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Abstract: Landscape connectivity can largely affect the level of biodiversity and it is a key concern in
conservation planning. Considering that protected areas (PAs) may become functionally isolated
“islands” under rapid land-use change, there is an urgent need to expand and connect protected
areas to prevent further biodiversity loss and improve PAs effectiveness. The Grain-to-Green Project
(GTGP) is the largest reforestation program worldwide with the aim of controlling water and soil
loss; however, the opportunities for connectivity gains through GTGP have been widely ignored.
Here we provided a three-stage hierarchical framework incorporating soil erosion analysis, cropland
suitability analysis and network analysis to prioritize agricultural patches for reforestation under the
scheme of GTGP. The potential reforestation patches were identified in the first two stages. Then,
four different GTGP strategies were designed, and a set of network metrics were used to determine
the best strategy and prioritize patches that significantly enhance PAs connectivity. A typical GTGP
region, Wanzhou district (Southwest China), was taken as the study area. We found that: (1) the
agricultural patches with high reforestation suitability cover an area of c. 40 km2 (1% of the study
area); and (2) the efficiency of GTGP strategies varies by species, species with intermediate and high
mobility benefit more from a strategy that continuously adds reforestation patches close to PAs, while
for species with low dispersal ability, the amount of patches added should also be taken into account
to decide the appropriate strategy. We conclude that our framework can provide guidance to restore
PAs connectivity with limited land resources in the context of GTGP.

Keywords: Grain-to-Green Project; network analysis; three-stage hierarchical framework;
scenario analysis

1. Introduction

Worldwide, biodiversity hotspots with rare, threatened or endangered species inhabit have
been delimited as protected areas (PAs), aiming to maintain (and/or improve) the biodiversity level
and habitat quality against rapid land-use changes [1,2]. However, the effectiveness of PAs in
practical biodiversity conservation remains doubtful, due to the excess of conventional “conservation
islands” [3–6]. PAs themselves are likely to suffer from functional isolation and species extinction when
the surrounding unprotected areas are disturbed or converted to inhospitable landscape matrix [7,8].
Meanwhile, scholars have also acknowledged the negative effects of landscape fragmentation on
biodiversity [9–11]. Against this background, PAs should not be viewed as a static and finished
product [12]; instead, they require expanding, connecting, and enhancing their relationship with other
elements in the landscape [13,14].
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On the other hand, the Chinese government has been prompted to take an important ecosystem
restoration program, called the Grain-to-Green Program (GTGP), after the serious strike by the massive
floods in 1998 [15]. GTGP is the biggest forest ecological construction program worldwide due to
its large scale, huge investments and enormous effects [16,17]. Stopping soil and water loss and
minimizing the negative impacts of farmland on ecosystems are the ultimate goals of GTGP. Under the
scheme of GTGP, farmland on steep slopes are reforested [16].

Recently, most previous research related to GTGP have focused on the relationships between
GTGP and farmer subsidies, income, agricultural products as well as food security from the perspective
of the social economy. An increasing number of scholars have also discussed the impacts of GTGP
on ecosystem health and habitat restoration from the ecological perspective. Notwithstanding that
GTGP poses an opportunity for land-use managers intending to enhance PAs connectivity, such an
opportunity has been widely ignored in previous studies [18,19].Land-use managers need effective and
practical methods to identify agricultural patches where connectivity should be treated as a particularly
crucial conservation concern [20]. Setting appropriate priorities for the reforestation to improve PAs
connectivity is, therefore, of great importance. There are only a few similar studies that prioritize
agricultural patches for reforestation to improve landscape connectivity [20,21]; however, their research
goal is to improve the degree of connectivity at the landscape scale instead of enhancing connections
among PAs, and they do not specifically propose a prioritization approach under the scheme of
GTGP. Considering that GTGP is a multi-facet task, the integration of connectivity analysis with those
that inform social and biophysical constraints is essential for achieving an ecologically beneficial
and economically feasible selection. To our knowledge, such integration is uncommon; and more
importantly, the study designing different GTGP strategies and investigating their performance in
enhancing PAs connectivity is even rarer.

Here we proposed a three-stage hierarchical framework, which identifies potential reforestation
regions through soil-erosion sensitivity analysis and cropland suitability analysis, and then prioritizes
agricultural lands with a high potential of improving PAs connectivity by network analysis.
Additionally, we designed four distinct GTGP strategies and investigated which strategy is more
efficient. Our attempt was to inform decision makers about the right choice for the GTGP strategy and
the right priority sites for updating PAs. To demonstrate the performance of our framework, Wanzhou
District (Chongqing, SW China) was chosen as the study area, because it is an excellent representative
of GTGP and it is also located in the center of the Three Gorges Reservoir Area (TGRA), water and
soil conservation therein has profound implications to the ecological security of the whole Yangtze
River Catchment. Besides, the TGRA is one of the richest areas in biodiversity in China [22]. Therefore,
studying the ecological benefits of GTGP and improving local PAs connectivity can significantly
contribute to local land degradation control, and biodiversity maintenance and improvement.

2. Study Area and Data Preparation

2.1. Study Area

We selected Wanzhou District as a case study area. Wanzhou District (Chongqing city, Southwest
China) is located (Figure 1) between 107◦55′22”–108◦53′25”E and 30◦23′23”–31◦0′20”N, covering an
area of 3456 km2. The predominant local terrain is hilly landform. At present, the proportion of cropland
accounts for nearly 35.4%. Affected by regional geological structure and hydrologic feature, Wanzhou’s
ecological environment is fragile, suffering frequent landslides, debris flow and other geological
disasters. The widespread distribution of steep farmland in this district has caused serious soil erosion.
Regional ecosystem restoration confronts many cumbering factors. Multiple national rare species
inhabit Wanzhou, for instance, the Reeves’s Pheasant (Syrmaticus reevesii). In addition, natural reserves,
national forest parks and scenic resorts are widely distributed in Wanzhou. Considering the increasingly
serious situation of the regional environment and the great significance of biodiversity conservation,
ecological restoration measures should be enhanced to protect Wanzhou’s ecological safety.
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Figure 1. Location of the study area.

2.2. Data Preparation

Multi-sourced datasets were collected through various methods and then processed (Table 1).
Land use, topographic, meteorological and soil datasets were processed by ArcGIS 10.2 (ESRI). Besides,
the ENVI platform was utilized to process remote sensing images. The illustration of EN structure
and connectivity measurement was performed by Gephi (v0.9.1). MATLAB R2014a was used for EN
connectivity analysis as well as strategy designing. All the basic data was unified into the same spatial
resolution of 30 m × 30 m in preparation for the subsequent calculation.

Table 1. Data sources and descriptions.

Data Data Source Data Type Year Spatial
Resolution Description

Land use
geodatabase

Wanzhou District
Bureau of Land
Resources and

Housing
Administration

Polygon
shape file 2018 -

Database that contains land-use
and land cover information. It is

used to select the cropland regions
to support reforestation range

identification initially.

Primary
farmland

preservation zone

Wanzhou District
Bureau of Land
Resources and

Housing
Administration

Polygon
shape file 2014 -

The spatial distribution of
preserved area for primary

farmland. It is used to screen out
reforestation area.

The region of
natural reserves,
national forest

parks, and
ecological

protection areas

Wanzhou Forestry
Bureau

Polygon
shape file 2014 -

These areas are strictly and
permanently protected by legally

binding directives to maintain
biodiversity and the landscape

aesthetics. These regions are used
to identify CHAs in ecological

network construction.
TM remote

sensing images
Geospatial Data

Cloud
Raster
dataset 2018 30 m It is used to calculate vegetation

coverage index.
Local digital

elevation model
(DEM)

Geospatial Data
Cloud

Raster
dataset 2014 30 m

It is used to obtain topographic
features like slope length and

gradient.
Local soil types

and soil
properties
database

China soil map based
Harmonized World
Soil Database(v1.2)

Raster
dataset 2014 1 km

It is used to get the spatial
distribution of different soil types

and soil attributes information.
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Table 1. Cont.

Data Data Source Data Type Year Spatial
Resolution Description

Meteorological
data of all the

weather stations
in Chongqing

China Meteorological
Data Service Center txt file 1990–2018 -

It contains the location of
meteorological stations and local
meteorological data. It is used to

obtain cumulative annual and
monthly rainfalls and

temperature data.
The list of
regional

representative
species and

relevant
information

Wanzhou Forestry
Bureau & the national

forest government
Pdf & HTML - -

The list contains basic information
about local typical species. It is
applied to ecological network

connectivity analysis and strategy
designing.

3. Methods

3.1. Research Framework

An overview of the research framework is displayed in Figure 2. Firstly, soil erosion sensitivity
and cropland suitability are evaluated to identify the potential habitat areas (PHAs). Secondly,
we designed four different GTGP strategies in which potential habitat patches were added to the core
habitat network in different ways to reasonably measure the impacts of newly added patches on the
connectivity of the entire network. Thirdly, we evaluated the effects of various GTGP strategies on
habitat connectivity, the species’ response with different dispersal ability, and then identified important
PHAs that significantly improve habitat connectivity.
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3.2. Erosion Sensitivity Analysis

According to the Revised Universal Soil Loss Equation (RUSLE) proposed by Renard [23],
we selected the precipitation factor, soil factor, topographic factor, vegetation coverage factor and soil
and water conservation measures factor to assess soil erosion sensitivity:

A = R×K × L× S×C× P (1)

where A is the annual soil loss; R is the rainfall erosivity calculated by the annual and monthly rainfall;
K is the soil erodibility based on the contents of sand, silt, clay and organic carbon; L and S are the slope
length and the slope gradient derived from the topologic data, respectively; C is the vegetation coverage
based on NDVI (Normalized Difference Vegetation Index); and P is the soil and water conservation
measures. Given that P is closely related to human activities while our study only concentrates on
the physical factors that influence the soil erosion degree, P was assigned as 1 [24,25]. Please see
Supplementary Materials SM1 for the detailed calculation methods of these 5 factors. Here, R, K and
C factors were classified to five sensitive grades according to “The Guidelines on the Delineation of
Ecological Red Line” published by Ministry of Environmental Protection in P.R.C, while the thresholds
of L and S factor were determined by the principle of natural break (Table 2).

Table 2. The classification of 5 soil erosion evaluation factors.

Factors R K L S C Value

insensitive — ≤0.27 ≤1.22 ≤2.41 ≥0.80 1
mildly sensitive — >0.27 1.22–1.34 2.41–5.45 0.60–0.80 3

moderately
sensitive ≤5500 — 1.34–1.44 5.45–8.16 0.40–0.60 5

highly sensitive >5500 — 1.44–1.54 8.16–11.27 0.20–0.40 7
extremely sensitive — — ≥1.54 ≥11.27 ≤0.20 9

Next, we calculated the composite soil erosion sensitivity index by integrating the evaluation
results of these 5 factors:

SS j =
5√

A (2)

where SSj is the soil erosion sensitivity index on the grid cell j, and A is the product of 5 factors.
Additionally, to unify the classification numbers of soil erosion sensitivity and cropland suitability
(introduced later), the composite soil erosion sensitivity was adjusted to four classes (“insensitive”,
“mildly sensitive”, “highly sensitive” and “extremely sensitive”) by the natural break method.

3.3. Cropland Suitability Evaluation

Here we took a multi-factor assessment method to constitute a cropland suitability evaluation
system. Considering the regional characteristics of Wanzhou district, we chose 12 indices from the
perspective of topography, soil, climate, hydrology and proximity conditions. To present the influence
of topographic conditions, the elevation, slope gradient and aspect were selected to compose the
topographic factors (Table 3). In the aspect of climate conditions, we selected accumulative temperature
and rainfall that closely relate to grain yield to reflect their effect on crop growth. In addition,
considering that soil properties and nutrition level could play important roles in influencing cropland
quality, topsoil texture, organic carbon content, and PH value were incorporated into the analysis.
The level of drainage and accessibility to water were taken into account to reveal irrigation condition.
The proximity conditions include distance to cities and distance to road, in order to display effects from
both social and human factors. All these 12 indices were classified into 10 grades and allotted scores
(from 1 to 10, please see the Supplementary Materials SM2) referring to “The Procedures of Farmland
Quality Classification” (GBT28407-2012) [26] and “The Soil Nutrition Classification Standard of Second
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Soil Survey” [27]. Next, by applying the AHP (Analytic Hierarchy Process) and WSM (Weighted Sum
Method), each index’s was calculated and the composite cropland suitability was estimated:

S j =
n∑

i=1

XiWi (3)

where S j is the composite score on the grid cell j; Xi is the suitability class value of index i; Wi is the
weight of index i; and n is the number of indexes. The composite cropland suitability was divided
into 4 classes (“highly suitable”, “moderately suitable”, “marginally suitable”, and “unsuitable”, [28])
based on the principle of natural break.

Table 3. Weights of the cropland suitability evaluation indexes.

Conditions Indexes Weight Conditions Indexes Weight

topography elevation 0.0902 climate accumulative
temperature 0.0605

slope gradient 0.1803 rainfall 0.1210
aspect 0.0902 hydrology drainage 0.1028

soil top soil texture 0.1068 accessibility to water 0.0514
organic carbon

content 0.0534 proximity distance to cities 0.0301

PH value 0.0534 distance to road 0.0601

3.4. Landscape Graph Approach

A landscape graph (also known as “ecological network”, EN) is constituted of patches and edges.
There are two types of patches in this study: (1) the core habitat areas (CHAs), and (2) the potential
habitat areas (PHAs) surrounding CHAs to be colonized in case CHAs are disturbed or destroyed by
anthropogenic activities. The natural reserves, national forest parks and ecological protection areas
were considered as CHAs because they are protected permanently by legally binding regulations and
forbidden to be exploited in urban development. Hence, these areas can provide stable and excellent
habitats for species. Based on the cropland suitability and soil erosion sensitivity analysis, we selected
the cropland which is: (1) not in protected primary farmland zone, (2) of high/extreme soil erosion
sensitivity, and (3) of unsuitable/marginal cropland suitability, as the reforestation region. To ensure
that habitat patches remain continuous, the parcels of reforestation regions were aggregated within a
distance of 100 m. The next step was to identify PHAs. Considering that there is an area requirement
for species relatively long-term persistence [29,30], the reforestation cropland patches larger than
0.2 km2 [6] were defined as PHAs.

We chose three local representative bird species listed in the China’s second-grade protected
animals, to represent a wide range of species migration distances. They are Reeves’s Pheasant
(Syrmaticus reevesii), Mandarin Duck (Aix galericulata) and Golden Pheasant (Chrysolophus pictus).
We measured connectivity by using the equivalent connected area index [31] at the landscape scale,
rather than the other popular habitat availability index “the Probability of Connectivity (PC)” [32],
which has been proven robust to measure connectivity in either landscape scale or local scale [33,34].
One of the biggest advantages of this metric is that it not only measures the connectivity between different
patches, but also accounts for the connected area existing within the habitat patches (intra-patch
connectivity) and habitat characteristics therein [20,35]. Additionally, it can take account of the
stepping-stone effect [36], which is crucial for species long-distance migration and range expansion
through habitat networks still widely ignored in many direct dispersal models, by incorporating the
maximum probability product between patches. The definition of ECA is the size of single patch which
would function the same in enhancing the probability of connectivity as actual habitat pattern in the
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landscape. ECA can capture and quantify connectivity changes and reflect the ongoing availability in a
continuously changing landscape. The ECA index is given by Equation (4):

ECA =

√√ n∑
i=1

∑n
j=1aia jp∗i j (4)

where n is the number of all habitat patches; ai and a j represent the area of patch i and j, respectively;
p∗i j denotes the maximum product probability (pi j) of all possible paths between i and j. The dispersal

kernel is an exponential distribution as pi j = e−kdi j , in which di j is the edge-to-edge Euclidean distance
between patch i and j; k (0 < k < 1) is a species-specific coefficient describing distance-decay effect,
so that a pi j of 0.5 corresponds to the median dispersal distance of a given species [32]. The median
dispersal distances were estimated by the Sutherland’s model [37] based on species’ body mass and diet
types: 4 km for the Reeves’s Pheasant, 8 km for the Mandarin Duck, and 10 km for the Golden Pheasant.

We also calculated the contribution rate (CR) based on the relative variation of ECA and patch
area, to detect the connectivity improvement caused by every unit of newly added patch area. CR can
capture the position importance of each PHAs in different reforestation strategies. The equation of CR
index is as following:

CR =
dECA

dA
(5)

where dECA is the relative variation in ECA, denoting the difference between the former ECA value
and that of an updated network after new patches added. dA is the variation of patch area, calculated
by the same algorithms as dECA. To capture the PHAs that cause abrupt jumps in connectivity, we also
calculated the standard deviation (SD) of ECA in the consecutive adding process. To ensure the
accuracy and the stability of computation result, based on a large number of tests, the SD of ECA was
proven to perform best when calculated by every five consecutive added patches. For example, the SD
value of patch 56 was calculated from the ECA value of patches 54, 55, 56, 57, and 58.

3.5. Designing Reforestation Strategies

We designed four different GTGP strategies. In strategy 1 (S1), the PHA was individually
added (then removed before adding the next) to the PA network in ascending order of patch number.
In strategy 2 (S2), we continuously added each patch in ascending order of patch size into the PA
network, where all the previous added PHAs still remained. Each newly added patch established
certain relations with the already existing PHAs. In strategy 3 (S3), the adding mode was similar to S2

but reversing the additional sequence (i.e., it starts from adding the largest patch in the remaining
PHAs). In strategy 4 (S4), we set up a series of buffer zones surrounding CHAs whose width expanded
at every 100 m distance. With the buffer zones circles expanding, the PHAs were added into the
EN gradually. Comparing S1 with S2, S3, S4, we can identify the crucial patches that contribute to
PA connectivity most significantly. The comparison between S2 and S3 can show the difference in
connectivity gains between large-area patches and small-area patches when the total added area was
equivalent. Meanwhile, the comparison between S4 and S2 (or S3) could measure the differences
of connectivity profits between spatial position and patch size. Namely, we could explore which
characteristic (spatial position or patch size) is more powerful in improving connectivity. We calculated
the SD in S1-S4 to capture the abrupt rises caused by critical PHAs [6].

4. Results

4.1. Identification of the Reforestation Regions

The spatial distribution of soil erosion sensitivity is shown in Figure 3a. Regions of “insensitive”,
“mildly sensitive”, “highly sensitive”, and “extremely sensitive” occupy 28.81%, 38.15%, 22.85%,
and 10.19% of the study area, respectively. High soil erosion sensitivity regions are mainly situated
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around the northwestern and southeastern ridgelines area as high mountains and hills are dense here,
which caused complex topography and special geological structure. Besides, some urban and rural
residential regions exert high vulnerability to serious erosion resulting from poor vegetation coverage.
The less sensitive regions distribute mostly in flat terrain around the central-eastern area (Figure 3a).
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(a): spatial distribution of soil erosion sensitivity in Wanzhou; (b): spatial distribution of cropland
suitability in Wanzhou; (c): spatial distribution of CHAs and PHAs in Wanzhou. 1–97 are serial
numbers of PHAs in area ascending order.

The spatial distribution of cropland suitability of Wanzhou is shown in Figure 3b. Regions of
“unsuitable”, “marginally suitable”, “moderately suitable”, and “highly suitable” occupy 15.05%,
32.59%, 31.69%, and 20.67% of the study area, respectively. Similar to the characteristics of soil
erosion sensitivity, the unsuitable and marginal suitable cropland distribute in the northwestern
and southeastern ridgelines area caused by poor cultivation condition. Highly suitable croplands
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distribute widely near Yangtze River and branching streams with wonderful geographic location
or water availability (Figure 3b). Based on the above evaluation results, the PHAs were obtained
(Figure 3c).

4.2. Connectivity Variations and Species’ Response in Different Reforestation Strategies

When PHAs were added, in S1, the ECA values increased significantly when Nos. 7, 42, 78, and 95
entered into PAs (Figure 4a). In S2, the gradient of “ECA lines” became steeper with larger-sized
PHAs orderly added (Figure 4c). Rapid enhancements and remarkable jumps of ECA and SD values
occurred at PHA Nos. 7, 42, 57, 62, 78, 87, and 97 (Figure 4d). In S3, the upward trend was obvious
at the beginning, followed by less steep gradient when smaller-sized PHAs were added into PAs
consecutively. The unexpected noticeable enhancements of ECA appeared when PHAs Nos. 7, 18,
41, 42, 45, 52, 62, 73, and 78 joined (Figure 4e). The SD value fluctuated, and reached regional peaks
at PHA Nos. 42 and 95 as in S2 (Figure 4f). S4 was similar to S3 in terms of the trend characteristics.
PHAs Nos. 42, 45, 47, 83, and 88 resulted in the significant enhancement of connectivity (Figure 4g).
By contrast, patches Nos. 7, 40, 42, 45, 46, 47, 52, 78, and 95 triggered abrupt jumps of SD values
(Figure 4h). Patches near to the CHAs contributed remarkably to the connectivity (Figure 4).

Under 4 and 8 km dispersal conditions, the SD values of some key PHAs (e.g., Nos. 42, 78, and 95
in S1 and Nos. 42, 45 and 95 in S2 and Nos.40, 41, 42 and 95 in S3) were higher than that of other
migration abilities. This proves that species with 4 and 8 km migration distance were more sensitive to
PHAs that could fundamentally increase the connections between patches, and gain more connectivity
profits from them. Uniformly, the SD value of S2–S4 reached regional maximum at PHA No. 42 under
8 km dispersal condition and it was the same at PHAs Nos. 92–95 for 4 km migration distance species.
This phenomenon suggested that species with short or intermediate migration ability (4 and 8 km)
could gain more benefit from those large-sized patches.

For species with dispersal distances of 4, 8 and 10 km, S3 and S4 exerted an almost similar greatest
influence on the connectivity improvement, followed by S2. With the total area of added patches
increasing, S2 underwent a turning point when the total area of added patches reached approximately
16 km2. Before the turning point, the differences between S2 and S3/S4 changed from slight to great, and
then from great to small after that. The connectivity profits of S3 were greater than S4 before 30 km2

under the dispersal condition of 8 and 10 km, while the threshold is 22 km2 under 4 km. All these
trend lines attained coincidence until the total area of added PHAs exceeded approximately 38 km2.

4.3. Important PHAs Analysis in Alternative GTGP Strategies

To explore the spatial importance of PHAs, we calculated CR to capture key patches with high CR
value. In S1, patches Nos. 7, 42, and 95 caused CR value to reach regional highest (Figures 5a and 6a),
while in S2, they are patches Nos. 7, 31, 42, 46, 57, 62, 78, 95, and 97 (Figures 5b and 6b). In S3, PHAs
with high CR values were 7, 12, 18, 40, 42, 45, 46, 52, 78, and 95 (Figures 5c and 6c). In S4, the CR
value exhibited unobvious variations initially, while it was still capable to identify key patches in the
following stage. High CR appeared when patches Nos. 7, 40, 42, 45, 46, 47, 52, 78, and 95 were added
into the PAs (Figures 5d and 6d). Interestingly, the “CR lines” in four strategies reached peak at patch
No. 42 and jumped significantly at patches Nos. 7 and 95 uniformly.
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Figure 4. The variation of ECA (a,c,e,g) and SD (b,d,f,h) with Nos. 1–97 PHAs added into the CHA
network in four deforestation strategies. S1, S2, S3 and S4 are individual patch addition, iterative
addition in area-ascending order, iterative addition in area-descending order and iterative addition
as buffer zone expands, respectively. The horizontal coordinates represent the Nos. 1-97 of PHA in
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to dark) represent bird species with 4, 8 and 10 km median migration distance, respectively.
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represent CR value. These four green trend lines with different shades (from light to dark) represent
bird species with 4, 8 and 10 km median migration distance, respectively.
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5. Discussion & Conclusions

Improving landscape connectivity is one of the most effective approaches for conserving
biodiversity [11,38,39]. Prioritizing reforestation regions to improve landscape connectivity should thus
be treated as the primary concern in the implementation of GTGP. The graph-based theory proved to be
practical and effective in landscape planning and ecological resource management [40–42], especially
when integrated with patch addition or removal process [43]. In this context, we identified the
potential reforestation patches by integrating soil erosion sensitivity analysis with cropland suitability
evaluation, and we revealed the effect of reforestation patches outside the protected area on improving
habitat connectivity, and analyzed species’ response with various dispersal distances under different
reforestation strategies, rather than focusing on existing PAs as previous studies did. Lastly, we further
identified key PHAs in alterative GTGP strategies, which could provide reasonable guidance for
farmland reforestation and help government in decision-making.

The suitable allocation of land use is conducive to agriculture intensification and ecological
conservation [44]. The GTGP is one of the ecological restoration policies devoted to achieving
environmental improvement by land use adjustment. In this context, an overview of regional
environment conditions based on multi-aspect assessments is essential in investigating the spatial
location of reforestation patches, which can assist in determining how necessary the management
measure is. The top-down hierarchical assessment framework considering multiple aspects can not
only reflect the relationship between them in detail, but also provide the feasibility of diverse factors
(e.g., ecological services) integration in the future planning, and most importantly, it is cost-saving under
limited resources. In the initial stage of identifying target sites of GTGP, we primarily evaluated soil
erosion sensitivity and cropland suitability, as mitigating soil erosion and ensuring food supply are the
commonly concerned issues in GTGP [45,46]. The results can help decision-makers better understand
the ecological deterioration and cultivation conditions. Hence, the spatial overlap of soil erosion
sensitivity and cropland suitability can facilitate the accuracy and efficiency of the selection of priority
sites to a large extent. The conversion from cropland to forest reveals the trade-off between ecological
protection and agriculture development. In this context, scientific management and appropriate spatial
allocation are necessary to promote sustainable development. What managers should do first is taking
actions to protect the unsuitable/marginally suitable and extremely/highly sensitive regions, that is,
change their use for an ecological or environmental purpose. While the cropland of high quality or
located in insensitive level is suggested to be invested into more (e.g., infrastructure improvement)
for cultivation purpose as these areas can ensure considerable agricultural productivity, which will
guarantee regional food security [47].

The findings of connectivity variation disclosed that the efficiency of each GTGP strategy in
enhancing network connectivity varies aiming at species with different dispersal abilities. On the
whole, habitat connectivity in all GTGP strategies present a kind of upward trend with the increase
of dispersal distance, but S2 (continuously adding the smallest patch remaining in the PHAs) has
the lowest efficiency regardless of the difference in species among all GTGP strategies. For species
with high or intermediate mobility (long or intermediate dispersers), S3 and S4 exerted almost similar
greatest influence on the connectivity improvement, in which S3 is slightly better than S4. Therefore,
it indicates that only S3 and S4 in all GTGP strategies can shape a more connected habitat network for
them (Figure 7b,c). This could be explained by the fact that the PHAs with large sizes and adjacent to
protected areas could create more new links among the CHAs, or even bridge the gap between CHAs
to generate a larger habitat. Therefore, in the progress of farmland reforestation, decision-makers
should firstly consider change the farmland with large sizes or next to protected areas into forest
land when targeting species with long and intermediate dispersal abilities, such as the Golden
Pheasant (Chrysolophus pictus) and the Mandarin Duck (Aix galericulata) here. However, some scholars
argued that, in a landscape where habitats comprise less than 30% of the total land cover, the spatial
configuration of habitats is more important for species dispersal and landscape connectivity than the
habitat amount [9,48–50]. Our results for long and intermediate dispersers showed a slight difference
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from the previous opinion. On the whole, with the increase of the area of farmland reforestation,
the effect of spatial configuration of habitats on landscape connectivity (S4) is really becoming more
obvious. Nevertheless, when the area of farmland reforestation is less than 28 km2, the habitat size
(intra-patch connectivity, S3) has a better performance in enhancing habitat connectivity. Moreover,
for short dispersers, like the Reeves’s Pheasant (Syrmaticus reevesii), when the area of allocated PHAs
to the habitat network is less than 6 km2 or is between 22 and 28 km2 (Figure 7a), the habitat size
(intra-patch connectivity) seems to be the dominant factor compared with the topological position,
which is contradictory to the findings in the former studies. These results indicates that, the importance
of spatial configuration is determined not only by the proportion of habitats, but the species dispersal
ability and the area of allocated PHAs [38], especially for short dispersers in a landscape with sparse
habitats. Therefore, in the progress of reforestation, if conversation objectives in the area are species
with comparatively low dispersal abilities, decision-makers should comprehensively analyze the
landscape pattern, the habitat area and the possible adding habitat amount to decide which strategy
is better.

Generally, it has been found that the ability of PHAs to improve landscape connectivity exists
obvious differences. Only a few patches, such as Nos. 7, 42, and 95 in S1, Nos. 7, 42, 57, and 95 in S2,
Nos. 7, 18, 42, 45, and 95 in S3 and Nos. 7, 42, 52, 78, and 95 in S4, can significantly improve the overall
network connectivity. For instance, PHA No. 42, which has a high CR value (Figure 6) and is very
close to three CHAs, can largely enhance overall network connectivity through acting as a stepping
stone among them (Figure 5). Such a patch mainly contributes to the inter-patch connectivity due to its
important topological position in the network. On the other hand, PHAs Nos. 95, 96, and 97, the top 3
largest PHA patches, may mainly contribute to intra-patch connectivity due to the fact that their size
can enlarge the existing protected areas to some extent. Therefore, when planners and decision makers
designate regions available for reforestation, they should take account of both the area and the spatial
configuration of them comprehensively. For these prioritized PHAs, it is better to encourage to change
their use from farmland to forest land in order to improve habitat connectivity and achieve greater
ecological benefits.

Our research has some limitations though. First, we identified the reforestation regions only by
concentrating on ecological (soil erosion) and agricultural goals (food security), which did not fully
cover all the influence factors relevant to GTGP. GTGP is not only an ecological problem, but also a
socioeconomic one [51]. The social and economic benefits brought at local scale can largely influence the
success of GTGP [52,53]. Additionally, we only used the patch size to represent habitat characteristics
in connectivity evaluation. Nevertheless, the realistic living space of target species may be smaller than
the actual patch size due to the edge effect caused by human disturbances [6]. Therefore, the future
work will be devoted to the improvement of the method through integrating economic and social
factors into the identification of reforestation regions. Meanwhile, incorporating habitat quality to
weight the patch size that could better delineate habitat features, is of our greatest interest in the
future study.

To conclude, prioritizing patches outside the protected areas (PAs) is of great significance for
maintaining landscape connectivity under rapid land-use change. Here we provided a three-stage
hierarchical framework with four different GTGP strategies to prioritize agricultural patches for
reforestation under the scheme of GTGP. It suggests that species with different migration abilities vary
greatly in connectivity gains under different GTGP strategies. Our framework in association with
GTGP strategies can provide guidance to restore PAs connectivity with limited land resources.
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