mineral Exploration of
Iran. Playas were extracted from this layer, and the
distance to playas was calculated through the surface
analysis tool.

The Modified Soil-Adjusted Vegetation Index
(MSAVI) of the study area was generated using
MODIS satellite images (mean MSAVI values at a
spatial resolution of 250250 m and a temporal res-
olution of eight days, spanning from 2012 to 2020).

Land cover variables, including bareground, poor-
quality rangelands (sparse vegetation with <25% can-
opy cover), and medium-quality rangelands (mixture
of scrubland and grassland with >25% canopy cover),
were obtained from Iranian Natural Resources and
Watershed Management Organization based on the
total vegetation biomass in the study area.

The locations of water sources were recorded dur-
ing field surveys using a hand-held GPS unit and
marked on a 1/250,000 topography map. These data
were subsequently included in the final model as
the distance to the nearest water source. Human set-
tlements, agricultural lands, and paved roads were
extracted using the land use map acquired from Ghor-
banian et al. (2020). The layers were then updated
using Google Earth images, and the distance to each
land use/land cover variable was calculated using the
surface analysis tool in ArcGIS 10.3.

Only paved roads were included in the habitat suit-
ability modeling process, as dirt roads have less traf-
fic and the onagers regularly cross them. To investi-
gate impacts of livestock within our study area, we
acquired the land allotments layer from the Provincial
Natural Resources Departments of Fars, Yazd, and
Kerman provinces. The livestock capacity index (the
amount of forage required by one mature sheep for
one month) was determined using animal unit month
(AUM) provided by Mesdaghi (2010), and based on
the condition of the rangeland and the mean annual
precipitation. We considered that the grazing period
was approximately the same in grazing leases in this
area (mean=152; SD=7.3); thus, the length of the
grazing period was considered uniform for all pas-
tures. Finally, the grazing intensity raster was calcu-
lated by multiplying the livestock capacity index by
the livestock density at each allotment.

We followed the four-step method employed by
Li et al. (2020) to reduce the number of variables
with high correlations used to improve the transfer-
ability of the habitat suitability model. This approach
involved selecting variables based on their percent-
age contribution to habitat suitability modeling (Fig.
S2). However, in cases where predictor variables are
correlated, interpreting the contribution of each vari-
able can be challenging (Phillips et al. 2006; Li et al.
2020). Therefore, we excluded variables exhibiting
strong collinearity with other variables before exam-
ining their percentage of contribution (Fig. S2). This
resulted in the retention of 10 variables for modeling
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onager distribution: digital elevation model (DEM),
roughness (ROU), distance to mountains (MOU), dis-
tance to bareground (BA), distance to medium range-
land (MR), distance to poor rangeland (PR), distance
to the nearest water sources (WS), grazing intensity
(INT-LIV), distance to playa (PL), and distance to
paved road (PPR).

Habitat suitability modeling

We evaluated the habitat suitability of QNP and BPA
for onagers using the maximum entropy algorithm
(MaxEnt desktop version 3.3.3k; Phillips et al. 2006),
which has been shown to outperform other habitat
suitability models such as BioMapper, DOMAIN,
FloraMap, and the genetic algorithm GARP (Elith
et al. 2006; Ortega-Huerta and Peterson 2008). The
MaxEnt algorithm requires presence data of the mod-
eled species and relevant environmental and climatic
variables. To evaluate the model’s performance, we
used a repeated split-sample test (10 times) with train-
ing models that were created by eliminating each fold
in turn, and measured accuracy with the AUC (area
under the receiver operating characteristic curve) and
TSS (true skill statistic) metrics. We employed cross-
validation in each replicate run and performed 500
iterations, while setting the regularization number to
1 to avoid overfitting of the test data (Phillips et al.
2004).

Structural connectivity modeling

We investigated the connectivity among suitable
patches of habitat for onagers using circuit theory,
factorial least cost path, and landscape corridors
(LSCorridor). The objective was to gain a bet-
ter understanding of the differences and similari-
ties between these approaches, as outlined below
(Table S2):

(A) Circuit theory, which employs the CIR-
CUITSCAPE (McRae and Shah 2009) software
to follow multiple paths taken by individuals.
Circuit theory is a movement ecology concept
that uses circuit analysis and random walk theory
to simulate species movement in a landscape as
a conductive surface. The landscape is repre-
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sented as a network with nodes and resistors,
where nodes are specific locations and resistors
represent resistance between them (McRae et al.
2008). Resistance distance measures the ease of
movement between nodes based on landscape
characteristics. By assigning conductivity val-
ues to locations and predicting movement using
random walks, circuit theory predicts the likeli-
hood of individual movement between habitat
patches (Hanks and Hooten 2013). To do so, we
transformed the study landscape into a resistant
surface using the habitat suitability map, where
patches of suitable habitat served as focal nodes.

(B) The resistant kernel approach (Compton et al.
2007), which identifies habitat cores through
factorial least-cost path analysis (Landguth et al.
2012) implemented in UNICOR (UNlIversal
CORridor and network simulation model, Land-
guth et al. 2010). Our analysis assumed that indi-
vidual movement between patches would occur
along optimal or least-cost paths. To estimate
the shortest path from each presence point to
the neighboring point (Cushman et al. 2013), we
employed Dijkstra’s algorithm (Dijkstra 2022).
We converted the suitability map into a resist-
ance map using a negative exponential function
and used costs as the dispersal function while
considering presence points as sources to pre-
dict the primary kernels in the UNICOR model.
We generated a connectivity map by combining
the least-cost paths using factorial least-cost path
analysis (Cushman et al. 2009, 2013).

(C) LSCorridors, which identifies movement cor-
ridors between two patches using a “least cost
path” approach. This approach is similar to the
“least cost corridor” (LCC) method (Adriaensen
et al. 2003; Pinto et al. 2012), but LSCorridors
identifies the cumulative cost instead (Correa
Ayram et al. 2016). Patches were treated as col-
lections of pixels and one pixel per patch was ran-
domly selected in each simulation. This approach
also allowed us to assign different resistance
costs to pixels in the same patch, accounting for
variation due to edge effects or habitat quality in
corridor design. We used habitat patches and the
resistance layer as modeling inputs (Keeley et al.
2016).
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Functional connectivity modeling

Brownian Bridge Models (BBM; Horne et al.
2007) determine high-use movement corridors and
core areas—i.e. areas with optimal conditions for
a species to survive and reproduce—at the popula-
tion level. We utilized the Brownian bridge move-
ment model to estimate utilization distributions
(UDs) for each of the nine collared female onagers
during the study period, following the methods of
Horne et al. (2007) and Sawyer et al. (2009). Our
calculations employed a grid-cell size of 30 m and
incorporated a spatial error of 10 m. The 99% con-
tour polygons of individual-specific UDs were used
to quantify the number of overlapping polygons
in each grid cell situated within our study area,
per the approach outlined by Sawyer et al. (2019)
(Fig. 2).

To evaluate the conservation value of the
derived movement corridors, we initially converted
the output maps of structural connectivity models
and functional corridors into binary maps using the
20th percentile of the total current density. Sub-
sequently, these maps were overlaid to determine
overlap percentages across all four approaches.

Fig. 2 Flowchart synthesiz-
ing the procedure to evalu-
ate the habitat connectivity
for onagers in BPA and
QNP

i species occurance data i

Results
Habitat suitability modeling

The AUC and TSS values for the habitat suitability
model were both high (AUC=0.91; TSS=0.80),
indicating good performance. Habitat suitability
(i.e., onager presence probability) was positively cor-
related with medium-quality rangeland (7.3%) and
low grazing intensity (4.2%) by livestock, while it
was negatively correlated with distance from water
sources (68.9%), mountains (4.7%), and playas
(4.4%). The habitat suitability map demonstrates that
QNP houses most of the primary suitable habitat in
the study area (Fig. 3). Within the central regions of
BPA, there exist isolated patches of high suitability.
Moreover, a significant patch displaying good suita-
bility occurred in the northwestern part of the region,
outside the BPA, which is frequented by onagers dur-
ing specific periods. Furthermore, there are areas in
the southwestern portion of QNP that extend beyond
its designated boundaries and remain suitable.

Structural connectivity modeling
The results from the SCMs demonstrated the spa-

tial continuity of onagers’ habitat in BPA (Fig. 4).
The circuit model revealed that the eastern region

.........................................

i Environmental variables i
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Fig. 3 The habitat suitability map for onagers in the study area
produced through MaxEnt modeling; Class 0.0-0.2 indicates
the least suitable habitats, while Class 0.8—1.0 indicates the
most suitable habitats

of QNP had the highest probability of onager
movement, where high flow density was observed
(the route connecting patch 2 to 10, Fig. 4a). Addi-
tionally, a relatively wide band with high flow was
found in the route connecting patches 1 to 3, which
extended from the north of the area to the central
areas of BPA (Fig. 4a). The LSCorridors and UNI-
COR models produced similar results as the cir-
cuit model (see Fig. 4b, c). Furthermore, the map
obtained from UNICOR identified corridor density
and main patches, which closely resembled those
acquired from the habitat suitability classes map.
The overlap between the habitat continuity maps
and the roads map revealed that the northern cor-
ridors (Fig. 4a) were bisected by a side road.

Functional connectivity modeling

Cell values resulting from the analysis varied from
1 (used by only one animal) to 9 (used by all nine

@ Springer

animals), representing low-use and high-use areas,
respectively. We defined low-use movement corridors
as cells used by one to three animals (>10% of the
collared individuals) and designated high-use core
areas as cells used by at least four animals (>45% of
the collared individuals; see Fig. 4d).

The comparison of connectivity outputs revealed
that the circuit model overlapped with LSCorridors,
UNICOR, and BBM by 82.5%, 48.4%, and 20%,
respectively. The LSCorridors showed the highest
overlap with UNICOR, with 57% of the common
route. On average, the telemetry-based functional
connectivity model (BBM) had a 21.4% overlap with
SCMs (Table 1). The most substantial overlap of the
SCMs occurs in the north-northeast movement routes.
The highest overlap of SCMs and the functional con-
nectivity model is observed in the northern and north-
eastern parts of QNP, as well as the northern areas
of BPA. However, it shows the least resemblance to
the telemetry data in QNP and its western areas. Fig-
ure 4e shows that areas with the highest connectivity
overlap have higher conservation value in QNP.

Discussion
Habitat suitability

We examined habitat suitability, core areas, and
landscape connectivity for onagers in QNP and BPA
using SCM (based on species presence) and func-
tional connectivity (based on data from GPS telem-
etered individuals). Our study revealed that onagers
prefer rangelands of moderate quality (Nowzari et al.
2013; St-Louis and C6té 2014) while actively avoid-
ing areas with intense livestock grazing and proxim-
ity to livestock allotments. The presence of livestock
at nearly all water-accessible sites compromises ona-
gers’ access to forage and water (Esmaeili 2020), and
illegal livestock intrusion into BPA compounds this
issue. Illegal livestock encroachment in BPA (but not
QNP) could be exacerbated by unstable economic
conditions, which could further limit food and water
for onagers. Elsewhere, and especially in dry areas
across the globe, forage quality constrains habitat
suitability and use for wild ungulates in rangelands
(Nowzari et al. 2013; Schroeder et al. 2013; St-Louis
and Co6té 2014; Fynn et al. 2016; Du Toit et al. 2017).
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Table 1 Comparison of

. Brownian bridge UNICOR LSCorridors Circuit theory
the overlapping percentage model
of movement routes of
onagers obtained from 20.6 48.4 82.5 100 Circuit theory
three sTruc.turz.ll connectivity 20 573 100 " LSCorridors
models (circuit theory,
LSCorridors, UNICOR) 23.61 100 * * UNICOR
and telemetry-based 100 * * * Brownian
functional connectivity bridge
model (Brownian bridge model

model)

Proximity to mountains further shaped habitat suit-
ability, as hill-valley habitats provide a refuge and
thermal cover during severe weather conditions and
disturbances (Nowzari et al. 2013). Consistently, we
observed that onagers flee towards hill-valleys when
disturbed. Lastly, the existence of playa landforms,
especially in the southern and southwestern parts of
the BPA, plays a critical role in meeting the water
requirements of onagers. In areas characterized by
high groundwater levels (such as playas), Mongolian
kulans can dig up to 60 cm in dry soil to access water
(Feh et al. 2002; Stubbe et al. 2007). Consequently,
the presence of these landforms is paramount to
conserving and safeguarding water resources in the
region.

Landscape connectivity

We employed four approaches—three of which gen-
erated structural connectivity metrics, one of which
generated a functional connectivity metric—to inves-
tigate landscape connectivity and identify the most
frequent movement corridors and primary habitats
at the population level. These tools are widely used
to identify conservation corridors (Correa Ayram
et al. 2016). Connectivity models like LSCorridors,
UNICOR, and circuit theory are effective for identi-
fying optimal routes for individual movement while
accounting for landscape structure and habitat param-
eters (Beier et al. 2008; McRae et al. 2008; Landguth
et al. 2012; Ribeiro et al. 2017). Each model gener-
ates outputs that complement the others. LSCorri-
dors avoid pixel size bias, and predicts multiple paths
based on different pixel sets (Beier et al. 2008). UNI-
COR focuses on the validity of main habitat cores
(Landguth et al. 2012), while circuit models and UNI-
COR both consider the contribution of each patch to
overall connectivity (McRae et al. 2008; Ribeiro et al.
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2017). Nevertheless, models that incorporate ani-
mal behavior are likely to generate predictions that
more accurately reflect movement corridors across
seasons, thereby providing valuable insights for tar-
geted conservation strategies. For instance, and in our
study, the three SCMs for predicting movement cor-
ridors generated similar predictions, but GPS reloca-
tions of onagers did not support certain pathways due
to distinct characteristics of the models employed.
Improving the accuracy of SCMs thus requires a bet-
ter understanding of how movement corridors are
selected by individuals within a population (Rudnick
et al. 2012).

Telemetry data provides insights into the temporal
dynamics of animal dispersal and other movements,
which are fundamental for understanding demog-
raphy, species interactions, and the establishment
of new populations (Kays et al. 2015). In our study,
telemetry data revealed that sites occupied by onagers
and livestock are temporally separated, as onagers
tend to avoid livestock (Esmaeili 2020). This finding
is consistent with the results from MaxEnt modeling,
which showed a negative influence of livestock den-
sity on onager habitat suitability. Our telemetry data
further refined this result by revealing the causes of
avoidance of livestock by onagers: disturbance (risk
of foraging during the day when livestock is present)
and the reduction of forage biomass by livestock
(Esmaeili 2020), factors that were not identifiable by
the structural model.

Our study revealed that, in areas with low habi-
tat suitability, SCMs significantly overestimated
resistance relative to the BBM. The SCMs produced
movement corridors with much greater effective dis-
tances and absolute resistances than the functional
connectivity model. These results are in accord-
ance with the study of Ziétkowska et al. (2016) that
compared structural and telemetry-based functional
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connectivity models. Predicted movement corri-
dors from SCMs overlapped the telemetry-based
functional connectivity model by only about 21%,
indicating that animals frequently do not follow the
routes generated by SCMs. Furthermore, the BBM
(which was generated using data from nine col-
lared onagers), did not represent the movements of
the entire population. Consequently, low overlap
between the BBM and SCMs may be partly due to
the small number of telemetered individuals. None-
theless, this limitation is unlikely to cause serious
bias in the results due to the gregariousness and fis-
sion—fusion social structure of onagers. Addition-
ally, this small sample size still identified important
areas and movement corridors used by onagers that
were not detected by the SCMs.

It is worth noting that SCMs for different species
and habitats can vary in their predictive performance
(Baguette et al. 2013). Moreover, these models are
generally unable to account for animal behaviors like
dispersal, migration, and mating excursions, or demo-
graphic events like mortality (Sawyer et al. 2011;
Baguette et al. 2013; Mateo Sanchez et al. 2015a;
Diniz et al. 2020; Hofmann et al. 2023). As such, they
are more appropriate for species with low rates of dis-
persal that require access to food and other resources
during movement. In contrast, onagers are able to
move long distances across open habitats without
water and food. Consequently, they do not necessarily
follow the routes predicted by SCMs.

Habitat suitability models are blind to the density
of individuals at a point, while the analysis of telem-
etry data determines the percentage of use per unit
area. Therefore, the map obtained from telemetry data
differentiates between areas with high, medium, and
low suitability with greater accuracy. Habitat suit-
ability indicates potential structural corridors, while
tracking data often reveals that the real (functional)
movement routes may not necessarily be located in
the desirable habitats. Telemetry data accurately pro-
vides spatial records of individual animal movement
corridors and dispersal, enabling a direct assessment
of the influence of landscape features on these cor-
ridors. They hence greatly improve the credibility of
habitat suitability models and our understanding of
animal movements and dispersal (Manly et al. 2007,
Kays et al. 2015). Genetic data may provide addi-
tional insights into the connectivity of populations

(Beier et al. 2008; Zeller et al. 2021; Mateo Sanchez
et al. 2015b; Nakajima et al. 2023).

Onagers exhibit nomadic movements character-
ized by irregular directionality and timing, leading
to temporal variability in their movement patterns
(Teitelbaum and Mueller 2019). Such movements are
unlikely to be accurately captured by occurrence data
derived from static sampling methods, potentially
leading to misrepresentation of movement corridors
in SCMs. Conversely, telemetry data collected over
extended periods provide a more dynamic (and thus
more realistic) depiction of the actual paths of ona-
gers, reflecting true habitat use. Consequently, the
absence of a species from a particular habitat does not
preclude its ability to traverse that area in response to
environmental variability, such as during dispersal,
migration, or nomadic movements.

Our findings demonstrate that the outcomes
of SCMs are highly sensitive to factors determin-
ing landscape resistance. While differences in the
SCM approaches that we employed generated simi-
lar potential movement corridors, the low overlap of
commonly-identified routes among approaches sug-
gests that different corridors are key to conservation.
It is therefore challenging to prioritize the most criti-
cal areas for protection based solely on SCMs. More-
over, movement corridors predicted by telemetry data
exhibited minimal overlap with those derived from
SCMs. Consequently, and compared to SCMs, we
conclude that functional connectivity models derived
from telemetry data facilitate a more precise and real-
istic assessment of movement corridors. Nonethe-
less, a blend of both telemetry data and SCM-derived
resistance levels in tandem should permit more com-
prehensive understanding of spatiotemporal move-
ment patterns of onagers, and wildlife more generally.
Our integrative approach enables effective prioritiza-
tion and management of wildlife habitats.

To ensure the protection of movement corridors
and effective planning of conservation actions, our
results hold profound implications. Specifically, our
study shows that habitat suitability alone is unlikely
to adequately predict movement corridors for highly
mobile species. Therefore, we propose prioritizing
connectivity analyses that take into account species-
specific movement behaviors, rather than relying
solely on habitat suitability. Nonetheless, it is worth
noting that habitat suitability models and SCMs
remain valuable tools in pinpointing suitable patches

@ Springer
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for resident populations and corridors for the rela-
tively slow, non-migratory movements of the species
between them. Furthermore, in situations where con-
ducting telemetry studies is not feasible due to finan-
cial or conservation constraints, SCMs can serve as
a viable proxy to determine resistance to movement
surfaces.

Conclusion

Our study combining SCMs and telemetry-derived
metrics of habitat suitability, core areas, and land-
scape connectivity has provided valuable insights
into the habitat preferences and movement patterns of
onagers, a globally-endangered equid. Onagers favor
moderate-quality rangelands and avoid areas with
intense livestock grazing due to disrupted resource
access. Proximity to mountains provides essential
security and thermal cover during severe weather
events, while hill-valleys serve as refugia for distur-
bances. Our work highlights the limitations of SCMs,
which tend to overestimate resistance compared to
functional connectivity models based on telemetry
data. To improve the rigor of our understanding of
animal movements, more nuanced approaches that
incorporate species behavior (via telemetry or other
methods) are necessary. Although our study focused
on onagers, the lessons learned can be applied to
other highly mobile species. Our results suggest that
the applicability of SCMs may differ for different spe-
cies depending on their life history traits and move-
ment types and capacities. It is therefore crucial to
consider the unique characteristics and ecological
requirements of each species when applying these
methods to different organisms. We hope that our
work will provide a foundation for future research to
yield deeper insights about landscape connectivity for
conservation purposes.
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