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A B S T R A C T   

Enhancing connectivity between protected areas stands as a paramount objective in advancing global conser-
vation goals, particularly in coastal regions grappling with escalating human disruptions. However, little 
attention has been given to quantitative assessment of human-nature interactions within and among protected 
areas. Here, we endeavored to model the connectivity between protected areas in rapidly urbanizing regions in 
China, drawing on insights from the framework of metacoupling based on connected corridors at short and long 
distances. In alignment with the overarching global conservation aim of increasing the overall coverage of 
protected areas, we found that adding new site to the protected area system yields superior connectivity gains 
compared to merely expanding the boundaries of the existing sites. Within the connectivity network between 
protected areas, we discerned specific sites acting as stepping stones, pivotal in enhancing connectivity among 
the chosen protected areas. Our study propounds a pragmatic methodology for prioritizing local protection 
initiatives and underscores the criticality of incorporating connectivity conservation strategies. This approach is 
vital for attaining regional biodiversity targets, given the dual perspective encompassing both human activities 
and the natural environment, particularly in the face of mounting anthropogenic disturbances.   

1. Introduction 

The primary global threats that decrease biodiversity include habitat 
degradation and fragmentation caused by anthropogenic activities 
(Caetano et al., 2023; Chauvenet et al., 2020; Moore and Schindler, 
2022). Protected area (PA) downgrading, downsizing, and degazette-
ment (PADDD) has recently gained attention among scientists and pol-
icymakers (Golden Kroner et al., 2019). Monitoring the PA coverage 
established by Aichi Biodiversity Target 11 to halt biodiversity loss is 
one of the goals in conservation management, with the aim of 
conserving at least 17 % of land as PAs by 2020 and increasing key 
biodiversity areas by 2050 (Choi et al., 2022; Gill et al., 2017; IUCN, 
2021). However, these global conservation targets were not achieved 
(Saura et al., 2019), and stabilizing the net loss of biodiversity and 
achieving recovery and restoration by 2030 remains a difficult 
challenge. 

To reach the target coverage, it may be necessary to not only improve 
the area of coastal PAs but also the effect of these areas in terms of 

increasing well-connected habitats. The establishment of PAs is one of 
the most fundamental and effective approaches for generating well- 
connected areas to counterbalance the loss of connectivity caused by 
human disturbances (Cumming and Allen, 2017). The efficiency of im-
provements in connectivity varies according to the methods used to 
increase the area of PAs and thus achieve biodiversity targets; such 
targets can be achieved either by expanding the original boundary of 
existing sites or adding new sites. However, it is still unclear which 
approach is more efficient to achieve such targets and improve regional 
connectivity under increasing human disturbances. Besides, previous 
studies have largely concentrated on ecological connectivity evaluated 
by resistance based on different types of anthropogenic disturbances (Di 
Marco et al., 2018; Ward et al., 2020). Resistance escalates in correlation 
with the extent of human disturbance, signifying augmented movement 
costs. Urban centers specifically impose substantial traversal expenses, 
while areas with minimal disturbance tend to facilitate easier traversal. 
But few studies have explored the role of human-nature interactions in 
connected PAs in terms of balancing anthropogenic disturbances 
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(Brennan et al., 2022; Parks et al., 2020). Most studies focus on the 
connections between PAs from an ecological or natural perspective 
under the influences of human disturbances (Lü et al., 2017; Tesfaw 
et al., 2018; Yoon et al., 2022), with limited quantification of the dual 
interactions between nature and humanity. The framework of meta-
coupling helps to assess the interconnections between coupled human 
and natural systems across short and long distances (Liu, 2017). The 
human-nature interactions among PAs can be estimated by the con-
nectivity network based on cumulative human influences while 
migrating in short and long distances. The connection occurs locally 
through pericoupling connections among habitats over short distances 

with minimal resistance and extends to telecoupling connections over 
long distances with comparatively higher levels of resistance. Inte-
grating metacoupling into connectivity analysis can provide a new 
perspective for achieving the quantitative targets of biodiversity con-
servation in coupled human-nature systems (Liu et al., 2007). 

To illustrate this method, we estimated the metacoupled connectiv-
ity among national PAs (NPAs) in China’s coastal provinces based on 
human-nature interactions. Drawing from the SLOSS debate, which 
discusses whether a single large reserve is more effective in conserving 
species compared to multiple small PA (Saura, 2021). We conducted 
various scenario analyses aimed at augmenting the total area. We 

Fig. 1. Distribution of national protected areas (NPAs).  
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estimated the resulting biodiversity conservation effects in terms of 
connectivity both before and after expanding the coverage of PAs. This 
study evaluated the connectivity among PAs under a scenario of 
expanding the boundary of existing PAs, adding new sites selected 
among provincial PAs (PPAs), and a combination of expanding bound-
aries and adding new sites. To meet the Post-2020 Global Biodiversity 
conservation goals, we determined the most efficient method of 
enhancing connectivity by increasing the total PA coverage and then 
evaluated the offset efficiency in enhancing connectivity per km2 of the 
updated connectivity network to compensate for key human distur-
bances (landscape changes and increases in population density). 
Furthermore, it is particularly important to identify the areas in a met-
acoupled network that should be prioritized for protection while 
maintaining resilience. The concept of metacoupling connectivity 
effectively expands beyond ecological protection in human-influenced 
environments. It encompasses a dual interaction between nature and 
humanity. The aspect of connectivity from natural level is represented 
by the connected areas and corridors in the offset analysis, and the 
aspect from human level can be addressed by the payments for 
ecosystem services and ecosystem service values in connected areas and 
corridors. Maintaining and increasing the metacoupling connectivity 
among PAs in coastal zones can be used to inform the development of 
solutions to global challenges related to biodiversity and habitat loss. 

2. Materials and methods 

To estimate the dual interaction between nature and humanity based 
on metacoupling connectivity, several crucial steps were undertaken: 
(1) generated input layers of habitat to increase total area of PAs across 
three scenarios; (2) evaluated connectivity in each scenario based on 
resistance layers of human disturbance; (3) identified the scenario 
demonstrating the most effective enhancement in connectivity; (4) 
modeled the potential adaptation of natural habitats to increasing 
human disturbance, and estimated the ecosystem services loss within 
the connected areas to emphasize the influence of connectivity at the 
human level. 

2.1. Study area 

Our study area encompasses only 13 % of China’s total terrestrial 
land area but accounts for 60 % of China’s GDP and 10 % of the global 
GDP; this area is thus the economic driver of the whole country (Fig. 1). 
According to the 2017 environmental investigation of coastal areas in 
China (http://www.soa.gov.cn/), large swathes of coastal natural areas 
have been converted to built-up land in metropolitan regions, such as 
the Guangdong-Hong Kong-Macao Greater Bay Area, Bohai Bay (Tian-
jin), Hangzhou Bay (Zhejiang) and Min River Estuary (Fujian). High- 
intensity human disturbances lead to high vulnerability of habitats 
and biodiversity loss in coastal areas. In 2017, coastal disasters cost 
6398 million RMB, accounting for 1.3 % of the total GDP in coastal 
provinces. 

According to reports from the Ministry of Ecology and the Environ-
ment of the People’s Republic of China, 983,400 km2 (10 % of mainland 
China) of terrestrial area is covered by NPAs (MEE, 2017), which leads 
to a large gap of 7 % the Aichi Biodiversity Target established by the 
Convention on Biological Diversity. Most NPAs are located in north-
western China (e.g. Qinghai Province and Tibet); thus, most threats to 
biodiversity occur in eastern coastal areas that experience extensive 
human disturbance (Xu et al., 2017). Therefore, connecting small or 
isolated PPAs can conserve biodiversity and improve the management of 
PAs; this process is critical to achieving the Aichi Biodiversity Targets 
(Adams et al., 2019; UNEP and IUCN, 2016). 

Despite the limited coverage of NPAs and multiple anthropogenic 
disturbances in coastal areas, well-connected PAs provide benefits to 
areas beyond their boundaries (Brudvig et al., 2009). Connecting 
neighboring NPAs through natural and seminatural lands can effectively 

eliminate island effects among patches. In the coastal provinces of 
mainland China, 688,841 km2 (53.3 % of the total coastal area) is 
covered by natural and seminatural areas, thus providing sufficient 
natural patches to connect PAs. However, increasing human distur-
bances (increased population density and landscape changes) in coastal 
zones has increased the difficulty of maintaining ecosystem resilience. 

2.2. Three scenarios of increasing protected areas 

The inclusion of additional sites of PA and expanding existed 
boundary offers increase opportunities for creating alternative corri-
dors. Habitat corridors facilitate movement of species between patches. 
Consequently, this expansion contributes to a more connected area 
overall. Three scenarios were considered as the potential approaches to 
increase the coverage of PA: expanding the boundaries of NPAs, adding 
new sites selected from PPAs, and both upgraded PPAs and expanding 
the boundaries of NPAs. By assessing connectivity alterations in these 
scenarios, we aim to understand the potential impact and efficiency of 
expanding the total PA coverage on biodiversity conservation. 

2.2.1. Scenario 1: expanding the boundaries of existing NPAs 
We created buffers around each site to enlarge the total area covered 

to meet the Aichi Biodiversity Target; in other words, the total area of 
the 83 selected NPAs was equal to 17 % of the study area. To eliminate 
the size effect of habitats in modelling connectivity (MacArthur and 
Wilson, 1967; Saura et al., 2019), all sites were shown with the same size 
after expanding NPAs by different buffer zones. Then, the selected 
enlarged NPAs with circular buffer zones were set as key PAs for 
modelling connectivity conservation among coastal NPAs. 

2.2.2. Scenario 2: adding new sites 
To test the direct contribution of only adding new sites, as comparing 

to the scenario 1 with expanding area, we modeled connectivity with the 
certain numbers of upgraded PPAs and the original NPAs through the 
Climate Linkage Mapper (McRae et al., 2013). This part of the analysis 
was conducted as a control testing for scenario 3 (i.e. upgrading PPAs 
and expanding NPA boundaries) without considering of the total 
coverage target. The related results in scenario 2 can be used to answer 
the question that if the improving connectivity is mainly driven by 
adding site or the combination of adding site and expanding boundary. 
As per the PA regulations in China (GB14529-93, revised in 2017), NPAs 
receive the highest level of protection, strictly enforced by the central 
government. Following NPAs are the provincial protected areas (PPAs). 
We reviewed all the recently added NPAs before 2018 and found that all 
these new sites were upgraded from existing PPAs. Therefore, in this 
scenario we upgraded PPAs to NPAs to expand the total PA coverage; all 
291 PPAs in coastal provinces were listed as potential NPAs. As the PPAs 
are possessing relative high level biodiversity and natural assets, the 
magnitude of human disturbance within PPA and surrounding envi-
ronment becomes the key factor to evaluate the quality of a PPA. Areas 
with human influence below a given threshold were identified as suit-
able patches for connecting corridors. We considered the suitability of 
the surrounding environment and selected only PPAs surrounded by 
areas with low human disturbance. The human influence value was 
assigned based on the natural properties of these factors, as evaluated in 
our previous research (Li et al., 2019). The corresponding threshold was 
based on the median value of overall human influence in the core area 
coverage of NPAs, which included half area of the total NPAs. The 
human influence score was used to present resistance along a migration 
corridor, and pixels with human influence values exceeding the 
threshold suggested excessive human disturbance of local habitats. 
Despite the maintenance of NPA numbers, surrounding landscapes and 
human disturbances, such as road construction and urban expansion, 
have escalated. Consequently, certain PPAs are experiencing over-
whelming human influences. Application of this selection standard 
resulted in the removal of a few PPAs due to the excessive human 
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influence, we then created linkages among island NPAs based on the 
scenario in 2020. The value range of connectivity was adjusted within 
0–200,000 corresponding to the conditions observed in 2020. Ulti-
mately, 89 PPAs were selected for use in the connectivity assessment in 
scenario 2. 

2.2.3. Scenario 3: adding new sites and expanding NPA boundaries 
This scenario is conducted based on the selected PPAs in scenario 2, 

and combined with the buffered NPAs established in scenario 1. The 
main purpose of this scenario is to enlarge the total area covered to meet 
the Aichi Biodiversity Target by both adding new sites and expanding 
boundaries. 

2.3. Evaluating connectivity conservation under different scenarios 

The impacts of climate change and anthropogenic disturbances were 
used as inputs to predict connectivity through the Climate Linkage 
Mapper (McRae et al., 2013). Anthropogenic influence inputs (Process 1 
in Fig. 2) included population density, land use and cover change and 
human access (roads, railways and airports) (Newbold et al., 2015; 
Theobald, 2010). The Climate Linkage Mapper tool, a common model in 
landscape connectivity, was used to model conservation connectivity; 
this tool created climate corridors among original NPAs and upgraded 
PPAs as core areas along a climatic gradient (McGuire et al., 2016). The 
pixels encompassed by corridors were identified as connected areas, 
representing potential migration paths characterized by minimal human 
influence. The resistance raster (1 × 1 km resolution) used to model 
landscape connectivity included landscape patterns, human settlements 
and access in 2020. These inputs were assigned resistance values based 
on their natural properties according to related research (McRae et al., 
2013; Newbold et al., 2015; Theobald, 2010). The resistance indicators 

with high human influences, such as urban area in terms of landscape 
patterns and a high population density in terms of human settlements, 
were assigned high values. As interconnected corridors consist of habi-
tats with natural properties, landscape patterns were classified into 
natural (low resistance), seminatural and non-natural land areas (high 
resistance) based on the magnitude of human impact. To address vari-
ations in population density, we rearranged population density values 
into groups with equal intervals and the same numbers of pixels. The 
pixels with high density were assigned high values of resistance as they 
are exposed to high levels of human disturbances; human access was 
represented by the extents of roads and railways in three different buffer 
widths (90 m with high resistance and 500 m and 1000 m with low 
resistance). The sizes of the buffer zones were chosen according to 
related studies (Li et al., 2019; Woolmer et al., 2008). Given the influ-
ence of global warming, the average annual temperature in 2020 was 
included in a climate raster layer to model migration from high to low 
temperatures. We assume that habitat temperatures will rise due to 
climate change, potentially rendering the original habitat unsuitable for 
local species. Species are forced to shifting their distributions in response 
to changing climates, the climate gradient corridors allow species 
dispersal to suitable climates (low temperature). The datasets of surface 
temperature at 1 km resolution are available from the open source 
websites (http://www.climatologylab.org/terraclimate.html and htt 
ps://www.resdc.cn/). Since the PA data analyzed in the three sce-
narios changed based on the NPAs in 2020, the connectivity conserva-
tion among the original NPAs in 2020 was used as the baseline value for 
all scenarios to evaluate the effectiveness of upgraded NPAs in 
enhancing conservation connectivity. 

Fig. 2. Key processes involved in simulating connectivity in response to various factors.  
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2.4. Determining the efficiency of improving connectivity under the three 
scenarios 

The PA connectivity gains were evaluated from two perspectives: the 
overall connectivity value of the connected area (calculated by cost- 
weight distance), and the efficiency of improved connectivity. The 
values of cost-weight distance were presented in resistance-based terms, 
indicating the level of difficulty for ecological movements between 
distinct habitats (Nuñez et al., 2013; McGuire et al., 2016). These dis-
tances were calculated by summing the overall resistances along delin-
eated corridors. It’s important to note that resistance increases in 
correspondence with the degree of human impact, signifying higher 
movement costs in these areas. We calculated the overall connectivity 
value in all connected areas before and after changes in different sce-
nario cases. If the overall connectivity value was unchanged, we 
assumed that the connectivity gains provided by adding PAs balanced 
the connectivity loss due to population and landscape change (see de-
tails in Section 2.5). The efficiency of enhancing connectivity in the 
three scenarios was evaluated according to the overall distribution of 
connectivity. By using a gradient analysis of connectivity improvement 
per km2, we compared the areas with significant change in the three 
scenarios to baseline values from 2020. The scenario with the greatest 
increase in connectivity per km2 was identified as the most efficient 
method. The efficiency was calculated as follows: 

E=
ΔStop

ΔStotal  

where E is the efficiency of increasing connectivity, ΔStop represents the 
area of increased connectivity values (in the top 10 %, 20 % and 50 % 
with significant increase of connectivity), ΔStotal is the total area of 
increased connectivity. The scenario with the highest efficiency in 
enhancing connectivity was selected for further analysis. 

2.5. Modelling changes in key factors 

One of the most useful frameworks in conservation biology is the 
coupling of human and natural systems, which highlights their inter-
connectivity across space (Liu, 2017). The key factors that influence 
connectivity conservation are human activities (Peters et al., 2019), 
which are represented in the present study by human population density 
and landscape pattern changes. These two factors are critical drivers of 
landscape connectivity changes based on our previous analysis in the 
same region (Li et al., 2019). Increases in the human population density 
and the intensity of landscape conversion from natural to artificial 
landscapes were the main causes of connectivity degradation (Kühl 
et al., 2019; Ren et al., 2014; Tucker et al., 2018); therefore, we 
generated two models of connectivity offset with different levels of these 
two factors while holding the other factors constant (Fig. 2). 

First, we calculated the population growth rate from 2000 to 2020 in 
each province. Then, we simulated population growth in each province 
by a serial analysis with a 10 %-gradient increase from 10 % to 100 %. 
The population density data in 2020 were used as the background value 
of population growth to conduct population growth analysis. For the 
serial gradient analysis, we increased the population density by 20 %, 50 
% and 100 %. Upon conducting a thorough comparison of the average 
resistance in each pixel along corridors, we discovered that the cases 
involving a 20 % and 50 % representation exemplify the typical alter-
ations seen when additional sites are introduced in the gradient analysis. 
The choice of 100 % was made to depict the highest number in this 
gradient analysis. To model landscape change according to historical 
trends, we separated all pixels into three groups: pixels with landscape 
conversion (increases or decreases in resistance; two groups) and those 
that remained the same from 2000 to 2020. In converted pixels, human 
influence values were doubled; in pixels without landscape conversion, 
human influence values of 0.2, 0.5 and 1 times the previous level were 

added, and in pixels with decreased resistance, the values remained the 
same. The added values were chosen based on a series of tests to predict 
significant changes, as well as changes in population density. When 
selecting cases for the landscape change analysis, our guiding principle 
was to evaluate offset results with an equivalent number of added sites. 
This approach allows for a comparative assessment of the offset effect in 
both gradient analyses of population and landscape changes, main-
taining a consistent standard across evaluations. 

2.6. Simulated offsetting of change factors and ecosystem services in 
connected area 

We aimed to assess the feasibility of maintaining connectivity amidst 
heightened human disturbances by simulating connectivity offsets based 
on two factors mentioned above. Offset connectivity represents the 
restoration of connectivity from adding PPAs. These added PPAs coun-
teract connectivity degradation caused by changes in human population 
density and landscape changes. Offset connectivity achieved by elimi-
nating human disturbance could help to halt the loss of biodiversity and 
restoration of habitats, as proposed in the Post-2020 Global Biodiversity 
Framework. After several rounds of simulations varying in population 
density and landscape pattern changes, we selected PPAs with low levels 
of human influence as sites to compensate for connectivity loss in the 
simulation (details in Section 2.2.2). These selected sites were integrated 
with the original NPAs as potential connecting habitats in subsequent 
connectivity modelling to increase connectivity. With the purpose to test 
the efficiency of selected sites in enhancing connectivity, we conducted 
connectivity in both gradient analyses of population and landscape 
changes. All the connectivity values in different offset analysis were 
grouped with the same interval, and the ratio of change in each interval 
represents the variation between the two levels. 

In our landscape connectivity framework, the spillover system rep-
resents a stepping stone in landscape connectivity, as it is defined as the 
system that interlinks other systems in the metacoupling framework 
(Brudvig et al., 2009; Liu, 2017). These stepping stones not only confer 
individual benefits but also foster optimal interconnections with other 
sites (Gill et al., 2017; Brudvig et al., 2009). PAs were categorized as 
stepping stones if they were connected to at least two other PAs and 
created a new ecological network that enhances efficiency in both high 
and low cost distances. Other added PPAs, not classified as stepping 
stones, merely created corridors connecting neighboring PAs (Fig. 2). 

As the offset analysis focuses on connectivity at the natural level, we 
conducted an assessment of ecosystem services loss within the con-
nected areas to emphasize the influence of connectivity at the human 
level. To achieve this, we compared the values of ecosystem services in 
the connected corridors before and after the addition of new sites. The 
primary types of ecosystem services consist of four categories: Regu-
lating, Cultural, Supporting, and Provisioning services (details in 
Tables S3–4). The alterations observed in the ecosystem service values 
within these areas portray the dynamics of local connectivity adapting 
to escalating human disturbances. To assess the precision of modeled 
landscape connectivity within PAs, we employed biodiversity maps 
encompassing amphibians, birds, and mammals, along with GDP data 
merged with nighttime light and residential density datasets to validate 
the findings within our designated study area. 

3. Results 

3.1. The efficiency of improving connectivity under the three scenarios 

We estimated the area of connectivity under scenario 1 (after 
expanding the boundaries of all NPAs) (Fig. 3a). The overall connec-
tivity among expanded NPAs was increased significantly compared to 
that among the original NPAs. Evaluating the areas with large im-
provements in connectivity indicated that the most notable enhance-
ment in the area of connectivity occurred around small NPAs, with 
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original areas less than 2 km2. Because the original PAs were too small to 
provide sufficient support for local species, expansion facilitated 
connection to the wider network. Under scenario 3, we found that some 
least-cost corridors in 2020 were replaced by longer paths connecting 
Pas (Fig. 3b). Thus, the most significant improvement in connectivity 
under this scenario resulted from the ability of local species at these sites 
to migrate to more suitable PAs over longer distances. In addition, the 
added PPAs created large areas of well-connected patches in which 
connectivity was previously low or nonexistent. 

By mapping the connectivity under scenario 2 (Fig. 3b), we found 
that new connections were created between the added sites and existing 
NPAs, and the results were better than those under scenario 1. The 
overall network of scenario 2 was almost the same as that of scenario 3 
in terms of connectivity, except that some short paths were not con-
nected. Even the scenario of only upgraded PPAs did not reach the total 
coverage goal of the Aichi Biodiversity Target, with a 69 % gap from the 
coverage level of the Target; this approach yielded high efficiency in 
enhancing connectivity without increasing the areas of PAs. According 
to the gradient analysis of improved connectivity efficiency per km2 

(Table 1), there was a significant increase in connectivity per area 
(14–22 times that in scenario 3). The most significant improvement 
occurred in the area of the top 10 % connectivity under scenario 2, 
indicating that the added sites achieved high efficiency. 

As seen from the overall distribution of connectivity areas for con-
servation (CAC) under different scenarios (Table 1), the most significant 
improvement in connectivity occurred in areas with 21–50 % CAC 
values (except under Scenario 2). The areas of well-connected habitats 
(values within the top 10 % of CAC in 2020) considerably increased in 
scenarios 2 and 3 compared to the baseline and scenario 1, as did areas 
with the top 20 % and 50 % CAC values. Compared to CAC in all sce-
narios, the overall CAC in scenarios 2 and 3 exhibit significant im-
provements in connectivity. If we estimate connectivity without 
considering the Aichi Biodiversity Target, the efficiency of improving 
connectivity (per km2 of added area) was highest under scenario 2 
(upgraded sites only without expansion of boundaries). In general, 

adding new NPAs was highly efficient in enhancing conservation con-
nectivity. Upgrading PPAs to enhance conservation connectivity is a 
national conservation measure that provides resilience to increasing 
human influence. 

3.2. Offset analysis of the population density 

Metacoupling connectivity among PAs reduces internal and external 
disturbances to biodiversity; this approach maintains the critical func-
tionality of a system and strengthens ecosystem resilience in rapid ur-
banizing areas. Analysis of the three scenarios revealed that adding new 
NPAs was highly efficient in enhancing conservation connectivity (Fig. 3 
and Table 1). Upgrading PPAs to NPAs (i.e. adding new NPAs) enhanced 
the conservation connectivity of NPAs and can be utilized at the national 
level to improve conservation in response to increased human influence. 

Fig. 3. Changes in the area of connectivity after upgrading NPAs under different scenarios (a: Scenario 1 expanding the boundaries for existing NPAs (yellow area), 
b: Scenario 2 only upgraded PPAs, c: Scenario 3 adding upgraded PPAs (red triangles) to scenario 1). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 

Table 1 
Areas of connectivity conservation (ACC) under different scenarios.  

Scenarios 2020 Aichi Biodiversity Target11 Scenario 3 
(upgraded 
PPAs) Scenario 1 

(expanded 
boundaries) 

Scenario 2 
(upgraded 
PPAs and 
expanded 
boundaries) 

Top ACC 0–10 
% 

130,955 129,254 180,868 181,598  

11–20 
% 

81,484 108,622 118,532 104,436  

21–50 
% 

142,783 185,482 197,096 184,733 

Efficiency 
(per 
km2) 

0–10 
% 

/ 0 0.22 4.96 

11–20 
% 

/ 0.13 0.16 2.25 

21–50 
% 

/ 0.21 0.24 4.11  
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Thus, we selected several PPAs as core areas to generate connected PAs 
and restore degradation of connectivity caused by increases in human 
population density (Fig. 3). The selected PAs were identified as areas 
exposed to low human influence and were considered suitable habitats 
for the migration of local species. Thus, these new NPAs increased the 
numbers of connecting sites in the network of NPAs, which provided 
more corridors (e.g. green corridors in Fig. 4). In turn, these newly 
added NPAs led to an increase in connectivity of the local network 
within the potential migration distance. The areas of increased con-
nectivity (shown in green) differed from the areas of decreased con-
nectivity (red), indicating that the offset effect occurred in terms of 
distant connectivity compensation. 

Within a certain range, increases in human population density 
resulted in corresponding increases in the resistance of the local 
network. The increased resistance led to the loss of connecting corridors 
(e.g. red corridors in Fig. 4), which led to degraded connectivity in the 
local network. Therefore, greater increases in population density will 
necessitate higher numbers of added NPAs. We found that adding 24 
PPAs (covering 3553.42 km2) to the NPA network compensated for the 
loss of connectivity caused by a 20 % increase in the population density 
from that in 2020; adding 35 PPAs (covering 4920.21 km2) compensated 
for a 50 % increase in population density, and adding 41 PPAs (covering 
5243.21 km2) compensated for the connectivity loss due to an 100 % 
increase in population density. The zonal analysis of offset efficiency 
conducted in ArcGIS indicated that the offset effect (per km2/ %) for a 20 
%-population-increase case was 177.67 km2/ %, which required more 
added areas than those for the case of 50 % (98.40 km2/ %) and 100 % 
(52.43 km2/ %). The offset efficiency achieved by adding each unit 
(km2) of PA in the last case (i.e. 100 % population increase) to restore 
connectivity loss caused by a percentage of population increase is three 
times that in the first case (i.e. 20 % of population increase). In other 
words, the required increase in PA area per percent population 
decreased continuously in these three cases (20 %, 50 % and 100 % 
population increase), which suggests that there is an increased cumu-
lative offset per km2 of PA when improving metacoupling connectivity. 
Our results suggest that the effectiveness of offsets from upgraded sites 
increased as the total number of core areas increased. 

3.3. Offset analysis of landscape changes 

The overall degradation of connectivity was maintained at a stable 
rate as the landscape pattern exhibited increasing changes, represented 
by the increased total human impact of land-use types (Fig. 5). Fewer 
sites were added to restore the loss of connectivity due to landscape 
changes. We found that areas without landscape change from 2000 to 
2020 contributed more to connectivity loss than areas with landscape 
changes. Even though most of the changed areas were saturated with 
high levels of human influence, the increased influence of landscape 
changes was not significant in these changed areas relative to that in the 
original unchanged areas. The original unchanged areas were more 
sensitive to external disturbances than changed areas (which experi-
enced continuous disturbances). Overall, the connectivity loss caused by 
landscape changes was less sensitive to an increase in population den-
sity. This result suggests that landscape changes lead to relatively low 
efficiency, as the landscape changes typically involve irreversible con-
version from natural to artificial landscapes. 

The addition of NPAs improved the connectivity of networks within 
areas around the sites (green areas in Figs. 4 and 5) and provided more 
options in disconnected areas impacted by increases in population 
density or landscape changes (red areas in Figs. 4 and 5). The disap-
pearance of connecting corridors (red areas in Figs. 4 and 5) represents a 
typical transition in connectivity with upgraded PAs. Connected NPAs 
may become isolated, because the increased magnitude of resistance 
from increases in population density and landscape changes, which 
exceeds the adaptive capacity of the local network. With extremely high 
levels of cumulative resistance (>200,000 as the threshold in the con-
nectivity model), the original corridors that experienced high levels of 
human disturbance became unsuitable for local migration. These areas 
were of low possibility to recover connectivity as before. Instead, 
alternative pathways with relatively low levels of human disturbance 
were formed to reconnect local sites after adding upgraded PAs. The 
disappearance of connecting paths was mostly observed in areas with 
significant population density and landscape changes. For example, with 
the continuous increase in population density in metropolitan areas in 
coastal regions, such as the Guangdong-Hong Kong-Macao Great Bay 
Area, Yangtze River delta, and Bohai Rim, significant changes in the 

Fig. 4. Simulated offset effect on connectivity due to the addition of new sites under different increases in the population density.  
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distribution of the connectivity network were observed upon the addi-
tion of new NPAs. The substantial loss of the original connecting corri-
dors was balanced by new corridors formed by adding these sites; thus, 
there was not a net decrease in connectivity. Thus, even a large area of 
decreased connectivity in this province could be balanced by offset 
connectivity from the new sites. Despite greater pressure due to rapid 
urbanization and economic development in this region compared to 
other coastal areas, sufficient connectivity could be maintained while 
adapting to increased human influences. One of National innovation- 
driven demonstration zones in China for implementing the UN’s 2030 
Agenda for Sustainable Development (United Nations UN, 2015)is 
located in Shenzhen City of the Guangdong-Hong Kong-Macao Great 
Bay Area. This national pilot area aims to lead sustainable development 
of megacities, and increase connections between urban and rural area 
(Pan et al., 2023). Restoration of connectivity in areas with a high level 
of disturbance enables local regions to adapt to and mitigate external 
disturbances via distant compensation. In particular, the identified 
stepping stone (spillover site in Figs. 4 and 5) has high stability and 
resilience that enable compensation for anthropogenic disturbances. 

4. Discussion 

4.1. Habitat restoration of protected areas under human disturbance 

As proposed by the Post-2020 Global Biodiversity Framework, con-
nectivity conservation is essential for halting net biodiversity loss by 
2030 and maintaining the resilience of ecosystems. Connectivity pro-
vides a practical way to measure biodiversity conservation and habitat 
restoration at large spatial scales (Hilty et al., 2020). The goals are to 
facilitate the conservation of PAs and ensure their ability to cope with 
human disturbance. In the simulations of offset connectivity, we 
considered two factors that led to degraded connectivity, namely, in-
creases in population density and landscape changes. Comparison of the 
offset effects of population density and landscape changes, increased 
population density was the factor that most influenced landscape con-
nectivity. The simulations of offset connectivity under landscape 
changes and increased population density represent the possibility of 
restoring and recovering biodiversity to ensure a world of people “living 

in harmony with nature”. 

4.2. Effective area-based conservation measures: metacoupling 
connections 

The metacoupling framework includes pericoupling connections in 
short distance and telecoupling connections in long distance. Metacou-
pling connections in networks with upgraded PAs can improve the 
quality of coastal PAs in the context of anthropogenic disturbances 
(datasets are provided in Figs. S1–S3). The metacoupling connectivity 
evaluation used in our study is a practical approach to assess global 
connectivity and achieve the goal of 30 % PA coverage of coastal areas. 
The spillover system of PAs in metacoupling networks acts as stepping 
stones (details of key concepts are provided in Table S2) (inter-
connecting habitats) (Mozelewski et al., 2022; Tromboni et al., 2021), 
generating an alternative way to efficiently connect systems and create 
better connections in a wide network. Stepping stone sites were identi-
fied by the integration of the metacoupling framework to improve the 
efficiency of connectivity conservation and achieve the target at a large 
scale. The National Park System in China indicates the need to break 
through administrative boundaries, consolidating and reorganizing 
various adjacent and connected protected areas according to the unity of 
ecosystem integrity and habitat connectivity. Expanding the inter-
connected network around the national park could offer significant 
external support by providing a high level of ecosystem services. For 
instance, Wuyishan National Park (117◦24′13″-117◦59′19″E, 
27◦31′20″-27◦55′49″N) has become one of the first ten national parks to 
implement a trial national park system nationwide in 2016. To support 
this initiative, we commenced species monitoring in 2020 by deploying 
thermal cameras. The key species include: Arborophila gingica, Arcto-
nyx collaris, Capricornis milneedwardsii, Dremomys pernyi, Melogale 
moschata, Myophonus caeruleus, Paguma larvata, Sus scrofa and Zoo-
thera aurea. These identified species in our modeled corridors prove the 
existence of connected area. The interconnected regions rich in 
ecosystem services surrounding Wuyishan National Park can signifi-
cantly contribute to creating an extensive ecological network that sup-
ports local conservation. 

In addition to achieving a specific PA coverage, the Post-2020 Global 

Fig. 5. Offset connectivity simulated by adding protected areas in response to landscape changes.  
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Biodiversity Framework also recognizes the importance of habitat 
quality and the need for conservation at all levels of biodiversity, from 
the levels of populations to species and ecosystems to large-scale 
ecological processes. According to our analysis of both spillover (i.e. 
stepping stones) and non-spillover sites, the ratio of pericoupling to 
telecoupling connections around stepping stones was more than twice 
that around other sites. The ability of stepping stones to maintain con-
nectivity was measured in terms of the number and direction of suitable 
connecting corridors with low-cost distance as well as the interlinkages 
between neighboring stepping stones. The stepping stones with large 
numbers and connected corridors in more directions can connect more 
surrounding habitats than other added sites. The stepping stones are 
identified as high-priority conservation areas as well as potential pri-
ority areas for biodiversity restoration. As one of the important criteria 
in the National Park System of China, these were identified with high 
capacity of biodiversity conservation. For every additional high-quality 
habitat of stepping stone in the offset analysis, it can respectively offset 
the impact intensity (resistance) of 1.2 % units from population density 
and 1.3 units land use change. While implementing national park 
management system, these quantitative results are conducive to guiding 
the consolidation and reorganization of protected areas with increase of 
human disturbances, providing a certain reference basis for habitat 
fragmentation restoration and improving ecosystem services. The 
identification of stepping stone sites in this study also informs the 
optimization of sites for monitoring human–nature interactions related 
to conservation in rapidly developing areas at the global level. This 
approach provides a method of selecting PAs to facilitate improved 
connectivity and handling of increasing human disturbances, particu-
larly disturbances that may degrade ecological functions; effective 
compensation must also consider the socioeconomic elements. 

4.3. Evaluation of the role of ecological corridors in supporting human 
society 

To explore the socioeconomic dimensions of ecological connectivity, 
we further analyzed the conservation investments based on ecosystem 
service values and payments for ecosystem services (Yang et al., 2013) in 
the offset simulations. A comparison of the ecosystem service values in 
the areas of disappeared and newly connected corridors revealed that all 
eleven key ecosystem service values in the newly connected corridors 
were lower than those in the disappeared corridors due to the changes in 
population and landscape patterns (Fig. S4 and Fig. S5, Table S3 and 
Table S4). The average value of total ecosystem services in the dis-
appeared corridors was nearly 1.5 times that in the areas of newly added 
corridors. The most significant differences between values were 
observed in the southern part of our study areas, where the majority of 
NPAs were located. In particular, the value of cultural ecosystem ser-
vices (landscape aesthetics) turned out to be dependent on the type of 
service, with much higher differences between disappeared and newly 
added corridors. The disappeared corridors with high service values in 
the southern region were replaced with newly added corridors with 
relatively low value, and the large gap in cultural services between the 
two groups of corridors reveals the degradation of cultural ecosystem 
services from ecological networks to local society. Such degradation 
between two groups of corridors was mainly caused by the increase in 
human disturbances and related degradation of the natural ecosystem in 
the newly connected network. Those newly added habitats and corridors 
were not able to be connected with high-quality natural landscapes that 
provide valuable ecosystem services; they were connected by alternative 
natural and seminatural landscapes with a relatively high level of 
human influence and low ecosystem support. 

The phenomenon of degradation was also found in the total payment 
for ecological compensation (Fig. S6 and Fig. S7, Table S5). According to 
the datasets collected in our study area, the regions of disappeared 
corridors were covered with very high values of ecological compensa-
tion (net gain). The relatively low values of compensation in the newly 

added corridors suggest the degradation of resources in supporting local 
society. Even though the ecological connectivity in both groups of cor-
ridors is maintained at the same level, the gaps in ecosystem service 
values to human society and payment to ecological compensation 
address the challenges in maintaining overall balances in both ecolog-
ical and social systems. 

4.4. Verification 

To evaluate the accuracy of modeled landscape connectivity among 
PAs, a global biodiversity map of amphibians, birds and mammals was 
used to verify the results in our study area (Jenkins et al., 2013). We 
categorized all data layers of the species distribution into four grades 
from low to high (Level 1 to 4, respectively, in Table S6). Although the 
20-km effective area with high connectivity accounted for only 1/3 of 
the study area, it covered 53 % of the high biodiversity area (Level 3 and 
4, in Table S7) in the study area. This finding suggests that the contri-
bution of this region to connectivity was twice that of the remaining 2/3. 
According to monitoring data in Nanling National Protected Area since 
2012, slated for inclusion in China’s National Park System this year. We 
found that over 80 monitoring sites are placed within the pixels of 
connected corridors in our modelling results. The key species in these 
sites include: Muntiacus vaginalis, Dremomys pyrrhomerus, Melogale 
moschata, Macaca thibetana, Lophura nycthemera, Myophonus caer-
uleus, Tragopan caboti and Arborophila gingica. 

In addition, we used GDP data with a 1-km resolution as a counter 
verification source; these data combine nighttime light and residential 
density data (http://www.resdc.cn/DOI/doi.aspx?DOIid%20=%20 
33&tdsourcetag%20=%20s_pcqq_aiomsg). Our results indicate that 
only 2.5 % of the high-GDP area was located in the 200-km effective area 
of high connectivity, which suggests a low level of human-related 
threats to biodiversity conservation in this area. In general, the com-
parison of effective areas and other areas reflects the high conservative 
potential of the modeled connecting areas, and areas with high con-
nectivity can be considered essential conservation corridors adjacent to 
PAs. 

5. Conclusions 

Biodiversity and habitat protection are global issues that require 
efforts across multiple scales to maintain metacoupling connectivity and 
thus ensure the resilience of ecosystem functions, as recommended 
under the Post-2020 Global Biodiversity Framework. Coastal areas have 
the lowest coverage of PAs, thus, establishing and connecting PAs in 
rapid urbanizing areas are among the most challenging and urgent goals. 
The quantification of the metacoupling network encompassing the well- 
connected areas in this study highlights the essential role of PAs for 
adaption to increased human disturbance. The aspect of connectivity 
from natural level is represented by the connected areas and corridors, 
and the aspect from human level is shown by the payments for 
ecosystem services and ecosystem service values. Among the upgraded 
89 protected areas in our study area, sites identified with the meta-
coupling network should be priority conservation areas in China’s 
coastal regions for halting biodiversity loss. Especially, those identified 
connectivity area for conservation with high value of ecosystem services 
may contribute to improve efficiency of biodiversity restoration under 
the global biodiversity framework. The pattern of connectivity under 
different scenarios represents an efficient improvement in structural 
connectivity in terms of pericoupling and telecoupling connections. 
Upgrading PPAs to NPAs yielded effective telecoupling interconnections 
among NPAs in areas with few connections as well as unconnected areas, 
such as the national pilot area in Guangdong-Hong Kong-Macao Great 
Bay Area intend to lead sustainable development of megacities. Our 
research address the importance of adding new habitats in biodiversity 
conservation, which try to give an answer to the SLOSS debate in the 
metacoupled urbanizing areas in China. The areas of increased 
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connectivity differed from those of decreased connectivity; thus, the 
offset effect occurred in terms of distant connectivity compensation. 
This distant restoration of connectivity networks by upgrading PPAs 
provides a practical approach for improving connectivity and counter-
balancing rapid increase of anthropogenic disturbance. To deliver our 
results at the practical basis, we are collaborating with Wuyishan Na-
tional Park and Nanling National Protected Area (slated for inclusion in 
China’s National Park System in 2023). We aim to integrate landscape 
connectivity into the planning of these two sites with local management 
office. 

Biodiversity conservation is dependent upon protection, and effec-
tive connections among PAs are key in biodiversity conservation. Sim-
ulations of offset connectivity in response to increased population 
density and landscape changes indicate a practical way to achieve 
biodiversity conservation targets from the local to global scales and can 
be used to compare the impacts of these two key factors in terms of 
connectivity. Increases in the number of added PAs improved the effi-
ciency of connecting PAs through the cumulative effect of network 
connectivity. These simulations of offset connectivity can inform the 
identification of the most ecologically cost-effective corridors to connect 
PAs in the context of the Convention on Biological Diversity. In recog-
nition of a world where human influence is increasingly pervasive, the 
significant degradation of ecosystem service values and payment for 
ecological compensation in offset scenarios address the challenges of 
maintaining the resilience of coupled human and natural systems. 
Therefore, it is important to assess both human and natural systems 
under the global biodiversity framework. 
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