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Abstract

Context With accelerating global declines in biodi-

versity, establishment and expansion of conservation

areas (CAs) have increasingly been advocated in

recent decades. Gap analysis has been useful to

evaluate the sufficiency and performance of CAs.

Objectives Researchers often identify putative gaps

in the protection of biodiversity in CA networks,

drawing on evidence from species occurrence patterns

(i.e., representation), yet the effect on the gap analyses

of the spatial configuration of CAs is poorly

understood.

Methods Focusing on two large, charismatic carni-

vores of western Asia, Persian leopard and Asiatic

cheetah, we used species distribution models (SDMs)

to map potentially suitable habitats throughout the

region. We calculated species representation for four

categories of CAs within the conservation network in

Iran and used a new application of graph theory to

include their spatial configuration into our gap anal-

ysis. We then regressed species representation against

spatial configuration to provide more insights into the

performance of different categories of CAs.
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Results Results showed that the existing CA network

conserves only 32% of the suitable habitats for the two

species. Leveraging spatial configuration of the con-

servation areas into the gap analysis, however,

revealed that the recently-established less strictly

CAs disproportionately provide a higher contribution

to the collective effectiveness of the entire conserva-

tion network.

Conclusions We introduce network bias as a new

concept in reserve design and argue that incorporating

spatial configuration into CA gap analysis improves

the ability to evaluate the effectiveness of reserve

network designs, and is an important decision support

tool for integrated conservation planning.

Keywords Conservation network � Species
distribution models � Graph theory � Connectivity �
Large carnivores � Conservation planning

Introduction

Conservation areas (CAs) are critical to sustaining

natural ecosystems in the context of expanding human

impact. Although covering only 15% of Earth’s

terrestrial area (Juffe-Bignoli et al. 2014; Visconti

et al. 2019), the global conservation network has been

rapidly expanded in the last decade (Watson et al.

2014). However, CA networks still show substantial

gaps in coverage of global biodiversity (Jenkins et al.

2013). Gap analysis and conservation prioritization

have been extensively applied to evaluate the suffi-

ciency of existing conservation networks and inform

decisions regarding new CA designations (Rodrigues

et al. 2004b; Santini et al. 2014). The immediate goal

of a gap analysis is to quantifiably assess representa-

tiveness (i.e., complementarity) of biodiversity within

CAs (Rodrigues et al. 2004b). While in many cases

gap analysis is used to compare across different taxa

(Rodrigues et al. 2004b; Jenkins et al. 2013), in others

it is used to evaluate protection efforts (Rodrigues

et al. 2004a; Araújo et al. 2007).

Among the 20 Aichi targets which the global

community committed to in the Convention on

Biological Diversity (CBD), target 11 emphasizes

expanding the current CAs to cover 17% of terrestrial

ecosystems by 2020, while preserving and improving

network connectivity (CBD 2010). Since then a

multitude of literature has informed the ongoing

expansion of CA network (Jenkins et al. 2013), while

many aspects of their functionality remain disregarded

(Santini et al. 2014). For example, the spatial config-

uration of core habitats (or CAs as the remaining

strongholds) plays a key role in the persistence of a

species, particularly for large carnivores (Cushman

et al. 2018; Macdonald et al. 2018). However, in many

cases CAs are fragmented into small and isolated

patches, which may reduce performance in securing

population viability (Santini et al. 2014), Rapid

ongoing human land-use changes further compound

this by increasing degradation of habitats outside of

CAs and increasing the isolation of CAs from each

other (Cushman et al. 2017; Hearn et al. 2018;

Macdonald et al. 2018). Moreover, location bias is a

common type of conservation inefficiency through

which the establishment of CAs is concentrated in

topographically rugged landscapes, often at high

elevations, away from human-dominated areas (Gas-

ton et al. 2008; Watson et al. 2014). Those ‘rock and

ice’ areas (Joppa and Pfaff 2009), which often have

relatively low productivity and low species richness,

appear to be established to minimize conflicts with

human land uses, and thus, bias towards these infertile

or remote areas has lessened conservation effective-

ness (Venter et al. 2018).

Gap analysis has primarily been investigated in

terms of species representation in CAs, which in turn,

is surrogated by habitat suitability maps (Maiorano

et al. 2006; Yousefi et al. 2015) or coarse-scale

geographic ranges (e.g., extent of occurrence) and

atlases (Araújo et al. 2007; Jenkins et al. 2015).

Species distribution models (SDMs) have been an

operative tool to explore the patterns of species

distribution (Franklin 2010), with many applications

to biodiversity conservation (see Guisan et al. 2013 for

a review). SDMs, by providing spatially explicit

predictions over unsampled areas, are particularly

insightful for understanding large carnivores’ distri-

bution dynamics and habitat mapping, and thus have

been widely used to evaluate large carnivores’ habitat

suitability (Farhadinia et al. 2015; Ahmadi et al. 2017;

Ashrafzadeh et al. 2018).

Traditional gap analysis based on species represen-

tation usually focuses on how well CA networks

overlap, or ‘‘cover’’ the species distributions (Jennings

2000). Landscape ecology, and the various metrics

developed in it, have been frequently used to assess the
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spatial configuration of CAs (Meyer et al. 2015;

Cushman et al. 2018) and their connectivity (Saura

et al. 2018), yet their appropriateness to gap analysis

has not been critically evaluated (but see Santini et al.

2016). In the current study, we based our gap analysis

on the concept of focal species (Carroll et al. 2001) to

evaluate the effectiveness of, and quantify gaps in,

Iran’s conservation network. We focused on the

distribution of Persian leopard (Panthera pardus

saxicolor, Pocock 1927) and Asiatic cheetah (Aci-

nonyx jubatus venaticus, Griffith 1821) in Iran, two

conservation-dependent species with different habitat

requirements.

These two charismatic big cats are the paramount

representatives of remaining terrestrial habitats in

western Asia (Kiabi et al. 2002; Farhadinia et al. 2017)

and have been recognized as landscape species in

central Iranian plateau (Khosravi and Hemami 2019).

Occurring in scattered patches within semi-arid low-

land areas of central and eastern Iran, a few dozen

Critically Endangered Asiatic cheetahs represent the

last remnants of a historical population that spanned

western Asia (Farhadinia et al. 2017). In contrast, the

Endangered Persian leopards inhabit rugged terrain

across much of western Asia and the Caucasus

(Gavashelishvili and Lukarevskiy 2008). In some arid

regions of Central Iran, their distributions overlap

(Hemami et al. 2018).

Here, we used SDMs to identify potentially

suitable habitats for Persian leopard and Asiatic

cheetah in Iran and assessed the species representation

in the CA network by calculating the coverage of

suitable habitats within Iran’s CAs. We then used

landscape connectivity metrics and leveraged the

spatial configuration of CAs into our gap analysis.

Our combined approach for gap analysis enabled us to

evaluate the efficiency of different categories of CAs,

given their conservation strictness, species represen-

tation and spatial configuration for safeguarding these

two large carnivore species. This approach is poten-

tially applicable in other species recovery planning

through enhancing gap analysis efforts.

Methods

Study area and species data

We confined the study to areas with the highest

probability of occurrence of Persian leopard and

Asiatic cheetah in Iran, covering a total area of

1.648 million km2 of the Iranian plateau (Fig. 1). This

region of western Asia is an inland great basin which is

bounded by a complex of mountain chains, including

the Alborz and Zagros in the north and west, and the

massifs of Afghanistan and Baluchistan in the east.

Natural vegetation cover of the study area is charac-

terized by (1) Hyrcanian forests, which form an arc

from the Caspian Sea and the Alborz Mountains in the

North, (2) patchy forest stands and shrublands dis-

tributed across rough steppes of the Zagros Mountains

in the west, and (3) flat drylands with sporadic

mountainous areas covered by xerophytic taxa of

Artemisia siberi, Stipa sp. and Salsola sp. in the center

of the plateau.

Generally, four categories of CAs are designated in

Iran: National Parks (NPs), National Heritage Sites

(NHSs) often called National Natural Monuments,

Wildlife Refuge (WRs), and Protected Area (PAs).

NPs are designated to protect outstanding environ-

mental features and high biodiversity. Accordingly,

the highest protection status is afforded to these areas.

WRs and PAs are established and managed because of

the high diversity of species in need of protection, and

thus,WRs and PAs are in the next rank of conservation

attention, respectively. These areas typically experi-

ence a higher intensity of human impacts due to the

lower level of protection compared to NPs (Kolahi

et al. 2012). In addition to these categories, No-

Hunting Areas (NHA) are the least strictly protected

category of Iranian conservation areas, where the main

objective is to empower anti-poaching measures. CAs

of Iran correspond with Category II, Category III,

Category IV and Category IV–VI of the IUCN.

Species occurrence data were collected from direct

field sampling by the authors (MSF, BNB, and HJ) and

game rangers of the Department of Environment

(DoE), and also from camera-trap photographs

obtained during 2010–2017. Altogether, 632 and 680

occurrence points were compiled for Persian leopard

and Asiatic cheetah, respectively (Table 1), covering

the full distribution of the species in Iran. Often,

available data of the species’ locations are spatially
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biased toward areas easily assessed and/or better

surveyed. In this situation, spatial autocorrelation

among locations can result in biased parameter

estimates and over-representation of some regions

(Dormann et al. 2007). We ran a Global Moran’s I test

to assess the spatial autocorrelation of the occurrence

points across the study area. To address auto-correla-

tion arising from the spatial-dependency of the

clumping points, we followed a spatial filtering

procedure (Kramer-Schadt et al. 2013) in which

multiple points within a 5-km distance (Farhadinia

et al. 2015) were removed. After this spatial filtering

Occurrence points

(a) (b)

(c)

(d)

Fig. 1 Habitat suitability of Persian leopard (a, b) and Asiatic

cheetah (c, d) in southwestern Asia. Continuous maps (a,
c) were derived based on an ensemble distribution model of

GLM, GAM, GBM and MaxEnt models. Binary maps (b,

d) generated to identify core habitat patches using 10-percentile
suitability at occurrence points of each species as a presence/

absence threshold
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423 and 205 occurrence points of the two species were

retained for SDM modelling. For both species, pres-

ence locations were obtained through a long-term and

continuous monitoring program in all potential habi-

tats. Therefore we are confident that our dataset

doesn’t suffer significant sampling bias and

incompleteness.

Explanatory variables

Four categories of environmental factors including

land cover, prey availability, anthropogenic and

topographic variables were used in SDM. Land cover

variables, including dense to moderate density forest,

scrub-shrub land, sparse vegetation, unvegetated bare

lands (e.g. playas and salt lands) and cropland, were

extracted from a land cover map of Iran produced by

Iranian Forests, Ranges and Watershed Management

Organization (IFRWO). A moving window procedure

was used to calculate the proportion of each cover type

within a 5 9 5 km grid.

Small to medium-sized ungulates, including roe

deer (Capreolus capreolus, Linnaeus 1758), red deer

(Cervus elaphus, Linnaeus 1758), bezoar goat (Capra

aegagrus, Erxleben 1777), wild sheep (Ovis orientalis,

Linnaeus 1758), goitered gazelle (Gazella subguttur-

osa, Güldenstädt 1780) and chinkara (G. bennettii,

Sykes 1831), are the main prey of Persian leopard and

Asiatic cheetah in Iran (Farhadinia and Hemami 2010;

Farhadinia et al. 2018a). Prey distribution data were

obtained from Karami et al. (2012). We overlaid

shapefiles of the distribution of these prey species and

calculated distance to areas known to support them to

obtain a composite map of their distribution in Iran.

To include the anthropogenic effects in the species

distribution models, we used the human footprint

model (Sanderson et al. 2002) which combines data on

population density and the presence of human infras-

tructure (i.e., road networks, land transformation, and

human access). We used the Shuttle Radar Topogra-

phy Mission (SRTM) elevation model (https://srtm.

csi.cgiar.org) to measure elevation and topographic

roughness (i.e., the standard deviation of the elevation

of all raster cells within a grid of 5 9 5 km). All the

explanatory variables were resampled to a cell size of

1 9 1 km and projected to a Lambert conformal conic

projection. Pairwise Pearson correlation analysis was

used to evaluate multi-collinearity among predictors,

revealing no evidence of high multi-collinearity

(pairwise correlation coefficient for all

predictors\ 0.7).

Species distribution modelling

To develop distribution models, we used two regres-

sion-based models including generalized linear mod-

els (GLM) and generalized additive models (GAM),

together with two high-performing machine learning

methods, generalized boosted models (GBM) and

maximum entropy modeling (MaxEnt). We then

combined the resulting models into an ensemble

model using the biomod2 package (Thuiller et al.

2009) in R 3.5 (R Development Core Team 2016). As

all these models require background data (e.g.,

pseudo-absence points), we generated 10,000 back-

ground points randomly distributed across the extent

of the study area, excepting cells with presence points.

We used 75% of occurrence points for training the

models and the remaining 25% was used to test their

performance. The area under the curve (AUC) of the

receiver operating characteristic (ROC) plot was used

to assess discrimination capacity and the true statistic

skill (TSS) was used to evaluate the classification

accuracy of models.We then converted the continuous

ensemble model for each species to binary presence/

absence map considering 10th percentile of suitability

score at the occurrence points of each species as the

classification threshold. Using this threshold has two

advantages. First, it allowed us to exclude marginal

points that occurred in areas with very low or none-

suitable habitat conditions, and second, it enabled us to

take into account the probable spatial bias or uncer-

tainties caused by outlier occurrence points.

Table 1 The number of presence points collected to be used in SDM

Total observations Direct field sampling Camera traps

Persian leopard 632 498 134

Asiatic cheetah 680 485 195
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The reliability of gap analysis depends on how

accurately habitat patches are recognized and incor-

porated into the procedure. To identify habitat patches

we leveraged two preliminary rules based on previous

findings on the spatial ecology of the species. First, we

retained habitat patches larger than the minimum

patch size needed to hold breeding populations of

leopards in Iran, * 250 km2, (Ghoddousi et al. 2010).

We then calculated the nearest-neighbor distance

between patches and removed unoccupied habitat

patches that were greater than 200 km from occupied

patches [* equal to the longest movement has been

recorded for Asiatic cheetah in arid ecosystems of Iran

(Farhadinia et al. 2016)] to exclude suitable patches

from inaccessible areas.

Gap analysis and conservation prioritization

We based the gap analysis framework upon two

methods, the degree of protection granted to the

suitable landscapes by the CAs, and ranking them

using the probability of connectivity (PC) index. For

the degree of protection granted by each conservation

category, we calculated total conservation coverage

(i.e., the proportion of conserved areas from the total

suitable habitats), and conservation efficiency (i.e., the

proportion of conserved areas in each conservation

category to the total area of that category). Of the

metrics developed to date for measuring the impor-

tance of a given location in a connectivity network, the

PC index, which is based on habitat availability,

interpatch dispersal probabilities, and graph theory,

performs best in practical landscape analysis (Saura

and Pascual-Hortal 2007). The PC index reflects the

probability that two animals randomly placed within

the landscape fall into habitat areas that are reachable

from each other (interconnected) given the set of

habitat patches and the connections among them

(Saura and Rubio 2010).

In this research, the latest shapefiles of Iran’s

conservation network including National Parks, Pro-

tected Areas,Wildlife Refuges, and No-Hunting Areas

were overlaid with the binary presence/absence maps

of the SDM analysis to calculate the extent of

suitable areas within and outside the CA boundaries.

The PC index was then used to prioritize CAs with the

highest potential for maintaining ecological integrity

and long-term population viability of the species. We

assumed that each of the CAs functioned as habitat

patches and used the extent of suitable habitats within

them as patch attributes for calculating PC index

values. PC was calculated using Conefor 2.6 software

(Saura and Torne 2009). The Conefor also requires

specification of distance-probability values corre-

sponding to the dispersal ability of the target species.

Given the measured dispersal distances of the species

in previous studies (Farhadinia et al. 2018b), we chose

50 km as a median dispersal distance and 200 km as a

maximum dispersal distance. Accordingly, as recom-

mended by Saura and Torne (2009), we set distance-

probability values of 0.5 and 0.05 for median and

maximum dispersal distances, respectively. For more

details on the calculation of PC index please see the

Supporting Information.

To provide more insights into the importance of

CAs for habitat connectivity we also measured three

fractions of the PC (dPC index, dPCintra, dPCflux and

dPCconnector) separately. These metrics assess dif-

ferent ways a CA can contribute to landscape

connectivity (Saura and Rubio 2010). Specifically,

dPCintrak only measures intrapatch connectivity,

while dPCflux reflects both patch attributes (e.g., area

of suitable habitats) and its position within the

landscape, and dPCconnector depends only on the

topological position of a patch in the landscape (Saura

and Rubio 2010).

Results

All models showed high degrees of discrimination

capacity (AUC[ 0.85 and[ 0.90 for Persian leopard

and Asiatic cheetah, respectively) and classification

accuracy (TSS[ 0.58 and[ 0.68 for Persian leopard

and Asiatic cheetah, respectively). For both species,

GBM obtained the highest AUC and TSS values.

Figure 1 represents the predicted suitable habitats of

the species based on an ensemble of the 4 SDMs. The

conversion of continuous habitat suitability models to

binary presence/absence maps and the application of

the two qualification criteria resulted in patches of

suitable habitat (Fig. 1b, d) with a total area of

316,984 km2 and 97,338 km2 for Persian leopard and

Asiatic cheetah, respectively. We also found a greater

mean patch size for Asiatic cheetah (4424 km2,

388–21,403 km2) compared to Persian leopard (3522

km2, 257–110,348 km2). Merging suitable patches

indicated 400,071 km2 of the region as the most
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suitable areas for the occurrence of both of these two

large carnivores (Online Appendix Fig. S3).

Gap analysis showed that the set of patches

suitable for both species had intersected with 261

conservation units of the 376 CAs, which collectively

cover 126,745 km2 (31.6%) of the total jointly

suitable habitat for both species (Table 2). Among

these 261 CAs, Protected Areas with a total number of

117 and a total area of 53,791 km2 (13.4% of whole

suitable habitats) showed the highest species repre-

sentation, followed by NHAs (total number 102 and

conservation coverage 33,763 km2, 8.4%). WRs and

NPs, with a total number of 23 and 19, and the total

area of 30,344 km2 (7.6%) and 8845 km2 (2.5%),

respectively, had the lowest species representation

(Table 2).

Regarding the spatial configuration of the conser-

vation units, NHAs in total showed higher values of

the PC index compared to the other conservation

categories, although we found a high variability in the

dPC of the conservation units, particularly for WRs

(Table 3, Fig. 2). We found that while WRs showed

higher species representation (mean = 462 km2, SD =

360 km2) compared to NHAs (mean = 337 km2,

SD = 273 km2), NPs (mean = 346 km2, SD = 334

km2), and PAs (mean = 363 km2, SD = 330 km2),

NHAs surprisingly displayed the highest dPC value

(mean = 0.75, SD = 0.67), followed byWRs (mean =

0.73, SD = 0.82), NPs (mean = 0.61, SD = 0.63) and

PAs (mean = 0.53, SD = 0.65). In a similar pattern,

comparing the contribution of CAs given the three

fractions of the dPC index showed that WRs had the

highest score for dPCflux, while NHAs had the highest

values for dPCconnector (Table 3). It is worth

mentioning that we found this pattern regardless of

the outlier values (i.e., units with dPC values that were

extreme based on a normal distribution of all conser-

vation units). Our results also revealed that NPs and

WRs had the strongest relationship between conser-

vation coverage and dPC index (adj. R2 = 0.77 and

0.63, respectively), and NHAs (adj. R2 = 0.43) with

the weakest relationship (Fig. 3).

Discussion

The goal of this study was to provide a more effective

and comprehensive analysis of the gaps in the

conservation area network by taking into account

both representativeness and spatial connection of the

CAs.While conservation coverage is widely discussed

in the literature, there remains a substantial lack of

methods and evidence regarding how the spatial

configuration of conservation units influences the

effectiveness of integrated networks of CAs.

Our research revealed three levels of bias in Iran’s

conservation network, all of which are also apparent

on a global scale. In the first level, and similar to the

findings of Joppa and Pfaff (2009), varying conserva-

tion effort has been invested in different components

of the conservation network (more strictly protected

areas, such as National Parks and Wildlife Refuges,

versus less strictly conservation areas, such as Pro-

tected Areas and No-Hunting Areas), which has

resulted in natural habitats being granted different

levels of protection (we call this conservation bias).

Four categories of CAs, including National Parks,

Natural Heritage Sites, Wildlife Refuges and

Table 2 Total area and proportion of protection granted to the suitable habitats by Iran’s conservation network with respect to their

corresponding IUCN categories

Iran CAs IUCN category Number Area

(km2)

Conservation

coverage (km2)

Conservation

coverage (%)

Conservation

efficiency (%)

National park Category II 19 11,426 8845 2.5 77.4

Wildlife refuge Category IV 23 49,480 30,344 7.6 61.3

Protected area Category IV–VI 117 77,104 53,791 13.4 69.8

No-hunting area Category V 102 54,047 33,763 8.4 62.4

Total 261 192,059 126,745 31.6 65.9

Conservation coverage: ratio of conserved habitats to the total suitable habitats. Conservation efficiency: ratio of conserved habitats

to the total area of each conservation unit

Iran’s conservation network are those with an intersection with suitable habitat patches
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Protected Areas, have been established in Iran.

Although different types of CAs are established to

address different conservation targets and land use

policies (Pressey et al. 2007), due to the higher costs of

protection in Categories I and II, the global growth in

gazetted CAs has frequently been concentrated in

categories III–VI (Joppa and Pfaff 2009). As in the

case of Iran, although NPs demonstrate higher

protection efficiency (77%), they comprise only 7%

of the total number of CAs and provide the least

protection coverage (2.5%).

The CBD in general, and the flexibility of Aichi

targets in particular, allow nations to design their own

conservation ambitions and designations to reflect

local opportunities and needs. Similarly, in Iran no-

hunting areas, which are the newest category of CAs,

have recently been designated to restore wildlife in

areas where their populations have declined due to

uncontrolled hunting. NHAs have the main objective

of empowering anti-poaching measures, unlike NPs or

WRs/PAs, where development and land use should be

omitted or controlled, respectively. Although more

strictly protected areas have stronger legal guarantees

against anthropogenic impacts, conflicts with the

desires of local communities often lead politicians to

respond negatively toward expansion or assignment of

new CAs (Joppa and Pfaff 2009; Andam et al. 2013).

Interestingly, more strictly protected areas are not

necessarily more protective of biodiversity (for exam-

ple see Andam et al. 2013; Ferraro et al. 2013). In this

context, assigning less strictly protected areas (e.g.,

NHAs in Iran, or IUCN’s Category V and Category

Table 3 Mean values of dPC index and its three fractions (intra, flux and connector) calculated for different categories of con-

servation areas

dPC dPCintra dPCflux dPCconnector

50-km 200-km 50-km 200-km 50-km 200-km 50-km 200-km

NPs 0.61 0.63 0.02 0.01 0.45 0.49 0.14 0.13

WRs 0.73 0.74 0.02 0.02 0.52 0.54 0.19 0.18

PAs 0.53 0.58 0.01 0.06 0.42 0.41 0.10 0.11

NHAs 0.75 0.73 0.01 0.03 0.46 0.43 0.28 0.27

NPs national parks, WRs wildlife refuges, PAs protected area, NHAs no-hunting area

NHAs

NPs

PAs

WRs

0.0

0.3

0.6

0.9

1 2 3
Log suitability coverage

Lo
g 

dP
C

 5
0k

m

0.0

0.3

0.6
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Log suitability coverage
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g 

dP
C

 2
00
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Fig. 2 Scatterplot of species representation (suitability cover-

age) and the probability of connectivity index (dPC) of the No-

hunting Areas (NHAs), National Parks (NPs), Protected Areas

(PAs) and Wildlife Refuges (WRs). dPC scores were calculated

based on a median (50 km) and maximum dispersal distance

(200 km) of the species
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VI) in areas with long-term human land-use and

resource-utilization histories could be a pragmatic

solution for the recovery of vanishing species while

affording fewer costs for conservation agencies.

Second, the establishment of CAs is concentrated in

geographically remote and less demanding land-

scapes, which we call location bias, was seen for

Asiatic cheetahs. In contrast, suitable habitats for the

Persian leopard included higher levels of human

activities, which is explainable, in part, by the

leopard’s greater ability to coexist in human-domi-

nated landscapes (Farhadinia et al. 2018b; Soofi et al.

2019).

Finally, in addition to the conservation bias and

location bias which have been convincingly addressed

in the literature (Joppa and Pfaff 2009; Watson et al.

2014; Venter et al. 2018), we introduce ‘network bias’

as a new level of bias in conservation planning, where

CAs are established and/or expanded regardless of

their position within the compositional structure of all

conservation units. We found that, based on a typical

gap analysis (i.e., species representation), NHAs show

similar protection performance (conservation cover-

age) compared to the other CAs. However, when

spatial effectiveness is included in our evaluation by

adding the concept of spatial configuration, NHAs are

revealed to be higher priorities for habitat connectivity

and population integrity.

A potential criticism of metrics used to quantify

landscape connectivity is that they tend to give high

importance to large patches, and undervalue the

contribution of connecting elements and/or stepping

stone patches (Ferrari et al. 2007). One advantage of

the PC index is that it enables quantification of how

different critical patches are regarding both their

habitat availability and topological position in the

landscape (Saura and Rubio 2010). In the approach to

gap analysis, we used this advantage of PC index and

regressed the probability of connectivity onto habitat

availability to identify how the different types of

conservation networks vary for species representation

and landscape configuration (see Table 3, Fig. 3). The

highest and the lowest relationship was found for NPs

and NHAs, respectively. This pattern, which is also

supported by results of dPC fractions (Table 3),

reflects the fact that area and habitat suitability per unit

contribute to the high scores given to NPs by the dPC

index, while the high scores given to NHAs by the

dPCconnector reflect their greater contribuition to

network connectivity compared to the other conser-

vation units. Consequently, our gap analysis reveals

that the more strictly protected areas (i.e., NPs and

r = 0.66, p = 7e-14 r = 0.67, p < 2.2e-16r = 0.88, p = 7.3e-07 r = 0.8, p = 1.6e-05
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Fig. 3 Nonlinear regression between species representation

(suitability coverage) and the probability of connectivity index

(dPC) of Iranian conservation units. dPC scores were calculated

based on a median (50 km) and maximum dispersal distance

(200 km) of the species. NPs national parks, WRs wildlife

refuges, PAs protected area, NHAs no-hunting area
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WRs) display high protection performance regarding

species representation, while the newly-introduced

and less strictly protected areas (i.e., NHAs) are

stepping stones providing critical connections across

the CA network. Consistent with our results, (Khos-

ravi et al. 2018) also emphasized the importance of

NHAs as stepping stones for large carnivore habitat

connectivity in the deserts of central Iran.

We used the probability of connectivity index to

measure the landscape integrity of the CAs. Intrinsi-

cally, the PC index measures functional connectivity

of the habitat patches through the landscape (Saura

and Pascual-Hortal 2007) and has been widely applied

to problems of landscape conservation prioritization

(Visconti and Elkin 2009; Ahmadi et al. 2017). It is

worth mentioning that connectivity varies depending

on the attributes of the target species or communities

(Baguette et al. 2013). Accordingly, analyzing land-

scape connectivity is a species-specific process as it

depends on the dispersal distance and behavioral

response of the target species (e.g. Cushman et al.

2012; Baguette et al. 2013). While large carnivores

with broad spatial requirements require comprehen-

sive and large-scale management strategies, for

movement-restricted species management activities

could be downscaled to fine-scale structures such as

hedgerow networks (Dondina et al. 2018). Neverthe-

less, addressing connectivity in conservation design

requires assessing the complementarity of the com-

ponents of a system to ensure the robustness of

ecological functions. Landscape-scale approaches can

account for the complexity of ecological functions,

and so can enhance the capacity to designate elements

of CA networks to best deliver desired conservation

outcomes (Cushman 2006). Here we focused on

conservation planning of the CAs within a large-scale

management perspective and utilized the concept of

focal species (e.g., dominant flagship and/or umbrella

species) which may provide surrogates for a wide

variety of subdominant species (Macdonald et al.

2017), which in turn rationalizes the use of the PC

index for regional multi-species conservation plan-

ning. Notwithstanding, it is germane to consider that

this line of reasoning suggests more research and

necessitates consideration of the results of studies for a

wide range of species.

Based on our suitability maps, Persian leopards

mainly occur in mountainous landscapes, whereas

Asiatic cheetahs are predominantly found in arid

lowland landscapes. The species distribution models

we produced in this study correspond well with

findings of previous researches (Gavashelishvili and

Lukarevskiy 2008; Farhadinia et al. 2015; Ahmadi

et al. 2017; Khosravi et al. 2019), in particular,

preference of these species for rugged landscapes with

high availability of prey species and the avoidance of

human-dominated areas (see the response curve of the

variables provided in Online Appendix Figs. S1, S2).

However, the two species showed different patterns of

habitat selection in relation to human pressure.

Although Asiatic cheetahs avoid areas even with

minor human presence, Persian leopards have moder-

ate tolerance towards humans in their habitat. Accord-

ingly, conflict with communities due to livestock

depredation is more widely reported for Persian

leopards than Asiatic cheetahs (Babrgir et al. 2017;

Soofi et al. 2019).

Conclusions

Expansion of current CAs and designating new

conservation-oriented areas has been emphasized as

an important strategy to mitigate the impacts of human

society on biodiversity (COP 2010). Due to the

shortage of funding resources and staff, as well as

external threats from human land use changes (Joppa

and Pfaff 2009; Hearn et al. 2018), efforts to assess the

effectiveness of CAs and to strategically allocate

management activities would greatly benefit from an

assessment of the collective effectiveness of the entire

network of CAs (Le Saout et al. 2013). In this research,

the network of CAs of Iran was considered as a model

for our new approach to gap analysis. This approach

evaluates the different categories of CAs given their

level of protection, species representation, and net-

work connectivity. We showed that this approach is a

simple and efficient method for rapid assessment of

completeness and effectiveness of CA networks.

Although species representation is widely used, we

showed that taking into account both representative-

ness and spatial configuration of the CAs can effec-

tively enhance conservation planning and can help

address three main biases, particularly the network

bias. The wide range of conservation area categories

on a global scale, as well as the necessity to consider

these three aspects in any gap analysis, suggests that

our approach may be useful as a global model

applicable to other species and geographical contexts.
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