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Abstract: Habitat fragmentation and loss of landscape
connectivity have resulted in the degradation of natural
ecosystem services. Identifying international transboundary
ecological network is an integrated approach to maintain
regional ecological sustainability. In this study, taking Altai
Mountains as a case study area, we suggested a set of
procedures to construct an ecological network. First, we
identified ecological patches by evaluating the values of the
protected area. Second, we generated resistance surfaces
based on the land cover characteristics. Third, we integrated
habitat patches and resistance surfaces to identify potential
corridors using the least-cost path analysis. The ecological
network we introduced consists of 22 patches, 65 potential
ecological corridors, and 5 stepping-stones. Furthermore, 26
ecological fragmentation points were marked. We proposed
to carry out efficient and effective international cooperation
between China, Russia, Kazakhstan, and Mongolia. In
addition, the installation of road-crossing structures should
be taken into consideration to minimize the negative
impacts of the road-related disturbances.

Keywords: patch-corridor-node framework, landscape con-
nectivity, large-scale planning, ecological security pattern

1 Introduction

Connectivity, the degree to which the landscape facil-
itates or impedes movement between resources or

habitats [1], is a key aspect of the conservation of
species and communities in land management [2]. High
connectivity promotes species communication and colo-
nization [3], maintains genetic diversity [4], improves
species’ ability to respond to disturbances and climate
change [5], and supports the overall viability of species
in heterogeneous landscapes [6]. Therefore, increasing
landscape connectivity has been identified as a funda-
mental strategy for mitigating impacts of climate change
on biodiversity [5]. The identification and protection of
ecological corridors, which allow the movement of
flagship or focal species between two or more habitat
areas [7], has become an important tool for maintaining
landscape connectivity [8]. In response to global con-
cerns about habitat fragmentation, climate change, and
loss of landscape connectivity, the establishment of
large-scale international ecological networks has accel-
erated over the past few years, and research studies
aimed at improving connectivity by developing ecolo-
gical networks have become central to conservation
science and practice [7,9,10].

The concept of ecological networks was proposed by
Forbes in 1887 in the field of biology. Normally, it referred
to the various interactions between species, such as
competition, symbiosis, and predation [11]. Then it was
introduced into landscape ecology, meaning the spatial
organization of habitats [12]. Although the definition of
ecological network in landscape ecology is still changing
and improving, it normally has the following character-
istics: (a) maintaining ecological processes [13]; (b)
protecting internal habitats from external disturbances
and increasing species habitats [14]; (c) enhancing land-
scape connectivity and reducing the degree of landscape
fragmentation [15]; (d) connecting scattered animal habi-
tats, providing channels for animal migration, increasing
species gene exchange, and preventing population segrega-
tion [16]; and (e) addressing the threat posed by the global
climate change [17].

An Ecological Network is usually composed of three
elements: ecological patch (or ecological source, ecological
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core area), ecological corridor, and ecological node (or
stepping-stone). Ecological Patch is the core area with the
richest biodiversity, where species can live their entire life
cycle within. It serves as a reservoir, from which the species
disperse. Ecological Corridor is described as a narrow
pathway that enables the dispersal and migration of flora
and fauna [18]. Stepping-stones are small habitat areas that
can serve as stopovers when traveling through the
unfavorable matrix between two patches in the network
[60]. All these three elements together create possible areas
in which species can migrate and, therefore, some species
can be capable of maintaining the protection to some
extent [19].

To propose ecological networks, one normally used
methodology is the least-cost path (LCP) analysis, which
can be implemented in most Geographic Information
Systems (GIS) [20]. LCP analysis is one of the best
methods for achieving the optimal establishment of
paths between landscape elements [21] and allows
decision makers to determine the ideal way to connect
two segmentations in the cost surface. This modeling
tool, derived from the graph theory that is based on the
fact wildlife movement, is affected by the characteristics
of landscapes, including the land cover, roads, and slope
[22,23], and is being increasingly applied to land and
species management projects and research [24,25]. LCP
has been used in conjunction with GIS to interconnect
ecosystems primarily designed to maintain the sustain-
ability of protected areas in several studies [26–34].

Altai Mountains are listed on the “Global-200” as
one of the most biologically distinguished ecoregions
[35]. This complex mountain system extends approxi-
mately 2,000 km in a southeast–northwest direction
from the Gobi (Desert) to the West Siberian Plain,
through China, Mongolia, Russia, and Kazakhstan [36].
The average height of the system is 2,500m and the
highest point reaches 4,507m (Belukha Mountain). The
presence of isolated mountain valleys helps to preserve
many relict and endemic species of flora and fauna [37].
The Russian part of the Altai Mountains was inscribed in
the World Heritage List as The Golden Mountains of Altai
in 1998, and China’s part as China Altay was included in
the tentative list in 2010. Areas in Mongolia and
Kazakhstan are included under their own natural
protection systems. Multilateral four-nation talks have
been held many times with the intention to include Altai
Mountains as a transboundary World Heritage property.
One of the biggest challenges is how to form an effective
protection and management system to preserve the
biodiversity and ecological sustainability that are
divided in different countries.

This study proposed a possible ecological network to
strengthen the links among Altai transboundary natural
reserves. The methodological perspective helps us to
identify new potentially protected areas, with aims to
form more representative, interconnected, and effective
ecological networks for this region. This research brings
forward valuable information that can be used for
further decision making.

2 Methods

2.1 Study area

The study area covers six administrative regions
belonging to four countries: The Altay Area of the
Xinjiang Uygur Autonomous Region of China, the Altai
Republic and the Altai Krai of the Russian Federation,
the East Kazakhstan State of Kazakhstan, and the Bayan-
Ölgii Province and Khovd Province of Mongolia, with a
total area of 7,80,000 km2 (Figure 1). The region
represents the most complete sequence of altitudinal
vegetation zones in central Siberia, from steppe, forest-
steppe, mixed forest, subalpine vegetation to alpine
vegetation. The area is also an important habitat for
endangered animal species such as the snow leopard.
This region is also the origin and biodiversity center for
various rare flora and fauna of north and central Asia,
and the most representative and well-preserved region of
the Siberian ecosystem.

2.2 Data

For our spatial analyses, we used open available land
cover data (from USGS –Global Land Cover
Characterization, GLCC, https://earthexplorer.usgs.gov/),
Natural World Heritage Sites data (UNESCO World
Heritage Center, http://whc.unesco.org/), nature reserves
data (IUCN and UNEP-WCMC, available at https://www.
protectedplanet.net/), as well as DEM data (United States
Geological Survey, USGS). Land cover types were classi-
fied into seven major categories: forests, grassland,
cultivated land, permanent snow and ice, water bodies
and wetland, artificial surfaces, and barren lands. All data
were used in raster format with 1,000m spatial resolution
as this resolution is fine enough for a large-scale research
and can significantly speed up the software’s running
speed.
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2.3 Methods

2.3.1 Ecological patches

Since ecological patches are core areas with the
highest biodiversity, our research identified ecological
patches as designated protected areas at the global
level and national level, as these areas are often of
ecological and biological importance and are the best
representation of biodiversity in a given region.
Through an in-depth investigation and research on this
area, 22 Ecological Patches were selected (Figure 2),
including the UNESCO World Heritage Sites,
Ramsar wetland, and national nature reserves of the
four countries. Since different countries have
different natural reserve systems, there is no direct
comparability of the importance level; therefore in this
research, they are given the same weight in the
calculation.

2.3.2 Least-cost path analysis

To propose the most suitable path for ECs, a LCP analysis
is used to determine the path with the least resistance
between two points (from one ecological patch to
another). The LCP analysis calculates the minimum
cumulative resistance (MCR) to produce the best route
for ECs. The Formula of MCR is as given below [38,39]:

∑= ( × )
=

=

f D RMCR
j n

i m

ij imin

where MCR is the minimum cumulative resistance, f is a
function of the positive correlation that reflects the
relation of the least resistance for any point in space to
the distance from any point to any source and the
characteristics of the landscape base surface; min
denotes the minimum value of cumulative resistance
produced in different processes of landscape unit i
transforming into a different source unit j; Dij is the
spatial distance between landscape unit i and source
unit j; and Ri denotes the resistance coefficient that
exists in transition from landscape unit i to source unit j.

2.3.3 Cost surface generation

As wildlife species are affected differently by land cover
characteristics, including impervious surface and nat-
ural green surfaces [40–42], this study considered three
types of factors related to the cost: ecological factors,
topographical factors, and human activity factors
(Table 1).

Ecological factors are the decisive factors that affect
the movements of wildlife. Resistance values of ecolo-
gical factors are usually determined based on the
difficulty of migration of the local species. Since our
research does not target specific species, the resistance

Figure 1: Geographical location of the study area at the intersection part of China, Russia, Mongolia, and Kazakhstan of Eurasia.
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value is determined according to the ecological service
values of different land types based on previous research
studies [43,44] and adjusted by expert assessments.
Areas with a high ecological service value normally
allow less energy loss as species pass through them, and
thus are given smaller resistance values.

Topographical factors can identify ecological corri-
dors more accurately, while similar landscapes under
different topographical settings may have different
functional significance. The distribution of ecological
corridors is significantly correlated with ridges and
valleys, that is, most species occurred more frequently
in valleys than on ridges [45]. Besides, elevation and
slope are the most commonly used indicators. As
suggested by Jenness et al. [46], we selected slope,
ridge, and valley as topographical factors. Resistance
values are given based on previous research studies
[21,47,48].

Human activity factors are mainly construction
features such as villages, cities, roads, and highways.
These factors reflect the degree of influence from human
activities on the protection of natural reserves’ ecological

functions. Resistance values of human activity factors
were represented as density values [21] and distance to
constructions [47].

2.3.4 Ecological connectivity analysis

Ecological connectivity is the relationship between
landscape elements in their spatial structures. To
construct an ecological network considering the highest
connectivity possible, continuity index including the
structural continuity index and the functional continuity
index are commonly used [49]. The evaluation indices
used in this study are shown in Table 2. Following Gao
et al. [50], this study used the hierarchical clustering
module in SPSS 21.0 to divide each class into three
further classes to determine the importance of ecological
patches and corridors. Classification matrix can be seen
below (Table 3) –when both indices ranked as “very
important,” or one index is “very important” while the
other is “important,” this ecological patch or corridor is
considered as a “primary patch.” When both indices

Figure 2: Selected ecological patches. 1–7 are located in Russian Federation, 1, 2, and 3 are three component parts of the Golden
Mountains of the Altai World Heritage Site, namely Altaisky Zapovednik of Teletskoye Lake, Katunsky Zapovednik around Belukha
Mountain, and Ukok Quiet Zone. 4: Kosh-Agachskiy; 5: Sumul’tinskiy Khrebet; 6: Bol’Sherechenskiy; 7: Tigireksky. 8 and 9 are located in
Kazakhstan, namely Zapadno-Altayskiy and Markakol’skiy. 10–12 are situated in China, 10: Kanas Nature Reserve, 11: Liangheyuan Nature
Reserve, and 12: Burgen Beaver National Nature Reserve. 13–22 are located in Mongolia. 13: Altai Tavan range; 14: Siilkhemiin Nuruu
National Park; 15: Tsambagarav Uul National Park; 16: Altan Khukhii Uul Nature Reserve; 17: Chigertein Golin Ai Sav National Park; 18:
Khukh Serkhiin Nuruu National Park; 19: Har Us Nuur Ramsar Wetland; 20: Munkhkhairkhan uul-Uenchiin Khavtsal National Park; 21:
Myangan-Ugalzat National Park; 22: Bulgan Gol-Ikh Ongog National Park.

Developing large-scale international ecological networks  843



were ranked as “ordinary,” the patch or corridor was
considered to be a “tertiary patch.” In all other cases,

patches or corridor were considered to be a “secondary
patch.”

Table 1: Resistance values to generate cost surface

Factors Indicators Resistance value

Ecology factors Forests 5
Grassland 30
Water bodies and wetland 70
Cultivated land 90
Permanent snow and ice 100
Barren lands 100

Topographical factors Slope <5° 5
6°–15° 10
16°–55° 20
26°–35° 40
16°–45° 80
>45° 100

Ridges 50
Valleys 0

Human activity factors Highway <Eight lanes 80
>Eight lanes 100

Density of road 0–1 km/km2 5
1–2 km/km2 10
2–4 km/km2 25
4–6 km/km2 35
>6 km/km2 50

Villages (low- to medium intensity of land use) 80
Cites (high intensity of land use) 100
Distance to constructions 0–1,000m 100

1,000–3,000m 70
3,000–5,000m 50
5,000–7,000m 30
>7,000m 5

Table 2: Ecological connectivity indices

Index Definition

Integral Index of Continuity (IIC) =
∑ ∑= =
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Based on the binary connections model in which two points are directly linked if
the distance between them is less than a given value [36]. n is the total number
of habitat patches; ai and aj are the area of habitat patch i and that of habitat
patch j; nlij is the number of connections between patches i and j; AL is the total
regional area
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A probabilistic connections model without being influenced by adjacent patches
or elements in the analyzed datasets [52]. n is the total number of habitat
patches; ∗Pij is the probability of directional migration between habitat patch i

and habitat patch j; 0 < PC < 1

Importance index (Iremove)
×

= ×
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100%
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The relative ranking of patches by their contribution to overall connectivity,
namely the change in landscape connectivity of the whole area when this point is
broken (or removed), is most useful in evaluating patch significance [53]. IIC (PC)
is the continuity index; IICremove (PCremove) is the index after removing one
habitat patch. Each iteration removes one habitat patch. Greater dIIC (dPC)
indicates that a particular habitat patch is of higher importance in the network
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3 Results

3.1 Spatial patterns

Spatial patterns and cost surface of the study area are
shown in Figure 3. Several commonly used landscape
indices that reflect the spatial structural characteristics
of the landscape were calculated with Fragstats 4.2
(Table 4).

Based on the analysis of landscape indices, our
research shows that grassland accounts for 51.91% of the
area and is the dominant landscape type. Barren land is the
second largest type, accounting for 23.34% of the area,
mainly distributed in the south and southeast of the study
area. Barren land of this area is composed of deserts and
Gobi, such as the Gulban Tungu desert in China and the
Great Gobi Desert in Mongolia. Forests are mainly Taiga
forest in the northern part of the study area in Russia,
extending southwest along the border between China and
Mongolia. The patch area of artificial surface accounts for
the smallest part (accounting for only 0.083%). LPI also
shows the same conclusion that grassland is the dominant
landscape type with the biggest continuous area. Glaciers in
the study area show a tendency of fragmentation with the
highest PD and the lowest MPS.

3.2 Ecological network

Based on the LCP analysis, this study proposes 65
potential ecological corridors (ECs) to connect 22
Ecological Patches in the Altai Mountains (Figure 4).
The landscape pattern of potential ECs is shown in
Table 5. Total area of the ECs is 8,88,391 ha, accounting
for 1.12% of the total area of the study area. Grassland is
the main landscape type constituting the potential EC,
accounting for 54% of the ecological corridor area,
followed by forest, accounting for 24.1%. Forests and
grasslands play an important role in species migration
and building ecological networks in protected areas.

In general, ecological network of the study area is
separated into two isolated clusters: The Northern
Cluster and the Southern Cluster. The Northern Cluster
is formed on the border of Russia, China, and
Kazakhstan, and the Southern Cluster is located between
China and Mongolia. The internal connections inside
each cluster are strong; however, the external links
between the two clusters are relatively weak. Barren
lands block the exchange of species in these two
clusters, resulting in a biological isolation. To address
this issue, approximately 100 km green way of shrub and
grassland is suggested to be built between Kosh-
Agachskiy and Cambagarav mountain nature reserve,
as well as another 40 km green way between the Altai
Tavan range and Chigertein Golin Ai Sav.

Seven patches and 12 corridors were classified as
primary ecological units with a significant ecological
connectivity function. Patches with a large area, such as
three component parts of the Golden Mountains of Altai,
and Kanas Nature Reserve, provide a continuous
protection for wildlife. Large patches have the advantage
that their species are less prone to extinction, as they
provide more stable habitat conditions and could
support larger population sizes and higher migration
rates [51]. Previous research has shown the positive
influence of patch size on the conservation of biodiver-
sity in species of mammals [52], insects [53], birds [54],
and reptiles [55].

Except for patches and corridors, five stepping-
stones were noted in the study area. The stepping-stone
theory is derived from the Island Biogeography theory
[51]. Ecologists and planners highlight the role of
stepping-stones in supporting biodiversity and species
movement [54,56,57]. This study spotted stepping-stones
by searching contiguous areas with a low-cost value
where important corridors cross over. All of the five
stepping-stones were located in Russia. This result gives
local authorities suggestions on the delimitation of
priority future protected area.

Cross-border ECs widely exist among countries in
the study area. Eighteen cross-border ECs were identi-
fied, including corridors between Tigireksky (Russia) and
Zapadno-Altayskiy (Kazakhstan), Katunsky Zapovednik
(Russia), Ukok Quiet Zone (Russia) and Markakol’skiy
(Kazakhstan), Ukok Quiet Zone (Russia) and Kanas
Nature Reserve (China), Kanas Nature Reserve (China)
and Markakol’skiy (Kazakhstan), Kanas Nature Reserve
(China) and Altai Tavan range (Mongolia), Liangheyuan
Nature Reserve (China) and Chigertein Golin Ai Sav
(Mongolia); Burgen Beaver National Nature Reserve
(China) and Bulgan Gol-Ikh Ongog (Mongolia); and

Table 3: Classification matrix of ecological patches and corridors

IIC

PC Very important Important Ordinary

Very important Primary Primary Secondary
Important Primary Secondary Secondary
Ordinary Secondary Secondary Tertiary
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Ukok Quiet Zone (Russia) and Altai Tavan range
(Mongolia). Important habitat patches around interna-
tional borders are fragmented due to the existence of
border fences, and the degree of ecological connectivity

is drastically reduced, destroying the connectivity and
stability of the ecosystem. One good example to address
this problem is the Transboundary Ramsar Sites (TRS)
Project by RAMSAR [58]. Thirteen TRS have been

Figure 3: (a) Landscape patterns and (b) cost surface of the study area.
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Table 4: Landscape indices for each land cover typea

Landscape CA (ha) PLAND (%) LPI (%) NP PD (/100 ha) MPS (ha)

Forests 1,03,75,444 13.139 4.180 35,055 0.044 295.97
Grassland 4,09,87,596 51.905 42.290 48,753 0.062 840.71
Cultivated land 65,10,888 8.245 1.139 9,871 0.013 659.59
Water bodies and wetland 11,15,024 1.412 0.535 2,043 0.003 545.77
Permanent snow and ice 14,74,356 1.867 0.044 2,05,815 0.261 7.164
Barren lands 1,84,37,556 23.349 15.438 55,259 0.070 333.65
Artificial surfaces 65,520 0.083 0.016 533 0.001 122.92

aCA refers to the class area, PLAND is the percent of landscape, and these two indices can reflect the composition and proportion of each
landscape type; LPI refers to the largest patch index and shows the dominance of landscapes. NP is the number of patches, PD is the patch
density, and MPS is the mean patch size. NP, PD, and MPS show the degrees of landscape fragmentation.

Figure 4: Potential ECs based on the LCP analysis.

Table 5: Landscape pattern of the potential ECs in the study area

Landscape Total area (ha) Proportion (%) Corridor area (ha) Proportion (%)

Forests 1,03,75,444 13.14 2,14,100 24.10
Grassland 4,09,87,596 51.91 4,75,820 53.56
Cultivated land 65,10,888 8.25 360 0.04
Water bodies and wetland 11,15,024 1.41 3,000 0.34
Permanent snow and ice 14,74,356 1.87 16,730 1.88
Barren lands 1,84,37,556 23.35 1,78,380 20.08
Artificial surfaces 65,520 0.08 50 0.01
Total 7,89,66,384 100.00 8,88,391 100.00
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established to deduce ecological fragmentation, one in
Africa – the Niumi-Saloum Complex in Gambia and
Senegal – and the remainder in Europe. Another effective
precedent is The Caspian Coastal Assessment Plan [59].
A convention concerning the protection and restoration
of the Caspian Sea was signed by Russia, Azerbaijan,
and Iran in Tehran in 2003, committed to connecting the
broken ecosystems in different parts of the Caspian Sea.
Subsequently, initiated by the Critical Ecosystem Part-
nership Fund (CEPF), District Biodiversity Hotspot
projects have been carried out and 10 large-scale
ecological corridors have been delimited. Hence, this
study suggested all four counties of the study area to
step forward on an international cooperation by first
signing conventions on the protection of their common
home – the Altai Mountains, and explore actively the
potentially suitable areas for wildlife migration to ensure
that barriers to migration are eliminated to the greatest
possible extent.

ECs, which pass through roads and highways,
marked 26 ecological breaking points. Roads have
many aspects of negative effects on the ecological
system. Road-related disturbances filter animal activity
in habitats on both sides of the road, and in the long-
term time frame, may lead to populations decrease or
disappearance of animal populations from habitats that
have been isolated and segregated by roads [60]. In
addition, roads are a source of mortality for wildlife,
especially for some large, rare species that are regularly
brought into contact with busy roads, road-kills can
have a significant effect on the conservation status [44].
Most of the breaking points (18) are located in Mongolia,
especially along the Bulgan-Deluun Road that connects
Takshiken trade port with China to two major cities,
Khovd City and Ölgii City, in the west of Mongolia. While
promoting economic exchanges, this road obstructs
wildlife migration and biomass interflow between
Liangheyuan Nature Reserve in China and Munkhkhair-
khan Uul-Uenchiin Khavtsal Protected Area in Mongolia.
Few ecological breaking points occur in Altai Krai of
Russia and East Kazakhstan Province of Kazakhstan.
Wildlife conservation must receive full consideration in
the planning, construction, and ongoing management of
road systems. Managers of the road system should take
further investigations and implement practical measures
to reduce the negative effects of roads on natural
environment and to minimize the mortality of wildlife
related to transportation facilities. The installation of
road-crossing structures, such as road underpasses or
the overhead bridges, is a valid way to handle these
issues for wildlife.

4 Discussion

Ecological networks are ecological spaces where the
actual ecosystems of a region are objectively interre-
lated. The purpose of an ecological network analysis is to
promote the energy and information flow by taking
certain measures to increase the structural and func-
tional connections between fragmented and isolated
habitats in a certain area, and thus to maintain the
stability of a regional ecosystem [61]. This study adopted
LCP to propose international large-scale ecological
corridors for the Altai Transboundary Area that covers
the different national territories but with similar eco-
environmental settings.

Some research studies have proposed the ecological
network based on the habitat suitability evaluation of
flag or focal species, such as Amur Tiger (Panthera Tigris
Altaica) [62], mink and warblers [63], while our study
aims to optimize regional ecological security pattern and
not subjected to a particular species. Therefore, resis-
tance factors in this study selected factors that will affect
the ecological security pattern under normal circum-
stances such as land types, topography, and human
disturbance. Follow-up studies in this area could focus
on flagship species, such as snow leopard, to build
species conservation network.

In the model of LCP, the assignment of resistance
value is the premise of the rationality of the result.
However, the assignment of resistance value often
depends on the expert experience, which is normally
subjective to some extent, and does not always match
the actual situation. Although the absolute value of this
method is yet to be discussed, it can objectively reflect
the comprehensive resistance of heterogeneous land-
scapes to species movements. Moreover, the resistance
value is the relative resistance in the process of species
movement, not the absolute value. Under the condition
of assigning the correct resistance value to the relative
concept, it can meet the requirements of the LCP model.

The ecological corridor determined by the LCP
method has no width. The main reason is that the width
of the biological corridor should be determined by
multiple factors such as the protected object, vegetation
type and status, corridor function, surrounding land use
status, terrain, climate change, and so on. For different
areas or even the same area in different times, the widths
of the corridors are different. With detailed experimental
research and data, the reasonable width of the corridor
can be determined.

In conclusion, this study proposed a transboundary
ecological network consisting of 22 ecological patches,
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65 potential ecological corridors, and 5 stepping-stones.
Among the ecological corridors, 18 were cross-border
ECs; thus, an efficient and valid international coopera-
tion between the four countries should be carried out.
The stepping-stones give a suggestion to the priority of
future nature reserves’ location selection. In addition, 26
ecological breaking points have been marked. The
installation of road-crossing structures should be taken
into consideration to minimize the negative impacts
from road-related disturbances.
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