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The reduction and fragmentation of forests due to human activities are two

primary factors that have led to forest biodiversity losses. The lack of forest

continuation may prevent organisms from escaping areas that are no longer

habitable due to altered environmental conditions and the reduction in size of

habitat regions. Therefore, protecting and promoting forest connectivity has

become one of the important objectives of forest management. The forests were

regarded as independent elements, and the connectivity of the forest itself was

directly evaluated in previous studies. However, this approach ignores the

maintenance of forest connectivity, while requiring the participation of other

landscape elements. In this study, we indirectly determine the forest priority by

evaluating the landscape priority by integrating analysis with the habitat suitability

(HS) model, MSPA and and BCPC
k and dPCk index. We studied the wild boar (Sus

scrofa) habitats in and around Hupingshan and Houhe National Nature Reserves

to illustrate the indirect evaluation method of forest priority. The results showed

that forests with high priority, medium priority, low priority, and non-priority

comprised 596, 64, 58 and 105 km2, respectively, accounting for the 41.2, 2.7,

3.0, and 11.9% of the total forest area. Our research revealed that evaluating the

forest priority by analysing the landscape priority was an effective method for

forest priority identification, and this strategy can be used to other regions or

species for the goal of identifying the forest priority for biodiversity conservation.
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1 Introduction

The forest is the dominant component of the terrestrial

ecosystem and plays a crucial role in the conservation and

management of biodiversity. Reduced and fragmented forest

habitats (caused by urban sprawl, forest logging, intensified

agriculture, etc.) are widely regarded as the greatest hazards to

biodiversity (Lõhmus et al., 2017). The lack of forest continuity may

impede the ability of organisms to leave areas that are no longer

habitable due to altered environmental conditions and the

reduction in size of habitat regions (Campbell Grant et al., 2007;

Baranyi et al., 2011). Connectivity enables dispersal and gene flow,

both of which are crucial for preventing population reduction and

extinction (Foltête et al., 2020). In this context, preserving and

promoting forest connectivity has become one of the most

important objectives of forest management, as suitable forest

landscape connectivity facilitates the movement of individual

animals between forest regions and ensures genetic exchange

between populations (Martin et al., 2017; Velázquez et al., 2017).

Landscape connectivity is defined as “the extent to which the

landscape facilitates or impedes species movement across habitat

patches and for a particular organism” and is influenced by both the

landscape and the species in question (Baranyi et al., 2011). The

network method combined with landscape connectivity index is an

effective way to identify the key elements (patches, corridors, and

stepping stones) of landscape (Gil-Tena et al., 2013; Saura et al.,

2018). The network technique proposes that landscapes can be

represented by a graph with nodes representing habitat patches and

connections reflecting the dispersal probabilities of a species to

travel between patches. Numerous indicators have been devised to

reflect the landscape connectivity with a focus on either the

elements or the entire landscape, but probability of connectivity

(PC) is the most widely used. The importance of each patch or link

determined by how much the PC metric decreased when it was

removed (Baranyi et al., 2011; Cabarga-Varona et al., 2016;

Hernando et al., 2017). This approach implies that organisms that

formerly moved through a specific element are able to find

alternative dispersal pathways and that there is no competition

among dispersers for the use of the fewer remnant pathways in the

disturbed landscape. To overcome the limitations of remove

experiments, the BCPC
k metric integrated the benefits of remove

experiments and centrality, which gives greater weight to the paths

that are anticipated to transport larger flows of organisms and that

connect bigger and thus likely more ecologically significant patches

(Bodin and Saura, 2010).

Land cover and vegetation type, patch area, and crown closure

are three popular markers for designating nodes in a forest

landscape network, and the connectivity between forest patches

has been explicitly investigated in prior studies (Saura et al., 2011;

Velázquez et al., 2019; Foltête et al., 2020). However, this network

approach regards forests as independent elements and ignores

the maintenance of forest connectivity, while requiring the

participation of other landscape elements. This method only

makes sense if the only location where the species lives is in a
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forest. However, species often affect the suitability of a habitat is,

and it is a lot more complicated than just describing it in terms of

plants or land cover (Avon and Bergès, 2016). For instance, not all

forests identified on a land cover map may be suitable for certain

animals (Avon and Bergès, 2016; Duflot et al., 2018). The network

findings are only useful if the node and link properties are

biologically important for the species under consideration (Urban

et al., 2009).

In this study, we indirectly determine the priority of the forest

through determining the priority levels of the landscape. To

accomplish this, we initially evaluated the suitable area based on

the habitat demand of the specific species by the habitat suitability

(HS) model. The prediction accuracy of HS outputs was evaluated

by the infrared monitoring data of the species. Furthermore, we

developed the habitat networks and applied the landscape

connectivity index (BCPC
k and dPCk) to assess the priority patches

and corridors, respectively, and the priority of forest is consistent

with the priority of the landscape area where it belongs to.

We studied the wild boar (Sus scrofa) habitats in Hupingshan–

Houhe National Nature Reserves (Hupingshan–Houhe NNR) and

three adjacent counties around them to illustrate the indirect

evaluation method of forest priority. Hupingshan–Houhe NNR

reconsidered as the most appropriate places to harbor a small

population of the South China tiger (Panthera tigris amoyensis)

individuals (Qin et al., 2015; Shurong et al., 2022). It has been

claimed that population density, ungulate prey size and biomass are

typically crucial to the survival and reproduction of wild tiger

populations (Sunquist, 1981; Karanth and Sunquist, 1995;

Miquelle et al., 1996; Burge, 1999; Karanth and Sunquist, 2000;

Karanth et al., 2004; Hebblewhite et al., 2011; Hebblewhite et al.,

2014; Qin et al., 2015; Kafley et al., 2016). Main tiger prey includes

forest and grassland ungulates, ranging in size from tiny deer such

as barking deer (Muntiacus muntjak) and wild boar to huge animals

such as water buffalo (Bubalus bubalis) (Karanth et al., 2004; Smith

et al., 2008; Karanth and Nichols, 2010; Xie and Smith, 2013; Froese

et al., 2017). The infrared camera monitoring survey in Hupingshan

NNR reveals that wild boars are one of the main prey that satisfy the

demands of South China tigers (Shurong et al., 2020). As the major

habitat of the tiger prey, the forest, which comprises more than 50

percent of the total area of the study area, plays a critical role in

maintaining its population (Tang et al., 2023). Therefore,

identifying the priority of forests at different locations in the

study area for wild boar is of significance for maintaining the

number of wild boar populations, which have a positive promoting

effect to the survival and reproduction of South China tigers.
2 Materials and methods

2.1 Study area

Hupingshan–Houhe NNR (110° 29′–110° 59′ E, 29° 50′–30°09′
N; Figure 1) consists of two adjacent regions, Hupingshan NNR is

located on the northern border of the Hunan Province and Houhe
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NNR on the southern border of the Hubei Province. Located in the

transition region between the Guizhou Plateau and hilly zones in

southeast China, Hupingshan–Houhe NNR is topographically

heterogeneous, including steep and deep ravines, narrow valleys,

and high mountains. The terrain includes deep ravines, narrow

valleys, and high altitudes, with the highest altitude at 2,299 m (Shu-

Rong et al., 2019). The region has a subtropical mountain climate

that is significantly impacted by the North Pacific warm current,

resulting in hot and rainy summers and cold and snowy winters.

The annual mean temperature is 9.2°C, and the annual mean

precipitation is 1900 mm (Shurong et al., 2020). The study area

consists of two NNRs and three adjacent counties: Shimen County
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in Hunan Province, Hefeng County, and the Wufeng Tujia

Autonomous County in the Hubei Province. The overall area

of these regions is approximately 12300 km2, and forests with

canopy > 30% and shrubs with canopy > 40% account for

approximately 54% of the total area. The area includes six typical

soil types, among which yellow brown soil is the most widely

distributed (Wei et al., 2020).

One hundred and twenty infrared cameras were set up in

Hupingshan NNR to obtain the distribution data of wild boars

(Figure 1). Infrared cameras are located in each 1km × 1km grid

generated by ArcGIS, and a total of 120 infrared cameras are

deployed (Yu et al., 2018). From October 2020 to October 2021,
FIGURE 1

Location of the study area.
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there were 579 independent and effective wild boar photos

distributed in seventy-two infrared camera points were captured

(Yu et al., 2018).
2.2 Habitat suitability assessment

A diagrammatic summary of the analytical method is shown in

Figure 2. Based on the work of Qin et al. (2015) and Tang et al.

(2021), a habitat suitability (HS) model has been developed to

identify the suitability of the study area. The HS model was

computed using the geometric mean of six suitability indices (SIs)

as described:

HS = (LC � S� E � DTF � DTW � DTD)1=6 (1)

where LC, S, E, DTF, DTW, and DTD refer to landscape cover,

slope, elevation, distance to the forest edge, distance to water bodies,

and distance to disturbance, respectively. To account for

uncertainty in parameterizations of habitat requirements (Bennett

et al., 2009; Battisti et al., 2016), the SI habitat suitability was

parameterized under three different scenarios (high: H, medium: M,

and low: L) for the LC, S, E, DTF, and DTW indices. Only one

scenario was established to parameterize the DTD. Habitat selection

by wild boar seasonally varies, and particularly with elevation
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changes. Thus, summer (S) and winter (W) scenarios were

constructed with different elevation parameterizations to

accommodate such potential variability across seasons. Six HS

scenarios were developed, including summer high SH, summer

medium SM, summer low SL, winter high WH, winter medium

WM, and winter low WL conditions. Then, the seventy-two

infrared camera positions where wild boars appeared were

utilized to evaluate the prediction accuracy of the six HS outputs.

This scenario will be kept if the forecast accuracy is greater than

85%; otherwise, it will be removed. The patches with an HS > 6 and

area >1 km2 were initially considered to be suitable habitats patches

for wild boar, while others were considered unsuitable.
2.3 Developing networks

Then, morphological spatial pattern analysis (MSPA) (Soille and

Vogt, 2009; https://forest.jrc.ec.europa.eu/en/activities/lpa/gtb/)

was used to select the source patches from the suitable habitats.

MSPA can divide the binary map, yielding seven classes including

core, islet, edge, bridge, perforation, loop, and branch areas. In this

study, the patch containing the core is considered as the source patch,

which have more robust biological structures than sections lacking

core regions (Tang et al., 2023). Using edge width (EW) parameters,
FIGURE 2

Schematic overview of the analytical procedure.
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the MSPA segmentation method can be fine-tuned. The EW was

set to nineteen pixels, which corresponded to a Euclidean distance of

570 meters. The EW was equivalent to a 1 km2 circle with an optimal

radius for wild boar habitat.

The effective distances were calculated using the cumulative

costs along the path with the lowest cost, disregarding the distances

between sections. To convert the suitability of habitats into

resistance value, the HS results were classified into seven classes,

with class 1: 0 ≤HS ≤ 1; class 2: 1< HS ≤ 2; class 3: 2< HS ≤ 3; class 4:

3< HS ≤ 4; class 5: 4< HS ≤ 5; class 6: 5< HS ≤ 6; and class 7: 6< HS ≤

10. The HS values were inverted such that appropriate sites for wild

boar (i.e., areas with higher HSs) had lower mobility resistance, and

vice a versa (Duflot et al., 2018). Using a negative exponential

calculation (Préau et al., 2020; Tang et al., 2023), the resistance

values for classes 1, 2, 3, 4, 5, 6, and 7 were calculated to be 373, 139,

52, 19, 7, 3, and 1, respectively. A decreasing exponential function

was used to incorporate LCPs into the PC index (Saura and Pascual-

Hortal, 2007). The cost distance-decay coefficient was also set at

0.05 for the maximum connectivity distance between patches

(Urban et al., 2001). The habitat networks were developed in the

Graphab v2.4 software (Foltête et al., 2012; http://thema.univ-

fcomte.fr/productions/Graphab/).

To avoid the excessive connectivity between patches (Liu et al.,

2017), the connectivity distance threshold was identified by

exploring the correlation between the overall probability

connectivity (PC) and the dispersal distance, in addition to using

community analysis (Tang et al., 2021). Patches belonging to the

same community are connected by edges, whereas different

communities are not connected. In the community analysis, the

area accounting for 85% of the total study area was used as the

predetermined threshold for the largest community area (Tang

et al., 2021).
2.4 Evaluating of forest priority

In this study, we used the BCPC
k to evaluate the importance of

nodes, which takes into account patch areas and maximum product

probabilities between patches instead of only the number of shortest

paths. This metric could assign more weight to the paths that carry

larger flows of organisms and that connect bigger and therefore

more ecologically important patches for wild boar populations

(Bodin and Saura, 2010). As suggested by Saura and Rubio

(2010), dPCk was derived from the overall PC index to evaluate

the connectivity importance of edges. According to Saura and

Torné (2009), the connectivity index was analyzed using the

Conefor Sensinode v2.6 program (http://www.conefor.org/).

Patches and corridors were classified by connectivity index

from the largest to the smallest, and then divided into three

categories including 0–50%, 50.1–90%, and 90.1–100%, that

corresponded to three connectivity importance levels (CIL; high

H, medium M, and low L) that were assigned coded values of 3, 2,

and 1 respectively (Tang et al., 2021). Buffer analysis for corridors

was conducted using a Euclidean distance of 570 m that was equal
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to the edge width used in the MSPA. Since the corridors spatially

intersect with patches in each scenario, the maximum CIL value

between patches and corridors was taken as the value of overlapped

pixels. Then, calculate the arithmetic mean of the landscape priority

under the four assessment scenarios as the CIL of landscape, which

were separated into four priority levels including high: 2 ≤ CIL ≤ 3,

medium: 1 ≤ CIL ≤ 2, low: 0 ≤ CIL ≤ 1, and non: CIL=0. The forest

priority was consistent with the priority of the landscape that it

belongs to.
3 Results

3.1 The distribution of suitable habitats

The evaluation of six different HS scenarios revealed priority,

non-priority habitat ranges and prediction accuracy of the

appearance positions of wild boars (Figure 3). Specifically,

priority habitat (HS > 6) in summer ranged from 6,911 (SL) to

10,211 km2 (SH) in area, the non-priority habitat (HS ≤ 6) ranged

from 2,095 (SH) to 5,395 km2 (SL) in area (Table 1). The priority

habitat (HS > 6) in winter ranged from 6,044 (WL) to 10,117 km2

(WH) in area, the non-priority habitat (HS ≤ 6) ranged from 2,189

(SH) to 6,262 km2 (SL) in area (Table 1). The prediction accuracy of

the appearance position ranged from 56.9 to 97.2%. Four habitat

suitability assessment scenarios with prediction accuracy greater

than 85% are shown in Figure 3.
3.2 Graph-based networks

In conjunction with a community analysis, a connectivity

distance threshold of 530–550 cumulative resistance value (CRV)

was established based on the correlation between the overall PC

index and the dispersal distance. In this study, connectivity

distances of 550 CRV were used to establish habitat networks.

Statistical characteristics for the six networks with connectivity

distances threshold of a 550 CRV are shown in Table 2. In summer,

the number of patches was 92 (M) and 94 (H), the average patch

area was 99 km2 (M) and 108 km2 (H), the total patch area was

9,061 km2 (M) and 10,117 km2 (H), and the number of edges was

144 (M) and 152 (H). In winter, the number of patches was 95 (M)

and 94 (H), the average patch area was 90 km2 (M) and 107 km2

(H), the total patch area was 8,524 km2 (M) and 10,013 km2 (H),

and the number of edges was 149 (M) and 151 (H). Patches and

corridors and their corresponding networks were shown

in Figure 4.
3.3 Forest priority levels

The area of landscape and forest priority are shown in Figure 5,

The area of landscape and forest priority are shown in Table 3. The
frontiersin.org
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landscape with high priority, medium priority, low priority, and

non-priority comprised 2,027, 3,825, 3,828, and 2,627 km2,

respectively. The forests with high priority, medium priority, low

priority, and non-priority comprised 1,448, 2,396, 1,929, and 886

km2, respectively. The forests in Hupingshan–Houhe NNR with

high priority, medium priority, low priority, and non-priority

comprised 596, 64, 58 and 105 km2, respectively, accounting for

the 41.2, 2.7, 3.0, and 11.9% of the total forest area.
4 Discussion

The priority of forest is indirectly identified by determining

the priority areas of the landscape, that is, the priority of the forest

is consistent with the priority of the landscape where it is located

in. As far as we know, this is a new perspective for assessing forest

priorities. In previous study, forest patches with area larger than

the predefined threshold were usually regarded as nodes, and then

the connectivity between forest patches is directly evaluated. For

example, Velázquez et al. (2017) defined areas labelled with the

“forest” and “shrub and/or herbaceous vegetation associations”

areas as nodes. Saura et al. (2011) selected broadleaved forest,

coniferous forest and mixed forest for the connectivity analyses.

Jie et al. (2012) selected forest and agricultural dryland patches

with an area > 30 km2 as source patches to analyse the importance
Frontiers in Ecology and Evolution 06
of agricultural landscape for forest restoration. Ruppert et al.

(2016) defined the mature jack pine stands, rocky outcrops,

and shallow soil sites as the most preferred habitat type for

woodland caribou.

In this study, we built a HS model based on literature reviews,

preliminary field work, and expert opinion to assess the suitability

of the habitat. Furthermore, we utilized the field data of wild boar to

evaluate the outputs of HS model, and only four scenarios (SH, SM,

WH, WM) were retained for forest connectivity analysis. The

review shows that landscape graphs can benefit from field data of

different types at varying scales (Foltête et al., 2020). But biological

data are usually gathered from a limited set of locations, as

collecting species data on a large scale requires a significant

amount of financial and time resources. Thus, we do not discard

the results of HS model as they indirectly benefit from

methodological improvements and ecological knowledge acquired

in studies based on field data. Dutta et al. (2018) showed that HS

assessment based on information derived from the literature and

field data were a better proxy of empirical models than those

designed exclusively from expert opinion.

In our investigation, we kept all patches that contained the core

class as source patches. However, only the core class of MSPA

analysis was regarded as a source patch in previous study, following

the seminal paper of Saura et al. (2011). The patches containing

cores and edges can better represent a more natural ecological
FIGURE 3

Priority area and non-priority area in the four suitability assessment scenarios with prediction accuracy greater than eighty-five percent.
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interference system and provide more interior and edge

environmental sources than islets, which then buffers species

extinction events due to environmental changes. This novel

application of MSPA results may theoretically improve the

reliability of source patches analyses.

In this study, the habitat connectivity for wild boar was

quantified by indices of BCPC
k and dPCk. The forests in

Hupingshan–Houhe NNR with high priority comprised

596 km2, accounting for the 41.2% of the total forest area. The

results showed that almost all forests in the Hupingshan–Houhe

NNR were classified as high priority, which is consistent with the

ecological important protection level of Hupingshan–Houhe

NNR (Figure 5). But the more important discovery is that

59.8% of the high priority forests are located outside the

reserve, which indicates that in order to maintain the

connectivity of the wild boar population, the high-priority

forests outside the reserve also need to be protected.

Strengthening the connectivity between the high priority forests

inside and outside the NNR is crucial for the continuation of the

wild boar population.

The connectivity distance threshold of links in our study was

evaluated by exploring the correlation between the overall

probability connectivity (PC) and the dispersal distance, in

addition to using community analysis. This method can

effectively avoid the adverse effects of excessive connectivity.

Since the field data of wild boar dispersal was not recorded, the
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connectivity distance threshold of edges can be evaluated by

using information sourced from like published literature and

naturalist association records, but which may produce an

excessive connectivity, promoting the spread of pests, diseases

or wildfire among populations (Saura et al., 2018; Tang

et al., 2021).
4.1 Alternatives and limitations of the
methodological framework

As presence–absence data of wild boar are available, which can

be directly embedded in the definition of patches from an species

distribution model SDM or another output of suitability modeling,

following procedures synthesized in Duflot et al. (2018). For

instance, the MaxEnt model can provided a reliable predictive

map of species habitat and the environmental predictor effects

fitted well with the known ecology of the species (Brown

et al., 2018).

The habitat suitability data were inverted to provide a

resistance map, however habitat suitability does not represent

species movement per se. Inferring resistance maps from HS

presumes that mobility behavior follows the same criteria as

habitat selection, which is not necessarily the case (Zeller et al.,

2012). HSI derived from presence points may be a decent

surrogate for these processes, and employing inverted HSI as

resistance is likely a solid choice in this regard (Blazquez-Cabrera

et al., 2016). A further possibility is to combine expert opinion

with HSM-derived resistance maps.

The priority of the forest is determined indirectly by

determining the priority area in the landscape. This may

theoretically improve the reliability of forest priority analyses and

the way they are carried out. To be reliable, this approach should

preferably be supplemented by a validation process with genetic and

telemetry data (Zeller et al., 2018).
5 Conclusions

In this study, the suitable area was evaluated by the habitat

suitability (HS) model, and the prediction accuracy of HS

outputs was evaluated by the infrared monitoring data of wild

boar. The networks combined with the connectivity index of B
TABLE 1 Characteristics of suitable and non-priority areas and prediction
accuracy the appearance position of wild boar under six different
HSI scenarios.

Priority areas
(km2)

Non-priority
areas (km2)

Prediction
accuracy (%)

Summer

High 10,211 2,588 97.2

Medium 9,242 6,281 90.3

Low 6,911 11,545 72.2

Winter

High 10,117 2,839 97.2

Medium 8,734 7,600 88.9

Low 6,044 16,433 56.9
TABLE 2 Characteristics of nodes and edges of networks at a connectivity distance threshold of 550.

Number of nodes Total area Mean area (km2) Number of edges

Summer

High 94 10,117 108 152

Medium 92 9,061 99 144

Winter

High 94 10,013 107 151

Medium 95 8,524 90 149
frontiersin.org

https://doi.org/10.3389/fevo.2023.1085272
https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org


Tang et al. 10.3389/fevo.2023.1085272
CPC
k and dPCk were utilized to assess the priority patches and

corridors, respectively, and the forest priority is consistent with

the priority of the landscape area it belongs to. The results show

that not only the forests in the NNR, but also a part of the

forests around the NNR are of great significance to maintain the
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habitat connectivity of wild boar in and around Hupingshan–

Houhe NNR. Results of our study are informative for wild

boar habitat conservation, corridor establishment, and land

use planning of study area in the future. Our study indicated

that determining the forest priority through evaluating
FIGURE 4

Patches and corridors and their corresponding networks.
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FIGURE 5

Priority of landscape and forest.
TABLE 3 Area of landscape and forest priority.

Priority level Area of landscape (km2) Area of forest (km2) Area of forest in Hupingshan–Houhe
NNR (km2)

Proportion in total forest
area (%)

High 2,027 1,448 596 41.2

Medium 3,825 2,396 64 2.7

Low 3,828 1,929 58 3.0

Non 2,627 886 105 11.9
F
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the landscapepriority was an effective approach for forest

hotspot selection, and this method can be applied for other

areas or animals to identify the priority of forests in the purpose

of biodiversity conservation.
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