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Abstract

Livestock husbandry exerts major pressures on wildlife across the world. Large

carnivores are particularly at risk because they are often killed by pastoralists

as a preventive or precautionary response to livestock depredation. Minimizing

the overlap between pastures and carnivore habitat can thus be a conservation

strategy, but it remains often unclear which pastures should be targeted to

maximize conservation benefits given a limited budget. We addressed this

question for the last viable population of the Asiatic cheetah (Acinonyx jubatus

venaticus) in northeastern Iran. By combining species distribution modeling

with a spatial prioritization framework, we aimed to identify where grazing

right buyouts should take place to reduce cheetah killing by herders and their

dogs. We assessed the Asiatic cheetah habitat using species distribution

models, highlighting large, contiguous areas that overlap with livestock pas-

tures (5792 km2, equaling 72% of the total predicted suitable habitat). Subse-

quently, we used data on the number and distribution of livestock (�47,000

animals in 80 pastures) and applied a spatial prioritization method to identify

pastures for grazing right buyouts for a range of budget scenarios (US

$100,000–600,000). Pastures selected had a high level of irreplaceability and

were generally stable across budget scenarios. Our results provide a novel

approach to minimize encounter rates between cheetah and livestock, and

thus the mortality risk, for one of the world's most endangered felids and high-

light the potential of spatial prioritization as a tool to devise urgent conserva-

tion actions.
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1 | INTRODUCTION

Large carnivores are important for healthy ecosystems
(Hoeks et al., 2020). Standing at the top of the food chain,
large carnivores control prey populations, and through
that, other elements of food webs (Ripple et al., 2014).
The loss of large carnivores can have far reaching, and
often unintended consequences on ecosystems and socie-
ties, including changes in carbon sequestration or nutri-
ent cycling, the spread of invasive species, disease
outbreaks, or rising wildfire risk (Estes et al., 2011).
Unfortunately, it is often difficult to reconcile large carni-
vore conservation with land use in today's human-
dominated landscapes (Di Minin et al., 2016; Ripple
et al., 2014). Large carnivores naturally occur at low
densities and require large tracts of habitats, making
them vulnerable to habitat loss and fragmentation
(Chapron et al., 2014; Newbold et al., 2020). Similarly,
as defaunation progresses, large carnivores suffer from
the decimation of prey in many places (Ripple
et al., 2014). Large carnivores are often persecuted
because of the real or perceived risk they pose to people
and livestock (Treves & Karanth, 2003). Fostering the
coexistence of large carnivores and people is therefore
challenging, yet critically important for carnivore con-
servation (Boronyak et al., 2020; Chapron & L�opez-
Bao, 2016; L�opez-Bao et al., 2017).

Livestock husbandry occupies more than 25% of the
Earth's surface (Steinfeld et al., 2006), exerting wide-
spread anthropogenic pressure on large carnivores (Feng
et al., 2021; Ripple et al., 2014). Domestic herbivores
compete over forage and water resources with wild herbi-
vores, which are the main prey base for large carnivores
(Ripple et al., 2015; Schieltz & Rubenstein, 2016).
Declines in prey can also happen due to pathogen trans-
mission from livestock as well as poaching by herders
(Ripple et al., 2015). Importantly, depredation of livestock
by large carnivores often leads to the retaliatory or pre-
cautionary killing of large carnivores (Broekhuis
et al., 2017; Treves & Karanth, 2003). Finally, herding
dogs are frequently used to protect livestock, which can
cause considerable and indiscriminate mortality in wild
carnivores, as well as their prey (Hughes &
Macdonald, 2013; Nayeri et al., 2021). As a result, live-
stock husbandry often translates into serious threats to
carnivores (Soofi et al., 2018), and reducing these pres-
sures could benefit endangered large carnivores in major
ways (Pudyatmoko, 2017).

Reducing the negative impacts of livestock husbandry
can be addressed by an integrative approach, in which
landscapes are shared by carnivores and humans
(Carter & Linnell, 2016) or a segregated approach, in
which both are separated (Packer et al., 2013). Integration

could be achieved by reducing direct pressures in land-
scapes where herders and carnivores co-occur
(e.g., banning of lethal control, prevention measures, com-
pensation payments), whereby the segregated approach
aims to spatially separate pastoralists and carnivores
(Chapron & L�opez-Bao, 2016; Morehouse & Boyce, 2017).
The former is an option in densely settled landscapes, but
can be very costly (e.g., European countries pay around
28.5 million Euros per year for damage caused by large
carnivores; Bautista et al., 2019), partially suffer from low
acceptance rates (Treves et al., 2009), and are not always
effective in reducing pressure on carnivores (Eklund
et al., 2017). Where possible, reducing the spatial overlap
between large carnivore habitat and livestock pastures can
minimize conflict (Xiao et al., 2022) and therefore, be a
viable and economically attractive alternative. For exam-
ple, Kuijper et al. (2019) recommend a fine-scale separa-
tion between humans and wolves to conserve the species
in Europe, or in India and Nepal voluntary human reset-
tlements to mitigate human–wildlife conflict has been suc-
cessfully implemented (Dhakal et al., 2011; Karanth &
Karanth, 2007). Likewise, compensating farmers for set-
ting aside their land for wildlife, as in Karanth (2007), can
be a key mechanism for reducing conflict between carni-
vores and people.

Spatial separation of wildlife and pastoralists can be
achieved through relocating livestock from key habitat
(Giuliano & Homyack, 2004; Torre et al., 2007). However,
deciding on where such relocation could take place is a
complex task with several ecological and socioeconomic
considerations (Torri, 2011). Pastures vary in size, qual-
ity, and location (Moln�ar, 2012), all reflected in the value
these pastures have for livestock herders. Compensation
costs for such relocation campaigns can therefore vary
hugely across a given landscape. Likewise, the conserva-
tion benefit of pastures varies across space, as habitat
quality for large carnivores depends on a range of factors
that vary themselves. Large carnivores require contiguous
habitat, so proximity to other habitat patches must be
considered when selecting areas for relocation. As a
result, novel approaches for identifying the best places
for livestock relocation are highly required.

Spatial prioritization (hereafter: prioritization), is a
powerful framework to solve such conservation problems
in order to maximize benefits to biodiversity (Wilson
et al., 2009). Prioritization has traditionally been used to
identify optimal sites for protected areas or their zonation
(Kukkala & Moilanen, 2013). Recently, prioritization
approaches have expanded to allocate a wider range of
conservation actions in landscapes (Wilson et al., 2007),
including identifying the best sites for anti-poaching mea-
sures (Li et al., 2020), for strategic land acquisitions
(Carwardine et al., 2008), or for wildlife-friendly farming
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techniques (Chadés et al., 2015). A prioritization frame-
work should hence be useful to identify where a reduc-
tion in livestock pressure would benefit large carnivores
the most, and where grazing right buyouts should take
place given a certain budget. However, to our knowledge,
prioritization has not been used for this purpose.

Asiatic cheetahs (Acinonyx jubatus venaticus) once
roamed over vast areas in central and southern Asia but
have disappeared from 98% of their historical range with
less than 50 individuals remaining, all of them in Iran
(Durant et al., 2017; Khalatbari et al., 2017). The species
naturally occurs in arid and semiarid steppes at low den-
sities and requires large home ranges due to low prey
availability (Hunter et al., 2007). The last viable popula-
tion of the species occurs in and around Touran Bio-
sphere Reserve and Miandasht Wildlife Refuge in
northeastern Iran (Khalatbari et al., 2017). Livestock
pastoralism is widespread in both protected areas and
threatens Asiatic cheetahs for all the reasons
highlighted above: natural prey competes with livestock
over scarce water and fodder, poaching of prey by
herders can be substantial, and guarding dogs to protect
livestock from wolf (Canis lupus) attacks frequently kill
cheetahs (Farhadinia et al., 2017). There are also anec-
dotal reports of the removal and smuggling of cheetah
cubs by herders (Farhadinia et al., 2017). Livestock hus-
bandry in this region is thus the most serious threat to
Asiatic cheetahs, which are now on the brink of extinc-
tion (Durant et al., 2022).

Given this imminent global extinction, reducing pres-
sure from livestock pastoralism on cheetahs is urgently
needed. However, many established practices are not use-
ful in this landscape (van Eeden et al., 2018): funding for
long-term compensation schemes is currently not avail-
able, reducing herding dogs could result in higher live-
stock losses due to wolf attacks, and separating
carnivores from livestock through fencing pastures is not
feasible, due to low pasture productivity that requires
very large grazing areas and (semi-)nomadic pastoralism.
Grazing right buyouts remain as a potentially useful con-
servation strategy to reduce the spatial overlap between
livestock pastures and cheetah habitat. Previous buyout
campaigns, initiated in 2017 in Touran Biosphere Reserve
resulted in the buyout of eight pastures (7,700 livestock
heads, representing 18% of the total livestock; covering
332 km2, which is less than home range of an Asiatic
cheetah; Cheraghi et al., 2018) for a total of US$309,225
as of June 2020. Given that livestock depredation by Asi-
atic cheetah is rare (Khalatbari et al., 2022), it is unlikely
that the removal of livestock negatively affects their sur-
vival. Encouragingly, since then no cheetah mortality
due to dogs and herders has been reported in the areas
that were subject to previous buyout campaign, while the

cheetah population has remained stable in these areas
(Iranian Department of Environment, unpublished data).
These initial results highlight both the feasibility and
potential benefits of buyouts. However, optimally identi-
fying priority areas for ramping up buyouts to maximize
conservation benefits to Asiatic cheetahs is lacking.

In this study, our overall aim was to use spatial priori-
tization to identify where grazing right buyouts should
take place to better protect Asiatic cheetahs. Specifically,
our objectives were:

1. Identifying suitable Asiatic cheetah habitat within
and around Touran Biosphere Reserve and Miandasht
Wildlife Refuge using species distribution modeling.

2. Develop a spatial prioritization framework to system-
atically identify priority pastures for grazing right buy-
outs using a range of budget scenarios.

2 | MATERIALS AND METHODS

2.1 | Study area

Our study area (84,544 km2) in northeastern Iran
(Figure 1) is centered around two protected areas: Mian-
dasht Wildlife Refuge (IUCN category IV, with a
section recently upgraded to national park IUCN cate-
gory II; 844 km2) and Touran Biosphere Reserve (com-
prising of a national park, a wildlife refuge and a
protected area, with IUCN categories II, IV, and V,
respectively; 14,000 km2). The study area hosts the north-
ern subpopulation of the Asiatic cheetah, which is the
only population with recent evidence of reproduction
(Khalatbari et al., 2017). We defined the study area to
include the surrounding of the protected areas, applying
a buffer of 45 km. Although Asiatic cheetahs are known
to have long-distance dispersals (Farhadinia et al., 2016),
we were interested in predicting cheetah's key habitat in
vicinity of these protected areas and therefore, followed
the area mapped as suitable habitat by Ahmadi et al.
(2017), excluding higher elevations of the Alborz Moun-
tains as well as the Hyrcanian forests, both of which are
outside the Asiatic cheetah's natural range (Khalatbari
et al., 2017).

The region is characterized by a semiarid to arid cli-
mate with annual precipitation between 140 and
400 mm, increasing from south to north and primarily
falling from November to May (Fick & Hijmans, 2017).
Annual mean temperature varies from 2 to 20�C, with
extreme temperatures reaching 40�C in summer and
�15�C in winter (Fick & Hijmans, 2017). Elevation in the
study area varies from �400 to >3700 m a.s.l. and the
landscape includes arid plains, hilly terrain, salt deserts,
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sand dunes, dry river beds, and a saline river system
(Heshmati, 2007). Natural vegetation is sparse and pri-
marily consists of dwarf scrub vegetations
(Heshmati, 2007). Besides the Asiatic cheetah, other large
carnivores in the study region include the Persian leopard
(Panthera pardus saxicolor), striped hyaena (Hyaena
hyaena), and gray wolf. Wild ungulates include goitered
gazelle (Gazella subgutturosa), chinkara (G. bennettii),
urial (Ovis vignei), and bezoar goat (Capra aegagrus), all
of which are the cheetah's prey (Farhadinia et al., 2018).

Livestock pastoralism is a widespread traditional land
use in both protected areas and the wider region, with
high numbers of livestock (here: sheep and goats) and
herding dogs. Touran Biosphere Reserve permits up to
76,000 domestic sheep and goats to graze annually
(Khalatbari et al., 2017). In 2017, nearly 40,000 sheep
and goats grazed in the Touran Biosphere Reserve
together with about 5,000 animals in the Miandasht
Wildlife Refuge, accompanied by about 450 and 80 dogs,
respectively (Table 1; Abangah Consulting Engineer
Company, 2017). While in Miandasht Wildlife Refuge
livestock husbandry is performed by the local pastoral-
ists, Touran Biosphere Reserve is predominantly used as
winter pasture (November to April) by nomadic live-
stock owners from other regions (Abangah Consulting
Engineer Company, 2015). Pastures are on public land

and leased through licenses or long-term contracts.
Thus, removing livestock from certain pastures and relo-
cating them does not require evicting people from their
own land (Abangah Consulting Engineer
Company, 2015).

2.2 | Asiatic cheetah habitat suitability

We identified suitable Asiatic cheetah habitat within the
study area using species distribution modeling (Elith &
Leathwick, 2009). Previous studies have already assessed
the regional (Nazeri et al., 2015) and broad-scale distribu-
tion of the Asiatic cheetah habitat (Ahmadi et al., 2017;
Moqanaki & Cushman, 2017) or within multispecies
studies (Khosravi et al., 2018). Building on these works,
we here use species distribution modeling to predict
cheetah habitat as a basis for our spatial prioritization
exercise. The goal of this exercise was to identify priority
pastures for relocation of pastoralists from the key habitat
of the Asiatic cheetah. We used a cheetah occurrence
dataset comprised of 144 points in and near the Touran
Biosphere Reserve (100 points) and the Miandasht Wild-
life Refuge (44 points) in a time frame between 2011 and
2017. The data were collected by the Conservation of Asi-
atic Cheetah Project (CACP) and the Persian Wildlife

FIGURE 1 Study area in

northeastern Iran encompassing

the Touran Biosphere Reserve

and the Miandasht Wildlife

Refuge with pasture boundaries

(Photo: Arash Ghoddousi)
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Heritage Foundation through direct observations and
camera traps. We applied spatial filtering of occurrence
points to reduce sampling bias (Kramer-Schadt
et al., 2013) and chose a resolution of 1 � 1 km2, repre-
senting a trade-off between large home range size of Asi-
atic cheetah and retaining enough occurrence points
(Ahmadi et al., 2017; Hemami et al., 2018). After the fil-
tering, 56 points remained and served as presence data
for the modeling (49 in Touran Biosphere Reserve and
seven in the Miandasht Wildlife Refuge; 38 were
recorded by camera traps and 18 by direct observation).
Based on the ecology of the species, we established pre-
dictor variables, including the categories topography,
land cover, and anthropogenic pressures (see Table 2 for
more detail). We prepared all variables to match our
1 � 1 km2 resolution, transformed them to an Albers
equal-area projection and applied bilinear interpolation
for resampling. Finally, we tested all predictor variables
for multicollinearity and, in cases of high correlations
jrj > 0.7, only one predictor was chosen (Dormann
et al., 2017), resulting in six predictor variables: rough-
ness, distance to small rivers, fraction of green vegetation
cover, human population density, road density, and dis-
tance to ranger stations.

We used the maximum entropy (Maxent) algorithm
(Phillips et al., 2006), which outperforms other algo-
rithms for small occurrence datasets and shows a high
model performance (Wisz et al., 2008). Maxent can model
species distribution with presence-only data by contrast-
ing them with background data (Phillips et al., 2006). We
parameterized the model with a maximum of 2,500 itera-
tions using default settings for the convergence threshold
(0.00001) and regularization (1.0). We omitted product,
threshold, and linear features and only used quadratic
and hinge features to avoid overfitting (Phillips &
Dudík, 2008). Background points should reflect the range
of predictor variable values available to the species

(Phillips et al., 2009). Even though cheetahs may have
remarkably long dispersals, detected up to 217 km
(Farhadinia et al., 2016), such distances do not necessar-
ily indicate the extent of their habitat. As we wanted to
predict the habitat of the species within a region that
could be considered as one (sub-)population, we used the
median movement rate of the cheetahs and checked the
sensitivity of this choice in comparison to similar thresh-
olds. Therefore, we restricted the background points to a
radius of 50 km around occurrence points, using the
median dispersal distance of Asiatic cheetahs (Ahmadi
et al., 2017). We allowed one background point per cell,
which resulted in a total of 7,464 background points. To
examine the sensitivity of the models to the sampling
radius, we additionally applied 40 and 60 km radii and
compared model performance. Based on 10-fold cross-
validation, we assessed model performance using the
area under the receiver operating characteristic curve
(AUC). We assessed variable importance through percent
contribution (i.e., the cumulative contribution of each
predictor variable to model gain during model training)
and permutation importance (i.e., the decline in training
AUC for each variable when their values are randomly
permuted). We performed the modeling using the R
package dismo (version 1.1.4) (Hijmans et al., 2017). We
used our final model to map a habitat suitability index
(HSI), using the 10-fold cross-validated model. To convert
the continuous index to a binary habitat map, we used
the threshold maximizing the sum of sensitivity and spec-
ificity (maxSSS). This binary habitat suitability map
served as input for our spatial prioritization.

2.3 | Spatial prioritization framework

Spatial prioritization of conservation actions requires
defining a set of (1) discrete spatial planning units,

TABLE 1 Livestock (in our study region mainly domestic sheep and goats) and herder presence on pastures in the Touran Biosphere

Reserve and the Miandasht Wildlife Refuge before the first buyout campaign in 2017, with minimum, maximum, mean, median, and

standard deviation (SD) of pasture area in km2, number of livestock, herders, and dogs (values rounded to two decimal places)

Number of
corrals

Number of
pastures Pastures in km2

Number of
livestock

Number of
herders Numbers of dogs

Touran 89 71 4,350.42 42,313 233 446

Miandasht 23 9 597.46 4,640 38 76

Min 16.51 150 2 2

Max 357.73 1,350 8 16

Mean 61.85 586.91 3.39 6.53

Median 54.51 500 3 5.50

SD 43.94 278.02 1.55 3.52

Total 112 80 4,947.88 46,953 271 522

DABERGER ET AL. 5 of 15
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(2) spatially-differentiated costs for implementing actions,
and (3) spatial representation of conservation features
(Beyer et al., 2016; Figure 2). In terms of planning units,
we mapped individual pastures inside the protected areas
that can potentially be the target of grazing right buyouts.
For the Touran Biosphere Reserve, we used geospatial
data delineating 223 individual pastures from the CACP.
For Miandasht Wildlife Refuge, exact pasture boundaries
do not exist and we, therefore, mapped pastures as areas
within a 5-km distance around nine livestock corrals,
based on the daily travel distance of sheep herds
(Abangah Consulting Engineer Company, 2015;
McGranahan et al., 2018). The remaining areas beyond
these pastures form three additional planning units:
(1) areas without pastures in the Touran Biosphere
Reserve, (2) areas without pastures in the Miandasht
Wildlife Refuge, and (3) the area outside protected areas
and pastures. Overall, this resulted in 235 planning units.
Out of these, we had information on livestock, herders,
and dogs for 80 planning units (Table 1; 71 in Touran
Biosphere Reserve and all nine in the Miandasht Wildlife
Refuge). For the remaining planning units in Touran

Biosphere Reserve, livestock information does not exist
but many of these pastures are not in use (A. Radman,
manager of Touran Biosphere Reserve, pers.
comm., 2020).

In terms of potential costs for grazing right buyouts
(hereafter: buyout costs), we estimated compensation
costs for each of the 80 pastures. Specifically, we esti-
mated buyout costs by calculating (1) pasture value,
(2) revenues, and (3) operational expenses associated
with herding, using a survey report on pastures by the
Abangah Consulting Engineer Company (2015)
(Table S2; Figure S1). Unlike the previous campaign,
which negotiated with lower prices but faster payments,
for our model we used the official price of US$70 per live-
stock (sheep and goats) head to estimate the pasture value
based on the respective livestock density. Revenues repre-
sented earnings (from selling dairy and nondairy products
and excess livestock) per pasture stated by the herders.
Operational expenses included payments for water, fodder,
shepherds, herding dogs, disposal of carcasses, transporta-
tion, and depredation costs due to livestock losses to large
carnivores (mainly wolves). For all pastures without corral

TABLE 2 Predictor variables used for the Asiatic cheetah habitat modeling in northeastern Iran

Variables
Expected
effect Rationale

Topography

Roughnessa ± The species favors a relatively moderate level of landscape roughness
(Ahmadi et al., 2017; Hemami et al., 2018; Hunter et al., 2007;
Moqanaki & Cushman, 2017).

Land cover

Distance to small rivers (m)b � Cheraghi et al. (2018) show a preference for shorter distances to water
sites.

Fraction of green vegetation
cover (FCover) (%)c

+ Vegetation indices could act as indirect proxies for cheetah prey
(Cheraghi et al., 2018).

Anthropogenic pressures

Human population density (%)d � Asiatic cheetahs avoid human-dominated areas (Ahmadi et al., 2017;
Cheraghi et al., 2018).

Road density (%)e � Road infrastructure represents a major threat to the species due to
vehicle collisions (Farhadinia et al., 2017; Mohammadi &
Kaboli, 2016) and inhibits habitat connectivity (Moqanaki &
Cushman, 2017).

Distance to ranger stations (m)f � Ghoddousi et al. (2016) showed a positive effect of ranger station
presence on the distribution of urial Ovis vignei, a main prey of
cheetah, which could positively influence the cheetah as well.

aShuttle Radar Topography Mission, 2008 (https://srtm.csi.cgiar.org/srtmdata/).
bGlobal River Classification, 2018 (https://www.hydrosheds.org/page/gloric).
cCopernicus Global Land Service, 2014–2016 (mean, without summer months; https://land.copernicus.eu/global/products/fcover).
dSocioeconomic Data and Applications Center: Gridded Population of the World, 2015 (https://sedac.ciesin.columbia.edu/data/collection/gpw-v4).
eSocioeconomic Data and Applications Center: Global Roads Open Access Data Set, 1980 – 2010 (ensemble; https://sedac.ciesin.columbia.edu/data/set/groads-

global-roads-open-access-v1).
fConservation of Asiatic Cheetah Project (CACP), 2016/2020.

6 of 15 DABERGER ET AL.

 25784854, 0, D
ow

nloaded from
 https://conbio.onlinelibrary.w

iley.com
/doi/10.1111/csp2.12832 by T

est, W
iley O

nline L
ibrary on [03/11/2022]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://srtm.csi.cgiar.org/srtmdata/
https://www.hydrosheds.org/page/gloric
https://land.copernicus.eu/global/products/fcover
https://sedac.ciesin.columbia.edu/data/collection/gpw-v4
https://sedac.ciesin.columbia.edu/data/set/groads-global-roads-open-access-v1
https://sedac.ciesin.columbia.edu/data/set/groads-global-roads-open-access-v1


data and non-pasture areas, we set the costs to zero and
removed or kept the pastures according to their status
(already bought pastures or non-pasture area) applying the
locked in/locked out constraints (see below). Finally, in
terms of conservation features, we used the share of high-
quality cheetah habitat per planning unit, based on the
binary habitat suitability map.

The overall goal of our prioritization framework was
to lessen livestock pastoralism pressure on the Asiatic
cheetah habitat by grazing rights buyouts as our conser-
vation action, optimally allocating the buyouts. Thus, our
conservation problem included the objective to maximize
the Asiatic cheetah habitat without livestock husbandry
for a range of fixed budgets, leaning on the assumption
that only limited budgets are available for conservation
measures. This means the decision in our framework was
to select a pasture as a buyout pasture or not. The benefit
of this action would be additional suitable cheetah habi-
tat free of livestock disturbances. The costs represent the
costs of grazing rights per pasture. For the model setup,
we used the “maximum utility objective,” able to gener-
ate solutions with fixed budgets. To include or exclude
planning units from the solution, we used “lock in” and
“lock out” constraints. We locked in pastures that already
have been bought out, as well as pasture-free areas
within the protected areas, as these areas were already
considered to be free of livestock. We locked out areas
outside the protected areas and pastures without cost
data, since these areas were not available for buyout.
As an additional constraint, we included connectivity,
meaning the prioritization should preferentially select
planning units for a buyout that border pastures already
free of livestock. Thus, we penalized every exposed bound-
ary of a solution, relative to their length using a penalty

value of 0.001 and an edge factor of 0.5. We implemented
the prioritization framework using the Gurobi Optimizer
(version 9.0.3) (Gurobi Optimization, 2020) within the R
package prioritzR (version 5.0.2) (Hanson et al., 2020).
Within the Gurobi argument, we specified an optimality
gap of zero. Thus, Gurobi finds optimal solutions based on
integer linear programming, which minimizes or maxi-
mizes an objective function with respect to our constraints.

To identify areas for grazing right buyouts, we used
our prioritization framework and problem formulation,
and assessed six budget scenarios, ranging from US
$100,000 to US$600,000, in increments of US$100,000.
We provided additional detail for the US$300,000 budget
scenario as this scenario roughly represents the budget of
the previous buyout campaigns. We solved the conserva-
tion problem for all scenarios and accumulated how often
each pasture was selected in the six model runs. We then
calculated the livestock-free area gained in suitable chee-
tah habitat within different scenarios. Additionally, to pro-
vide insights into the relative importance of the selected
buyout pastures, we created a portfolio of solutions con-
taining 1,000 iterations allowing for 10% variation in the
optimal solution and computed the selection frequencies
per planning unit for the US$300,000 scenario.

3 | RESULTS

3.1 | Asiatic cheetah habitat suitability

The final Maxent model showed an AUC value of 0.90,
based on a 10-fold average cross-validation. Our sensitiv-
ity analysis with different background sampling strategies
demonstrated that model performance variation was

FIGURE 2 Flowchart of the overall procedure of our spatial prioritization framework. Our objective was to maximize the Asiatic

cheetah habitat without livestock for a fixed budget by selecting priority pastures for the buyout. The cheetah habitat suitability values

served as the conservation feature, which together with the cost data were consolidated per planning unit
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minimal across these strategies (AUC = 0.88–0.91). Our
final model contained six variables, with topographic
roughness and distance to small rivers as the most impor-
tant variables. Both had high contributions to model per-
formance (37.3 and 25.7%, respectively), and dropping
these variables caused the highest loss in training AUC
(�34.3 and �24.5%, respectively). The four other vari-
ables in this model were less important in terms of rela-
tive contributions (i.e., human population density = 14%,
distance to ranger stations = 11%, road density = 7%,
fraction of green vegetation cover = 5%). Response curves
in our final model were all in line with our a priori expec-
tations, except for vegetation cover, our least important
variable, which showed an unclear trajectory (Figure S2).
Asiatic cheetahs preferred flatter, less rugged areas as
well as the proximity of small rivers. Habitat suitability
decreased rapidly with increasing human population
density and road density, while the proximity to ranger
stations had a positive effect on habitat suitability.

Predicting our final model across the study region
suggested that the most suitable habitat areas were all
located inside or in the close vicinity of the two pro-
tected areas (Figure 3). Using the maxSSS threshold
(HSI > 0.24) showed that our study region contains
8,030 km2 of suitable habitat for the Asiatic cheetah.
Around 67% of this suitable habitat (5,368 km2)
occurred in the Touran Biosphere Reserve and only a
minor portion (5% = 413 km2) was located in the Mian-
dasht Wildlife Refuge, with the remaining habitat out-
side these protected areas, particularly between them.
However, not all areas inside the protected areas consti-
tute suitable cheetah habitat (36% of the area of Touran

Biosphere Reserve, 52% of the area of Miandasht Wild-
life Refuge).

3.2 | Priority areas for future buyouts

Identifying priority pastures for buyouts to maximize the
overall area of suitable cheetah habitat resulted in overall
consistent results across our budget scenarios (Figure 4b).
As the budget increased, more pastures were selected for
buyouts; however, additional pastures were generally
added to the existing solutions rather than the selection
of an entirely new set of pastures for every scenario.
Moreover, most of the additional pastures selected bor-
dered existing buyout pastures, creating a larger contigu-
ous area. Four pastures were selected in all solutions
(two in Touran Biosphere Reserve and two in Miandasht
Wildlife Refuge), and five additional pastures were
selected in four of our six budget scenarios (Figure 4b).
Overall, the area of suitable cheetah habitat that would
become available increased relatively linearly across our
budget scenarios, indicating high additivity of buyout
campaigns (Figure 4a).

To exemplify the information contained in our solu-
tions, for an available budget of US$300,000, our analysis
identified ten priority pastures for buyouts at a total cost
of US$299,652 (see Table S1 and Figure S3 for more
details). The total area of these ten pastures was 738 km2,
with 80% of this area representing suitable cheetah habi-
tat (see Figure S4 for details). The buyout of the selected
pastures, as envisioned by this scenario, would imply the
relocation of 3,742 livestock heads outside the core

FIGURE 3 Continuous

map of habitat suitability index

(HSI) of Asiatic cheetah in

northeastern Iran (a) and binary

representation distinguishing

suitable habitat (b)
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cheetah habitat where the risk for cheetah-pastoralist
conflict is lower. Six pastures (2,780 livestock heads) in
this solution were located in the Touran Biosphere
Reserve, resulting in an additional 476 km2 of livestock-
free area, 93% of which would be suitable habitat for Asi-
atic cheetahs. Three of these six pastures were connected
to the pastures acquired in the previous buyout cam-
paigns, in close proximity to the national park, forming a
larger livestock-free area of 1,390 km2. The remaining
four pastures were selected in the Miandasht Wildlife
Refuge, covered an area of 262 km2 and had a share of
suitable cheetah habitat of 58%. Buying out these four
pastures would result in the relocation of 962 livestock
heads. All ten pastures selected in this budget scenario
had a high irreplaceability (relative importance of plan-
ning unit selection) with a selection frequency of >98%
(Figure S5).

4 | DISCUSSION

Where livestock pastures overlap with the ranges of large
carnivores, achieving coexistence between people and
carnivores is typically hard (Ripple et al., 2014). A range
of interventions can help to minimize risks to large carni-
vores of conservation concern, including working with
herders to better protect livestock, to reduce retaliatory
killing, and to lower the poaching of carnivores' prey

(Pozo et al., 2021). However, all these interventions take
time to yield conservation benefits, which is problematic
for critically endangered large carnivores. This is the case
for the Asiatic cheetah, which faces major threats from
livestock husbandry in its only remaining viable popula-
tion in northeastern Iran. Reducing the spatial overlap
between Asiatic cheetah habitat and livestock pastures is
therefore urgently needed to prevent the global extinction
of this species but where pastures should be best set aside
to maximize the chances of cheetah survival is unclear.
We here combined species distribution modeling with spa-
tial prioritization to optimally allocate grazing right buy-
outs. To the best of our knowledge, this is a novel
application of a spatial prioritization framework in the
context of action planning for large carnivore conserva-
tion. Our results thus highlight a novel application of pri-
oritization to reduce human–wildlife conflict and make a
direct contribution to the conservation of one of the
world's most endangered felids.

Our analyses highlight three main findings. First, we
found large, contiguous areas of suitable habitat for the
Asiatic cheetah in our study area where livestock is ubiq-
uitous. Our habitat predictions are broadly in line with
previous habitat assessments (Ahmadi et al., 2017;
Ahmadi et al., 2020; Mohammadi et al., 2018; Nazeri
et al., 2015) suggesting our habitat map was useful for
our prioritization exercise to identify and prioritize live-
stock pastures for relocation. Our habitat analyses also

FIGURE 4 The line chart

showing the suitable habitat

(km2) and the number of

pastures for different budget

scenarios from US$100,000 to

600,000 (a). All selected pastures

and the frequency of selections

within the six budget

scenarios (b)
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confirm the general importance of the two protected
areas, as well as the area in between them. This is consis-
tent with the analysis by Ahmadi et al. (2017), Moqanaki
and Cushman (2017) and Ashrafzadeh et al. (2020) who
identified this area as important to the Asiatic cheetah
movement. Generally, our habitat model had highly
plausible relationships between predictors and habitat
suitability. The response curves (Figure S2) largely corre-
sponded to our own a priori assumptions (Table 2), based
on prior work in cheetah habitat. Roughness showed a
positive effect on habitat suitability only at low levels, as
confirmed by Hemami et al. (2018). Increasing habitat
suitability closer to small rivers was likely related to
higher hunting success, as small and even dry rivers are
often associated with the presence of prey (Hunter
et al., 2007). Furthermore, watercourses create more het-
erogeneous surfaces, possibly providing more opportuni-
ties for hiding and increasing the chance of hunting
success. The beneficial effect of ranger stations we found
may be due to their positive impact on prey availability,
as ranger stations are known to be associated with less
poaching pressure and higher ranger patrols (Ghoddousi
et al., 2016). Prey availability is known as a primary pre-
dictor of the habitat use of carnivore species (Khalatbari
et al., 2022; Vanak et al., 2013), and our models could be
improved once accurate and recent prey data are avail-
able. The use of ensemble distribution models could have
improved our predictions of cheetah habitat (Araújo &
New, 2007; Elith et al., 2006), and could be considered in
future habitat assessments. Most camera trap records
used in our models were made within the protected areas
(especially Touran Biosphere Reserve), and while we
accounted for potential sampling bias through spatial fil-
tering and sampling background data with a similar spa-
tial structure, we cannot fully rule out remaining biases.
Finally, we acknowledge that our sensitivity analysis does
not cover extreme long-distance cheetah dispersals
(e.g., >200 km; Farhadinia et al., 2016).

Second, while 70% of the suitable habitat occurred
inside protected areas, mainly in Touran Biosphere
Reserve, much of this habitat overlapped with areas used
for pastoralism. This highlights the ubiquitous and high
risk that livestock pastoralism represents for the Asiatic
cheetah (Khalatbari et al., 2017), similar to other endan-
gered large felids, such as for Persian leopard in the Hyr-
canian forests (Soofi et al., 2018) and snow leopard
(P. uncia) in the Himalaya (Sharma et al., 2015). Simi-
larly, this finding underpins that while protected areas
globally harbor key areas for biodiversity (Gray
et al., 2016), their contribution to conservation goals may
be low due to overlapping with traditional land uses
(DeFries et al., 2007). For many species, such overlaps
are much less problematic than for the Asiatic cheetah.

For example, certain small mammals (Reid et al., 2007),
reptiles (Germano et al., 2012) or insects (Alvarado
et al., 2018) can thrive in traditionally grazed areas. For
large carnivores, despite examples of recovering popula-
tions in human-dominated landscapes (Carter &
Linnell, 2016; Chapron et al., 2014), the high overlap
between carnivore habitat and livestock pastures trans-
lates to a high risk of mortality for carnivores
(Chapron & L�opez-Bao, 2016). This highlights limitations
to coexistence and the importance of strictly protected
areas inside the wider working landscape, particularly for
species that are occurring in low densities and/or are
endangered (Woodroffe et al., 2005). Thus, separating
predator habitat from livestock pastures can reduce con-
flict, as identified by Xiao et al. (2022) for snow leopards
and recommended by Kuijper et al. (2019) for wolf con-
servation in Europe. For the Asiatic cheetah, where every
individual killed is a major step closer to global extinc-
tion, this highlights the relevance of pasture buyouts as
an immediate conservation measure.

Third, our conservation prioritization exercise showed
the high additionality of the solutions we found across
varying budget scenarios (Figure 4b). This, and the line-
arly increasing conservation benefit we find with increas-
ing budget (Figure 4a) is very encouraging, as it suggests
that buyouts can start with any budget and further buy-
outs could be added as additional funding becomes avail-
able, without major trade-offs in terms of overall benefits
(in our case: suitable cheetah habitat protected). High
additionality is not a given, for example, for expansion of
the current conservation network considering biodiver-
sity and ecosystem services in the Netherlands
(Remme & Schröter, 2016) the availability of full budget
before implementation was recommended. In our case,
we found even small budgets (e.g., US$100,000) to deliver
major increases in safe suitable habitat for Asiatic chee-
tahs, which is encouraging as it suggests that even
smaller-scale conservation initiatives can make a notable
contribution to better protect this species. Even though
we have expanded the cost calculation by including more
variables, we acknowledge that our budget scenarios are
rather indicative and there is uncertainty around cost
fluctuations during and between future buyouts. On the
one hand, Iran's economic situation and increase in
prices could lead to higher costs of buyout but on the
other hand, droughts, low willingness in traditional pas-
toralism in the younger generation and also awareness of
the situation of Asiatic cheetah could lead to constant or
lower costs. Given such levels of uncertainty, follow-up
research on the willingness to participate in the buyouts
and factors affecting it is necessary.

For our exemplary budget scenario of US$300,000, a
budget equivalent to the previous buyout campaigns,
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buyout pastures were allocated in both protected areas
(six in Touran Biosphere Reserve and four in Miandasht
Wildlife Refuge). All selected pastures in the optimal
solution showed a high level of irreplaceability, indicat-
ing the relative importance of selecting exactly these
planning units. Based on the only telemetry study on
cheetahs in Iran (Cheraghi et al., 2018), we argue that
the large contiguous livestock-free area of 1,390 km2

likely reflects a safe core patch for several individuals and
thus can be of substantial importance to the species. A
relatively large number of buyout pastures were selected
in the Miandasht Wildlife Refuge, although this reserve
is much smaller than Touran Biosphere Reserve. Mian-
dasht is an important habitat for the Asiatic cheetah with
frequent observations of breeding females and past
reports of cheetah cubs killed by shepherds and their
guarding dogs (Iran Environment and Wildlife
Watch, 2017). Still, pastures there are—at least in part—
selected because of their comparatively lower costs. We
caution that in the absence of accurate cost data from
Miandasht these costs were only estimated based on typi-
cal movement patterns of herders. Our analyses could be
updated once more accurate data becomes available.
More generally, we caution that our pasture costs may
not reflect the willingness of herders to actually accept
the buyout offer (e.g., due to certain cultural values or
ecological properties of the pasture). It is crucial to con-
sider the ethical and socioeconomic circumstances of
conservation measures (especially for segregation) and
whether such measures are acceptable in the local con-
text. Thus, excluding traditional land uses from protected
areas may be ethically questionable as cultural identity
can be damaged, potentially negatively affecting the eco-
system as well (Naughton-Treves et al., 2005). In our
case, a survey among herders in Touran indicated that
they are less dependent on pasture income and therefore
more willing to accept a buyout offer to relocate
(Abangah Consulting Engineer Company, 2015). Fur-
thermore, we know from the past buyout that due to
recent droughts, livestock rearing is on the decline and
the people eagerly accepted the buyout offer (H.R. Mirza-
deh, pers. obs., 2020). However, further in-depth assess-
ment of people's willingness to participate in this
program using targeted surveys and continued monitor-
ing of the cheetah mortalities and human–wildlife con-
flict is required, as a buyout campaign would move
toward implementation to make sure the problem is not
moving from one location to another.

Our study provides both datasets and new insights of
direct relevance to the conservation of the Asiatic chee-
tah. First, our results underpin the importance of the
Touran Biosphere Reserve and the Miandasht Wildlife
Refuge, translating into an urgency to ramp up

protection level and extent in this last stronghold of the
species. Given the large patch of suitable habitat
between the two protected areas, an extension should be
considered, as this area is an important movement corri-
dor for Asiatic cheetahs (Ahmadi et al., 2017;
Ashrafzadeh et al., 2020; Moqanaki & Cushman, 2017).
Second, our study provides scientific evidence for the
benefit of future buyouts, a recommended priority con-
servation action by Asiatic cheetah experts (Khalatbari
et al., 2017). Third, we provide a spatial template for pri-
oritizing the buyouts in both protected areas, and show
that even starting with small budgets can provide major
conservation benefits and could be continued once an
additional budget is available. Given the higher reliance
of local people on pastures in Miandasht than in
Touran, alternatives to complete buyouts in Miandasht
could be to reduce the numbers of livestock and dogs in
order to reduce the mortality risk to cheetahs. Generally,
to increase the acceptance of grazing right buyouts, fur-
ther incentives than monetary compensation should be
created, for example, substitute pastures that do not
overlap with suitable cheetah habitat. In addition, ethi-
cal considerations and current socioeconomic conditions
of pastoralists must be taken into account in future buy-
outs, for example through recent qualitative surveys of
locals. Importantly, the future sustainability of Asiatic
cheetah conservation lies in securing pathways for interna-
tional financial support (in addition to domestic sources),
given the current constraints caused by political sanctions
(Khalatbari et al., 2018). Although we focused on livestock
relocation as a conservation measure, we also acknowl-
edge the importance of mitigating other threats. In partic-
ular, road collisions pose a major threat and have caused
cheetah mortalities (Mohammadi et al., 2018). Hence, con-
servation funding should also be allocated to making
crossings of major roads that transect cheetah habitat safer
for cheetahs. Finally, human–cheetah conflict in this area
should be closely monitored to adapt, if needed, buyout
campaigns and to avoid funneling cheetahs to unsafe habi-
tats (Ghoddousi et al., 2021).

Protecting large carnivores in human-dominated
landscapes is one of the major challenges of our time
(Ripple et al., 2014). With less than 50 individuals left
(Durant et al., 2017; Khalatbari et al., 2017) the Asiatic
cheetah is one of the world's most endangered large
felids. Our analyses provide an evidence-based strategy
for reducing the main threat to cheetah survival, live-
stock husbandry, via the robust and plausible identifica-
tion of where pasture buyouts are feasible and beneficial
to Asiatic cheetah conservation. To our knowledge, this
is a novel application of prioritization to allocate grazing
right buyouts for carnivore protection. Given the pre-
vailing lack of funding in Iran due to economic
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sanctions (Khalatbari et al., 2018), our approach can
help to find cost-effective conservation strategies. More
generally, given that many large predators around the
world face similar threats, from snow leopards (Sharma
et al., 2015) to lions and cheetahs (Broekhuis
et al., 2017), our study highlights the potential of spatial
prioritization to help avoid or reverse the local
extinctions.
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