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Analyzing spatial patterns and driving factors of cropland change in China’s 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Changes in cropland area and density, 
along with regional driving factors in 
China’s protected areas are examined. 

• Cropland in China’s National Protected 
Areas has increased consistently over 
the past two decades. 

• High cropland densities are associated 
with dense populations and low rural 
education and income. 

• The expansion of cropland in the 
Northeast and Northwest exacerbates 
biodiversity loss. 

• Adverse natural conditions and deficient 
agricultural infrastructure drive crop
land expansion in the Southwest.  
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A B S T R A C T   

Farming in protected areas frequently challenges ecological conservation goals while supporting local liveli
hoods. To balance protection and agriculture, a comprehensive understanding of cropland dynamics in protected 
areas is of paramount importance. However, studies addressing this trade-off are relatively scarce, especially 
considering explicit Chinese government regulations on population relocation and cropland retirement in Na
tional Protected Areas (NPAs). Our study examined the spatial and temporal pattern of cropland in NPAs and 
explored the covariance between cropland density and species richness. Concurrently, the driving factors of 
cropland development in NPAs were analyzed using Multiple Linear Regression. The results indicate that the 
cropland area in NPAs continued to expand, growing from 1.93 to 2.34 million hectares in 2000–2020, with a 
cropland density of approximately 0.4. Cropland expansion in the northern NPAs, particularly in the resource- 
rich Northeast (28.12 %) and the Northwest with high marginal agricultural returns (38.26 %), have 
encroached upon species habitats and aggravated biodiversity loss. Moreover, cities with higher cropland den
sities in NPAs are usually located at borders, possibly due to decentralized management. The Multiple Linear 
Regression results show that high cropland density is usually associated with a high population density (β =
0.156) and lower levels of rural education (β = − 0.101) and income (β = − 0.122). To mitigate the issue of 
cropland development in NPAs, it is crucial to avoid one-size-fits-all management strategies, strengthen regional 
legal supervision, adjust fiscal incentives, and promote eco-friendly agriculture. In the north regions, the 
expansion of cropland in NPAs should be strictly controlled. For the southwest, the positive role of preserving 
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cropland in NPAs for alleviating human-nature conflict and maintaining social stability should be emphasized. 
This study provides research support for China’s exploration of geographically suitable strategies for controlling 
cropland in NPAs. Moreover, the findings could serve as a reference for the governance of NPAs in other 
countries.   

1. Introduction 

Since the Industrial Revolution, agricultural expansion has put a vast 
number of species at risk of extinction (Kehoe et al., 2017; Phalan et al., 
2016). Tireless efforts have been made by the international community 
to preserve biodiversity. Aichi Biodiversity Targets 11 proposed to 
designate 17 % of global land as protected areas by 2020 (CBD, 2011). 
The United Nations Sustainable Development Goals (SDGs) 15 demand 
the protection, restoration and promotion of terrestrial ecosystems to 
address the issue of biodiversity loss (UN, 2015). Protected areas not 
only serve as refuges for threatened and endangered species (Coad et al., 
2019; Laurance et al., 2012), but also provide ecosystem services such as 
climate regulation (Zabel et al., 2014), and tourism (Watson et al., 
2014). However, in practice, protected areas may restrict the livelihood 
of local indigenous people and suffer threats from illegal cultivation, 
deforestation, and poaching (Ghimire and Pimbert, 1997; Liu et al., 
2012). Balancing ecological conservation with cropland utilization in 
National Protected Areas (NPAs) is a complex issue (Vijay and Arms
worth, 2021), with the core tension lying between global ecological 
product benefits and local residents’ welfare (Xu et al., 2006). On one 
hand, cropland may be an essential guarantee for the survival of the 
indigenous residents in the protected areas (Vijay and Armsworth, 
2021). On the other hand, land cultivation and chemical inputs could 
pose a severe threat to biodiversity (Silva et al., 2005; Alkan, 2009), 
leading to soil degradation, water pollution, and other environmental 
impacts. Exploring sustainable management strategies and balancing 
genuine ecological protection goals with local survival and develop
mental needs (Zhang et al., 2017) holds significant implications for 
achieving the objectives of protecting and restoring natural habitats 
outlined in the Millennium Development Goals and the UN Decade on 
Ecosystem Restoration. 

The widespread existence of cropland in protected areas is a uni
versal and difficult to eradicate global phenomenon. The extent of 
protected areas is about 21.66 million km2, which accounts for 16.05 % 
of the global terrestrial land area (UNEP-WCMC and IUCN, 2023). As of 
2018, there are approximately 6 million km2 of protected areas world
wide with intensive human activities (Jones et al., 2018), posing sig
nificant obstacles to the achievement of the Convention on Biological 
Diversity’s protection targets. The cropland area in these protected 
zones is around 1.4 million km2 (Phalan et al., 2016). The total area of 
NPAs of China is about 0.98 million km2 by 2020, with an internal 
cropland ratio of 2.4 %. Environmental goals are often squeezed by 
livelihood targets (He et al., 2018; Wu et al., 2011) due to the lack of 
quantitative assessment of cropland demand and carrying capacity of 
NPAs, imperfect management systems, and emphasis on operation over 
protection (Han, 2000). This problem manifests spatial heterogeneity 
due to the large number and scattered distribution of NPAs in China, 
intensifying management difficulty. Four possible reasons for the pres
ence of cropland in protected areas were identified through a meta- 
analysis of multiple studies: (i) Cropland predates the establishment of 
the protected areas, with some initially designed specifically for crop
land landscapes, making it difficult to move (Phalan et al., 2016). (ii) 
Corruption or poor management leading to inefficient protected area 
management (Watson et al., 2016). (iii) Owing to the lack of local 
finance and inadequate ecological compensation, residents are forced to 
cultivate cropland due to survival pressure (Han, 2000). (iv) Land 
ownership right is ambiguous, so residents consider the protected areas 
to be community resources that they have the right to cultivate (Phalan 
et al., 2016). 

Agronomists, economists, and ecologists have studied agricultural 
expansion in protected areas from different perspectives. Desquilbet 
et al. (2017) have attempted to explain the motivation for farmers to 
cultivate land in protected areas using the Land Sparing and Land 
Sharing (LSS) framework, suggesting that extensive agriculture can 
alleviate agricultural pressure in protected areas. Vijay and Armsworth 
(2021) quantified the extent and influencing factors of agriculture in 
terrestrial protected areas globally, suggesting that changes in species 
and land use in protected areas should be given attention. Phalan et al. 
(2013) estimated the extent and potential of cropland in priority areas 
for tropical biodiversity conservation, recommending the stabilization 
of agricultural boundaries around protected areas through strengthened 
land-use planning and regulation. In addition, scholars have embarked 
on an exploration into various aspects such as the classification system 
of NPAs (Tang et al., 2019; Wang et al., 2004), species distribution (Hu 
et al., 2017; Zhang et al., 2020), human activities (Wan et al., 2015; Zhu 
et al., 2019), management effectiveness (Cheng and Ma, 2008; Quan 
et al., 2009; Xu et al., 2019a), and developmental contradictions (Huang 
et al., 2018; Liu et al., 2010; Xu et al., 2019b) of NPAs in China. How
ever, most of the pertinent studies focus on the analysis of management 
practices in typical protected areas, with fewer involving empirical 
analysis of the global temporal and spatial processes of cropland in 
protected areas at the national scale, as well as their driving factors. 

The aim of this study is to examine the spatial and temporal pattern 
and driving factors of cropland in NPAs, and to explore regional het
erogeneities. Initially, a 1 km grid cropland density dataset was con
structed by performing an upscaling conversion of GlobeLand30 dataset, 
with a 30-m resolution for 2000, 2010, and 2020. The changes in the 
spatial and temporal pattern of cropland within NPAs were then 
analyzed. Next, Pearson correlation coefficient was used to compare the 
relationship between cropland densities inside and outside NPAs of 
predominantly mountainous and plain cities. The covariate of cropland 
density and species richness was then evaluated. Finally, multiple linear 
regression was employed to simulate the combined driving effects of 
agricultural foundations, natural and social conditions on the cropland 
density in NPAs. The outcomes of this study can provide references for 
formulating regionally suitable cropland control policies in NPAs in 
terms of the balance between food demand and ecological conservation, 
and the causes of cropland development. 

2. Materials and methods 

2.1. Data and study area 

The study involves three types of data (Table 1). The first category of 
data pertains to cropland. Cropland area data comes from the GlobeLand 
30 surface cover dataset with a resolution of 30 m for the periods 2000/ 
2010/2020 (Chen et al., 2016; Jun et al., 2014). The data quality of 
GlobeLand 30 is outstanding, particularly in its widely recognized high 
accuracy in cropland identification (Brovelli et al., 2015; Yang et al., 
2017). Cropland density is characterized by the proportion of cropland 
area in the kilometer grid (Fritz et al., 2015; Yu and Lu, 2018; Ye et al., 
2022a). The cropland density raster dataset is constructed by upscaling 
the cropland raster in the GlobeLand30 dataset, with the raster attribute 
value being the cropland area within the grid (see Appendix Method). 

The second category relates to ecological data. Map of terrestrial 
biomes originate from the Ecoregions 2017 © Resolve dataset (Diner
stein et al., 2017; Olson et al., 2001). The BiodiversityMapping database 
includes the species richness grid data of three types of vertebrates 
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(birds in 2019, mammals in 2018, and amphibians in 2017) at a global 
resolution of 10 km (Jenkins et al., 2013; Pimm et al., 2014). The species 
richness raster dataset is generated by aligning and summing these three 
categories of vertebrate raster, with each grid cell representing the total 
count of birds, mammals, and amphibians. 

The third category involves the analysis of factors influencing 
cropland density in NPAs in each province. Table 1 presents indicators 
representing the development levels in the social, economic, and agri
cultural sectors, such as population density and Gini coefficient (Na
tional Bureau of Statistics of China, 2021a, 2021b). Here, 1 km 
resolution grid data on cropland production potential is derived from a 
combination of datasets related to cropland distribution, soil properties, 
and elevation DEM in China. The estimation process employs the GAEZ 
model, which comprehensively accounts for multiple factors including 
sunlight exposure, temperature, moisture and topography (Fischer et al., 
2021; Xu and Liu, 2017). Since the statistical data for the year 2000 is 
incomplete, missing data are replaced with data from adjacent years. 
The food self-sufficiency rate equals the ratio of total grain consumption 
to total grain production, where total grain consumption is estimated by 
multiplying the population by the per capita grain possession in China 
(400 kg/year⋅person) (Fig. 1). 

2.2. Pearson correlation coefficient (PCC) 

Pearson correlation coefficient (PCC) is selected to calculate the 
correlation of cropland density inside and outside NPAs, thereby 
exploring the driving force of external croplands on the degree of 
cropland development within NPAs. Pearson correlation coefficient is a 
method proposed by British statistician Karl Pearson in the 20th century 
to reflect the correlation between variables (Pearson, 1920; Lee Rodgers 
and Nicewander, 1988; Ren et al., 2023). Suppose there are two vari
ables X and Y, and their linear correlation can be expressed by Pearson 
correlation coefficient ρX,Y , as shown in Eq. (1). Here, ρX,Y ranges from 
− 1 to 1, where X and Y stands for the mean values of the variables X and 
Y, respectively. 

ρX,Y =

∑
(X − X)(Y − Y)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑

(X − X)2 ∑
(Y − Y)2

√ (1)  

2.3. Multiple linear regression (MLR) 

Multiple linear regression (MLR) is used to analyze the factors 
influencing the cropland density in NPAs in each province in 2000, 

Table 1 
Indicators and data sources.  

Categories Indicators Explanations Datasets Data type Year 

cropland-related data 

CA cropland area 
GlobeLand 30 surface cover dataset (Chen et al., 2016; Jun et al., 
2014) 30 m raster 

2000/2010/ 
2020 

CD cropland density cropland density dataset (Ye et al., 2022a) 1 km raster 
2000/2010/ 
2020 

– land use change GlobeLand 30 surface cover dataset (Chen et al., 2016; Jun et al., 
2014) 

30 m raster 2000/2010/ 
2020 

– 
DEM (digital elevation 
model) 

SRTM DEM dataset (NASA, 2000) 250 m 
raster 

– 

ecology-related data 

– boundaries of NPAs 
China Nature Reserves Biological Specimen Resources Sharing 
Platform (www.papc.cn) vector 

2000/2010/ 
2020 

– biomes 
Ecoregions 2017 © Resolve database (Dinerstein et al., 2017; Olson 
et al., 2001) vector 2017 

– species richness BiodiversityMapping database (Jenkins et al., 2013; Pimm et al., 
2014) 

10 km 
raster 

Birds 2019 
Mammals 2018 
Amphibians 
2017 

explanatory Variables: 
data related to 
influencing factors 

CPP 
cropland production 
potential Resource and Environmental Science Data Center (Xu and Liu, 2017) 1 km raster 2010 

PD population density Resource and Environmental Science Data Center (Xu, 2017) 1 km raster 
2000/2010/ 
2019 

PDNPA population density in NPAs Resource and Environmental Science Data Center (Xu, 2017) 1 km raster 2000/2010/ 
2019 

GDP per capita GDP in rural areas China Statistical Yearbook (National Bureau of Statistics of China, 
2021a) 

province 2000/2010/ 
2020 

SSR grain self-sufficiency rate 
China Statistical Yearbook (National Bureau of Statistics of China, 
2021a) province 

2000/2010/ 
2020 

GI Gini coefficient 
China Statistical Yearbook (National Bureau of Statistics of China, 
2021a) 

province 
2000/2010/ 
2020 

AW per capita agricultural water 
usage 

China Statistical Yearbook; China City Statistical Yearbook (National 
Bureau of Statistics of China, 2021a, 2021b) 

province; 
city 

2002/2010/ 
2020 

RE 
per capita electricity usage 
in rural areas 

China Statistical Yearbook; China City Statistical Yearbook (National 
Bureau of Statistics of China, 2021a, 2021b) 

province; 
city 

2000/2010/ 
2020 

FI per capita income of farmers 
China Statistical Yearbook; China City Statistical Yearbook (National 
Bureau of Statistics of China, 2021a, 2021b) 

province; 
city 

2000/2010/ 
2020 

EY 
year of education in rural 
areas 

China Statistical Yearbook; China City Statistical Yearbook (National 
Bureau of Statistics of China, 2021a, 2021b) 

province; 
city 

2001/2010/ 
2020 

AG agricultural GDP share China Statistical Yearbook; China City Statistical Yearbook (National 
Bureau of Statistics of China, 2021a, 2021b) 

province; 
city 

2000/2010/ 
2020 

TR terrain relief China 1:1million DEM dataset (Feng et al., 2007) 
province; 
city – 

GIRural 
Gini coefficient in rural 
areas 

China City Statistical Yearbook (National Bureau of Statistics of China, 
2021b) 
DMSP & VIRRS dataset (Lv and Cui, 2020) 

city 2020 

GDPCity per capita GDP in cities China City Statistical Yearbook (National Bureau of Statistics of China, 
2021b) 

city 2020 

YE average establishment year 
of NPAs 

China Nature Reserves Biological Specimen Resources Sharing 
Platform (www.papc.cn) 

province; 
city 

1956–2020  
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2010, and 2020 (Aiken et al., 2003; Jin et al., 2024). The basic form of 
multiple linear regression is shown in Eq. (2). Here, y indicates the 
dependent variable and x1, x2,…, xn are the independent variables. β0,

β1, β2,…, βn are the regression coefficients, and ε is the error term. 

y = β0 + β1x1 + β2x2 +…+ βnxn + ε (2) 

The least squares method allows estimating the regression co
efficients to minimize the sum of squares of the errors, as shown in Eq. 
(3). where ŷi is the predicted value obtained by the linear combination 
of the independent variables x1,x2,…,xn. 

∑n

i=1
(yi − ŷi )

2
=

∑n

i=1
(yi − β0 − β1xi1 − β2xi2 − … − βnxin)

2 (3) 

The regression coefficients in the multiple linear regression model 
can be solved using matrix methods. X stands for an n × (m + 1) matrix 
where n denotes the number of samples, and m denotes the number of 
independent variables. The i-th row of X is (1, xi1, xi2,…, xim), and Y is an 
n × 1 vector of dependent variables. Thus, the multiple linear regression 
model can also be expressed as follows in Eq. (4). where β is the vector of 
regression coefficients for (m + 1) × 1 and ε is the error vector for n× 1. 

Y = Xβ+ ε (4) 

The least squares solution for β can be solved using matrix methods, 
as shown in Eq. (5). Where XT is the transpose matrix of X. If XTX is 
invertible, then a least squares solution exists and is unique. 

β =
(
XT X

)− 1XT Y (5) 

In this study, 14 potential explanatory factors that influence the 
cropland density CDNPA in NPAs in each province are identified, thus 
resulting in 214 possible models. The model containing all potential 
explanatory variables is shown in Eq. (6). Here, CD and PD are the 
cropland density and population density of a province. AG represents the 
agricultural GDP share. AW represents the per capita agricultural water 
usage. CPP is the cropland production potential. EY is the year of edu
cation in rural areas. FI is the per capita income of farmers. GDP is the 
per capita GDP in rural areas. GI is the Gini coefficient. RE is the per 
capita electricity usage in rural areas. SSR is the grain self-sufficiency 
rate. YE is the average establishment year of the NPAs. TR is the 
average terrain relief. 

lnCDNPA = β0 + β1lnCD+ β2lnPD+ β3lnPDNPA + β4AG+ β5AW + β6CPP
+ β7EY + β8FI + β9GDP+ β10GI + β11RE
+ β12SSR+ β13YE + β14TR

(6) 

To measure the goodness of fit of each model, the AIC (Akaike, 1974; 
Anderson, 2008) of the 214 models are calculated, and the model cor
responding to the smallest AIC value is the best model (see Appendix 
Method). Population density and cropland density in provinces and 
NPAs are performed logarithmic transformation. To ensure the 
normality of the data distribution and comparability among variables, Z- 
score standardization on other potential influencing factors except 
cropland density are carried out. 

Fig. 1. Spatial distribution of NPAs divided by geographical region in China. The darker-colored shapes within each region represent the boundaries of NPAs. China’s 
NPAs were mainly distributed in the Southwest (53 %) and Northwest (33 %) in 2020. NPAs established in the 1980s accounted for 35 % of the total area, primarily 
attributed to the establishment of the Lop Nur Bactrian Nature Reserve and the Altunshan Nature Reserve in Xinjiang Province. NPAs established in the 1990s 
accounted for 57 % of the total area, largely due to the establishment of the Chang Tang Nature Reserve in Tibet Autonomous Region and the Hoh Xil Nature Reserve 
in Qinghai Province in the Southwest. 
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3. Results 

3.1. Changes in spatial and temporal patterns of cropland in NPAs 

The temporal and spatial patterns of cropland in NPAs of mainland 
China, classified by various natural geographic partitions, and the 
cropland density inside and outside of the NPAs divided according to 
longitude and latitude are analyzed. The cropland area in NPAs 
continuously expanded (Fig. 2c), rising from 1.93 million hectares to 
2.34 million hectares during 2000–2020 (Fig. 2a, and see Appendix Data 
for detailed data). Over these two decades, cropland expansion was 
concentrated in Central and North regions, accounting for 99.61 % of 
the total increase (Fig. 2c). The total cropland area in NPAs exceeded 2 
million hectares after 2010, with both the Northeast and Northwest 

regions surpassing 0.5 million hectares (Fig. 2a). The nationwide 
average cropland density within NPAs follows a pattern of initial 
decline, dropping from 0.40 in 2000 to 0.38 in 2010, and subsequently 
rebounding to 0.39 in 2020 (Fig. 2b, d). The cropland densities in NPAs 
in the Northeast (>0.50) and Northwest (>0.40) remained the highest 
from 2000 to 2020, consistently exceeding the national average, 
whereas the lowest cropland densities were in Southwest and South 
China (0.30). From 2000 to 2010, the cropland density in NPAs in all 
regions, except Central China, decreased. From 2010 to 2020, the 
cropland density in NPAs in North China (0.037), East China (0.026), 
and South China (0.022) increased more significantly. The cropland 
density inside and outside of NPAs, as accounted for by longitude and 
latitude, is shown in Fig. 2e, f. Results reveal substantial spatial dis
parities in cropland density. The cropland density outside NPAs is 

Fig. 2. Spatial and temporal pattern of cropland in China’s NPAs. (a) cropland area; (b) cropland density; (c) change in cropland area; (d) change in cropland density; 
(e) change in cropland density across different latitude intervals, span of 0.5◦; (f) change in cropland density across different longitude intervals, span of 1◦. Darker 
bars in Fig. (a)-(d) represent national averages. 
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roughly equivalent to the overall and is generally higher than that inside 
NPAs (Fig. 2e, f). The differences in cropland density between the inside 
and outside of NPAs in the north (32◦-54◦N) and east (90◦-135◦E) are 
relatively small. However, in the south (18◦-32◦N) and west (73◦-90◦E), 
the cropland density inside NPAs is markedly lower than outside. The 
highest cropland density appears at the border of Inner Mongolia 
Autonomous Region and Jilin Province at 47◦N (Fig. 2e) and in the 
eastern part of Heilongjiang Province at 132◦E (Fig. 2f). 

Across all biomes, the cropland density outside NPAs is roughly 
equivalent to the overall and is higher than that inside NPAs. Spatially, 
cropland density in NPAs exhibits a latitudinal zonality, decreasing 
progressively from north to south (Fig. 3). Within the biomes of North 
China, the cropland densities of NPAs are usually high, which is an 
evident sign of agricultural expansion issues (Liu et al., 2019). Due to the 
high cropland density in flooded grasslands & savannas and deserts & 
xeric shrublands (0.68 and 0.61, respectively), these two biomes emerge 
as pivotal zones for future ecological restoration and cropland 

management. In contrast, NPAs in forest biomes exhibit generally lower 
cropland densities. This stems from the rigorous management measures 
directed towards forest protected areas by the state, making the cost of 
land development in NPAs significantly higher in relation to grasslands 
and wetlands (Xu et al., 2016). Over time, NPAs located in desert & Xeric 
shrublands have seen an initial increase, followed by a decrease in 
cropland density, with a slight variation of 0.018 (Fig. 3). The cropland 
densities of NPAs in all other biomes fluctuate in synchrony with 
changes outside their boundaries. Two coastal biomes, tropical & sub
tropical moist broadleaf/forests (− 0.017) and temperate broadleaf & 
mixed forests (− 0.031), have witnessed a consistent reduction in crop
land density year over year. Cropland densities within other biomes 
have first seen a reduction and then an increase. 

Protected areas represent an equilibrium of ecosystem, species, 
economy, population, and land use (Volis, 2018; Zhao et al., 2022). 
Cropland densities inside and outside NPAs, classified by NPA categories 
in China is displayed in Fig. 4. The result shows that it is necessary to 

Fig. 3. Changes in Cropland Density in NPAs Across Different Terrestrial Biomes and Their Spatial Distribution. The 7 Terrestrial Biomes in China include: (a) Deserts 
& Xeric Shrublands, (b) Montane Grasslands & Shrublands, (c) Tropical & Subtropical Moist Broadleaf Forests, (d) Temperate Broadleaf & Mixed Forests, (e) 
Temperate Grasslands, Savannas & Shrublands, (f) Temperate Conifer Forests, (g) Flooded Grasslands & Savannas (Dinerstein et al., 2017). The lightest area rep
resents terrestrial biomes, the darker area denotes NPAs, and the depth of color in NPAs indicates the internal cropland density. 
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develop cropland control systems for different types of protected areas. 
In the four categories of NPAs where protection laws or regulations are 
already established, cropland density remains <0.5 (Fig. 4b). While for 
categories lacking legal protection, such as deserts, marines, and wet
lands, there is an urgent need for legislation to enhance cropland man
agement measures. To be specific, presently, explicit rules have been 
laid out for the protection of Nature Reserves, Wild Plants, Forests, 
Grasslands, and Wild Animals (State Council, PRC, 1994, 1996; National 
People’s Congress, PRC, 1984, 1985, 1988). Notably, West Erdos Nature 
Reserve, primarily protecting ancient endangered plants (Zhu et al., 
1999), has a cropland density of 0.15 (Fig. 4a, in orange). NPAs for forest 
ecosystem have a cropland density of merely 0.25. Other NPAs with 
cropland densities consistently above 0.5 lack relevant protection 

regulations, but display a gradual downward trend (Fig. 4b). For 
instance, NPAs of paleontologic relic (0.75) and marine ecosystems 
(0.71) exhibited high cropland density in 2000. Over two decades, the 
cropland density in these two types of NPAs has decreased to <0.6. By 
2020, regulations for the protection and management regulations for 
natural ecosystems such as wetlands, deserts, and marine zones are still 
lacking. Especially, the desert NPAs, accounting for 49 % of the total 
area of NPAs (Fig. 4a), face serious issues such as unsustainable agri
cultural practices and water security (Shaumarov et al., 2012) and have 
long been overlooked and inadequately protected. To achieve ecological 
governance and sustainable development for NPAs of all types, national- 
level management regulations which restrict the reclamation of crop
land need to be improved and supplemented urgently. 

Fig. 4. Changes and Spatial Distribution in Cropland Density in Different Types of NPAs. China has three types of NPAs: (1) natural ecosystem reserves, including 
forest, grassland, desert, wetland, as well as marine, (2) reserves for wildlife, including rare animals and rare plants, and (3) reserves for natural heritage, including 
geological relic and paleontological relic (Wang et al., 2004). 
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3.2. The relationship between cropland density inside and outside NPAs 

From 2000 to 2020, a statistic examination was conducted on 
cropland densities inside and outside NPAs for cities in China. 
Geographically, only a handful of cities have NPAs with higher cropland 
densities than the areas outside them (Fig. 5a-c). These cities are typi
cally located along national borders or where three provinces intersect. 
This implies potential food security issues in these border cities, which 
can be attributed to two factors: (1) Tensions over human-nature re
lations. On one hand, the borders of China’s provinces are often divided 
by mountain ranges and river directions. NPAs in border cities are 
typically located in remote mountainous regions with poor accessibility 
(Fan et al., 2022). On the other hand, NPAs located in peripheral regions 
face significant population pressure and development demands (Han, 
2000). The siphon effect cause policy and capital resources to lean to
wards large cities (Yao et al., 2021). Furthermore, officials in border 
areas, driven by bureaucratic inertia or local protectionism, often lack 
long-term planning for local economies, thus exacerbating underdevel
opment. (2) Inefficiency due to interdepartmental coordination. For 
NPAs managed jointly by several provinces, planning and management 
require close coordination among multiple government departments 
(Volis, 2018). Different regulatory standards across departments, con
flicting interests, and a lack of effective communication result in unclear 
responsibilities and management chaos (He et al., 2018; Volis, 2018; Xie 
et al., 2014). 

In terms of temporal changes, cropland has gradually been retired 
within the NPAs in Xinjiang Uyghur Autonomous Region and Qinghai 
Province over the past 20 years, while a high proportion of cropland has 
emerged in the NPAs in Tibet Autonomous Region. The ratio of cropland 
density inside and outside the NPAs in other regions has remained 
relatively stable. Several cities in Xinjiang Uyghur Autonomous Region 
had a certain amount of cropland in NPAs in 2000 (Fig. 5a). These 
croplands gradually disappeared, and cropland appeared in the NPAs at 
the border between Heilongjiang Province and Inner Mongolia Auton
omous Region after 2010 (Fig. 5b). By 2020, cropland expansion had 
occurred in NPAs of all cities in Tibet Autonomous Region. Notably, the 
cropland densities in the NPAs of Chamdo (1.64) and Ngari (1.60) were 
significantly higher than outside (Fig. 5c). Research by Hua et al. (2022) 
also confirmed that NPAs in Tibet Autonomous Region are facing 
prominent issues of agricultural expansion. Moreover, cities like Dan
dong in Liaoning Province (1.87), Gannan in Gansu Province (1.52), 
Chizhou in Anhui Province (1.51), and Shangluo in Shaanxi Province 
(1.50) have significantly higher cropland densities inside the NPAs 
compared to outside. And the human-nature relations in these NPAs also 
need to be given due attention. 

In order to investigate the impact of topography on cropland density 
inside and outside of NPAs, we conducted slope calculations based on 
DEM data. In accordance with the Technical Regulations for Land Use 
Status Survey (1984), an average slope of <6◦ is classified as flat crop
land. We classified cities into two categories: those predominantly 

Fig. 5. Change in cropland density inside and outside NPAs. Fig. (a)-(c) show the ratio of cropland density inside and outside the NPAs during 2000–2020. The 
darker the color, the larger the ratio. Blue means the ratio is <1, while red means the ratio is >1. Blue dots represent plain cities, orange dots represent mountainous 
cities in Fig. (d). 
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located in plains and those mainly in mountains. Pearson correlation 
analysis was performed for the cropland density inside and outside of 
NPAs in 2020 for these two types of cities (Fig. 5d). The results show that 
the correlation between the cropland density inside and outside NPAs in 
plain cities (r = 0.61, p < 0.001) is higher than in mountainous cities (r 
= 0.39, p < 0.001). The flat terrain and superior natural endowments of 
plain cities result in higher connectivity and stronger interaction be
tween inside and outside of NPAs. The difficulty of implementing pro
tective measures to limit cropland is greater consequently. Conversely, 
NPAs in mountainous cities are less connected to the outside world due 
to rugged terrain and inconvenient transportation, and the correlation 
between internal cropland density and external factors is relatively 
small. 

3.3. Covariance of cropland density-species richness in NPAs 

To overlay the species richness of three vertebrate groups (birds, 
mammals and amphibians) on a 10 km grid, we obtain data for four 
classes of species richness. The results indicate a trade-off between food 
production and biodiversity conservation (Fig. 6a-d). The covariance 
between cropland density and total species richness has polarized 
characteristics (Fig. 6a). On one hand, NPAs located in the southwest, 

south, and northwest generally display low cropland density (≤0.31) 
and high species richness (>232). The southwestern mountains, as 
important biodiversity hotspots in China (Xu and Wilkes, 2004), have a 
lower intensity of cropland utilization (Ye et al., 2022b), so agriculture 
poses less of a threat to protected species. On the other hand, NPAs in the 
eastern Inner Mongolia Autonomous Region and north exhibit high 
cropland density (>0.31) and low species richness (≤232). Cropland 
cultivation in these areas often accompanies excessive use of chemical 
fertilizers and pesticides, leading to soil pollution and fragmentation of 
wetland landscapes (Zhao et al., 2013; Ren et al., 2022). Unreasonable 
cropland utilization behavior should be strictly controlled. Moreover, a 
few NPAs with high species richness (>232) display high cropland 
density (>0.62). For example, the northeastern region is rich in bio
logical resources and hosts largest wetland group in China (Liu et al., 
2004). However, long-term large-scale farming has disrupted the 
ecological balance (Wang et al., 2005). The conflict between wildlife 
and cropland in these areas is intense, and it’s urgently needed to reduce 
the intensity of cultivation through eco-friendly agricultural methods 
(Ewers et al., 2009; Green et al., 2005; Zhang et al., 2017). 

The covariance relationships between the species richness of three 
other classes and cropland density are showed in Fig. 6. The results 
indicate that the covariance relationship between threatened species 

Fig. 6. Covariation of cropland density with species richness of three vertebrate species (birds, mammals and amphibians) in NPAs of China. The relationship 
between cropland density and (a) total species richness, (b) threatened species richness, (c) small-ranged species richness, and (d) data deficient species richness is 
respectively illustrated through maps and scatter plots. Threatened species are those considered vulnerable, endangered, or critically endangered in the International 
Union for Conservation of Nature’s Red List (IUCN, 2010; Jenkins et al., 2013). Small-ranged species are those with a geographic range size smaller than the global 
median (i.e., the 50 % of species with the smallest ranges). Data deficient species are those with inadequate information to make a direct, or indirect, assessment of its 
risk of extinction based on its distribution and/or population status (Bland et al., 2017). 
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richness and cropland density (Fig. 6b) shows a distribution similar to 
that of total species richness (Fig. 6a). The covariance relationships 
between the species richness of the other two classes and cropland 
density generally present a high cropland density and low species 
richness pattern (Fig. 6c, d). This implies that habitats of small-ranged 
and data deficient species, particularly protected areas for wildlife, 
necessitate stricter and localized conservation measures. Otherwise, 
severe species extinction and biodiversity loss are imminent (Jenkins 
et al., 2013). Particular attention should be paid to the impact of crop
lands on local specialist species by designating priority conservation 
areas, rigorously limiting the scale of cultivation, and thoroughly 
assessing the effectiveness of conservation actions (Vijay and Arms
worth, 2021). 

3.4. The combined effect of natural-economic-social factors driving 
cropland density in NPAs 

The contribution of 14 explanatory factors, including average crop
land density and population density in each province, to the develop
ment of cropland density in the NPAs in 2000, 2010 and 2020 was 
analyzed by multiple linear regression. The results (Table 2) indicated 
that 10 explanatory factors were included in the final model, and all 
factors passed the significance test with p < 0.05. The cropland devel
opment density in NPAs is collectively driven by natural backgrounds, 
social conditions, and agricultural economic foundations. 

China’s resource endowments of high population and limited land, 
along with regional differentiation based on climate, terrain, economy, 
society, and culture, render the reasons for the extensive presence of 
croplands in NPAs more complex. On one hand, for provinces endowed 
with good cropland resources, that is, areas with high average cropland 
density (β = 1.001) and high potential for agricultural production (β =

0.223), cropland density tends to be higher in NPAs. This implies that 
cropland development in NPAs is primarily influenced by local natural 
endowments and cultural traditions. On the other hand, in impoverished 
regions with high Gini coefficients (β = 0.063) and low per capita farmer 
income (β = − 0.122), local farmers will cultivate more cropland to 
secure basic livelihoods. This phenomenon is more prominent in areas 
with high population density in protected areas (β = 0.156). The 
exploitation of these croplands is often extensive, as indicated by the 
significant negative correlation between per capita agricultural water 
use (β = − 0.303) and cropland density in protected areas. Therefore, 
increasing the educational level (β = − 0.101) and per capita income of 
farmers, and reducing the population density in protected areas can help 
control the cropland development density in NPAs. 

4. Discussion 

4.1. Patterns of cropland expansion in NPAs 

The establishment of protected areas aims to maximally safeguard 
natural ecosystems and biodiversity (Wade et al., 2020). Hence, local 
agricultural activities are usually stringently restricted, such as ecolog
ical retreat in core areas in NPAs (Zhang et al., 2017). However, this 
research shows that over 2 million hectares of cropland still exist in 
China’s NPAs currently, and the trend is escalating, consistent with 
findings by Xu et al. (2016) and Zhao et al. (2013). Specifically, the 
NPAs in the northern biomes in China have a larger cropland density 
than those in the tropical and subtropical biomes of the south. Grain 
cultivation is not profitable in most areas, and only yields marginal 
profits in the northern regions. However, due to the relatively weaker 
economic development in the North, the opportunity cost of farming is 
lower. Consequently, farmers tend to irrationally expand their 

Table 2 
Analysis of the driving effect of different factors on cropland density in NPAs. Those marked in green are 
positive drivers, i.e. an increase in this factor promotes an increase in cropland density. Those marked in red 
are negative drivers, i.e. a decrease in this factor promotes an increase in cropland density. The coefficients 
(β) of all factors were standardized and passed the significance test of p < 0.05. 
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cultivated land area to increase their income (Ye et al., 2020). Severe 
cases of corn plantation encroachments have occurred in NPAs in Inner 
Mongolia Autonomous Region and Gansu Province (Xu et al., 2016). 
Moreover, NPAs such as deserts, wetlands, and coastal areas, which lack 
specific protection regulations, bear significant ecosystem functions and 
services. However, these NPAs often suffer from severe issues of land
scape fragmentation and cropland expansion (Zhao et al., 2013). 
Therefore, adjusting financial incentives and establishing stringent 
control measures could be an effective means of curbing unregulated 
expansion of cropland in NPAs. The study by Varsha et al. has corrob
orated that the proportion of cropland in NPAs, as classified by IUCN, 
tends to be lower where management measures are more stringent 
(Vijay and Armsworth, 2021). 

This research indicates that regions with higher cropland density in 
NPAs, often located at national borders or tri-provincial junctions, 
typically exceed that of surrounding cities. This may be the result of both 
the conflict between people and land caused by geographical location 
and inefficient implementation due to decentralized management. 
Furthermore, it seems that high cropland density and high species di
versity struggle to coexist in NPAs. This suggests that biodiversity and 
food security often present a trade-off, a conclusion consistent with 
Varsha’s research (Vijay and Armsworth, 2021). The combined char
acteristics of high species richness-low cropland density and low species 
richness-high cropland density show a polarized geographical diver
gence. The expansion of cropland in NPAs in the north has encroached 
on species habitats and exacerbated biodiversity loss compared to the 

south. In NPAs with high cropland density, employing breeding and 
biotechnology, reducing the input of fertilizers, pesticides, and in
secticides, as well as enhancing crop efficiency in the usage of nitrogen, 
phosphorus, and water can mitigate these challenges. Additionally, 
managing soil organic matter and microbial communities to restore soil 
fertility (Tilman et al., 2001) could effectively reduce the negative ex
ternalities of cultivation. However, the factors influencing regional dif
ferences in cropland development in NPAs are multifaceted, driven by 
resource endowment characterized by large populations and small 
landholdings, along with regional disparities in climate, topography, 
economy, society, and culture (Liao et al., 2019). High cropland density 
is usually associated with higher population density and lower levels of 
rural access to education and income. 

4.2. Regional cropland management measures should be developed 

Investigating the complex causes and regional heterogeneities of 
cropland expansion in NPAs can facilitate the formulation of more 
effective land control policies for these areas. Per capita cropland might 
be a significant reference for adjusting the future allocation of popula
tion and cropland resources in NPAs (Cai et al., 2002). We classified the 
31 provinces of mainland China into four groups and discussed the key 
drivers of per capita cropland area changes in NPAs for each group. 
Multiple linear regression was conducted using the change in per capita 
cropland area in the NPAs of cities from 2010 to 2020 as the dependent 
variable, and the explanatory variables of 2020 as independent variables 

Fig. 7. Cropland patterns and factors influencing cropland expansion in the NPAs. (a) cropland area per capita in 2020, (b) amount of change in cropland area per 
capita 2010–2020, (c) amount of change in cropland area 2010–2020, (d) factors influencing change in cropland per capita by region. Here, AW represents the per 
capita agricultural water usage. GIRural is the Gini coefficient in rural areas. FI is the per capita income of farmers. GDPCity is the per capita GDP in cities. RE is the per 
capita electricity usage in rural areas. TR represents the average terrain relief. 

B. Du et al.                                                                                                                                                                                                                                       



Science of the Total Environment 912 (2024) 169102

12

(Table 1). Based on the results (Fig. 7d), we propose the following policy 
recommendations: (i) Guide the gradual withdraw of cropland from 
NPAs in the Northeast Group, regulate uncontrolled land cultivation 
strictly. (ii) Limit cropland expansion in the Northwest Group and sta
bilize the cropland area within NPAs. (iii) Minimizing the use of pesti
cides and fertilizers in the Southwest Group, while also preserving 
appropriate space for agricultural development helps to alleviate 
human-nature conflicts in NPAs and maintain the ecological and social 
stability in border regions. (iv) Modestly integrate the natural landscape 
patches of the Eastern Group to reduce human impacts on NPAs. 

The driving factor for the increase in per capita cropland in NPAs in 
the Northeast Group (including Heilongjiang Province, Jilin Province 
and Liaoning Province) is the rural Gini coefficient (standardized coef
ficient of − 0.716), with R2 = 0.51 (Fig. 7d). This implies that farmers in 
this region have a single income source, with agriculture playing a 
dominant role in income structure. This region is well endowed with 
natural resources suitable for food production and since the 1950s large- 
scale agricultural reclamation activities have been carried out with the 
encouragement of the Chinese government (Marx et al., 2016). At pre
sent, the total area, density (Fig. 2a-b), and per capita area of cropland 
(Fig. 7a) are still at elevated levels in NPAs of this region. The carrying 
capacity of the land is under extreme stress, resulting in soil erosion, 
nutrient depletion, and thinning of the humus layer, among other 
adverse effects (Gong et al., 2013). Therefore, it is vital to conduct in
spections for unauthorized expansion of cropland in NPAs and facilitate 
their gradual retreat. Specifically, cropland in NPAs experiencing sig
nificant soil erosion, pollution, and organic matter depletion, as well as 
those within the core zones of ecological function protection, should be 
prioritized for withdrawal. 

The driving factors in the Northwestern Group are per capita water 
resource possession (0.894) and terrain (− 0.183), with an R2 value of 
0.92. Water availability and terrain are limiting factors for agricultural 
cultivation in this area. Moreover, being located in arid and semi-arid 
zones, this region exhibits relatively low biodiversity (Fig. 6). Crop
land expansion (Fig. 7c) might pose risks and uncertainties to the 
ecological environment in the NPAs of the Northwestern Group (Qian 
et al., 2019). Hence, the establishment of legal regulations to strictly 
limit unauthorized and covert cultivation in NPAs is imperative for this 
region. Additionally, improving agricultural infrastructure and 
increasing yield per unit area (Li et al., 2016; Zhang et al., 2019) could 
serve to conserve cropland and curtail its uninhibited expansion, thus 
minimizing damage to natural habitats. 

The driving factor for the Southwestern Group is per capita rural 
electricity consumption (− 0.601), with an R2 value of 0.36. In regions 
where the ecological environment is fragile and rural infrastructure is 
inadequate, survival and sustenance often take precedence over 
ecological preservation. Over the past decade, cropland in NPAs in the 
Southwestern part of Yunnan Province and the Sichuan-Tibet region 
(Fig. 7a-c) has expanded rapidly (Sun et al., 2021). Qi et al. (2019) have 
suggested that cropland within the core areas of NPAs should gradually 
and systematically be phased out. However, this study argues that for 
border regions such as Nyalam County in Tibet Autonomous Region, 
retaining a certain amount of space for agricultural development can 
play an important role in alleviating conflicts between farmers’ liveli
hoods and ecology, stabilizing the border population, and strengthening 
local governance (Xu and Melick, 2007). Conversely, the drawbacks of 
compulsory cropland reversion may outweigh the benefits, such as illicit 
cultivation in NPAs, thereby exacerbating soil organic matter loss and 
nitrogen and phosphorus pollution. Appropriate ecological compensa
tion and proactive environmental protection controls can also be 
effective conservation strategies (He et al., 2018; Zhang et al., 2017; Gao 
et al., 2023a; Wang et al., 2023). 

The driving factors for the Eastern Group are per capita GDP (0.638) 
and income of farmers (− 0.427), with an R2 value of 0.22. The impact of 
the level of economic development on the expansion of agriculture in 
eastern NPAs is twofold. On the one hand, cities with high GDP per 

capita are more economically developed, and rural-urban migration 
leads to an increase in the per capita area of cropland in NPAs. On the 
other hand, the lower the income of farmers, the more inclined they are 
to cultivate cropland in NPAs to improve living conditions. Despite the 
eastern NPAs having undergone long-term human modification (Zhang 
et al., 2017), they have a smaller per capita cropland area (Fig. 7a), and 
it is showing a general downward trend (Fig. 7b). In the densely popu
lated NPAs of the East and South, human activities should be reduced. 
Plans for ecological restoration and recovery should be established, and 
natural landscape patches should be moderately integrated. This view
point is consistent with those of Wu et al. (2011) and Volis (2018). 

4.3. Challenges of achieving effective control of future protected areas 

To balance the needs of the inhabitants in the protected areas and the 
objectives of ecological protection, we propose potential challenges in 
the future from the perspectives of scientific research and practical 
management. Data insufficiency stands out as a significant obstacle for 
conducting follow-up research. Firstly, the geographic databases for 
biological resources are still incomplete, and there is an urgent need for 
biodiversity data with high-temporal-spatial resolution. Only through 
comprehensive species surveys and the refinement of geographical 
boundary data for protected areas at all levels can we establish a robust 
database for informing future conservation decisions (Volis, 2018). 
Furthermore, the symbiotic relationship between cropland utilization 
and biodiversity in the NPAs is conducted at a macro level. However, we 
still lack a full understanding of the driving mechanisms of agricultural 
chemical inputs and regional climate changes on biodiversity in NPAs. 
For instance, the impact of agrochemicals on cropland species has been 
widely discussed internationally (Baker et al., 2013; Geiger et al., 2010). 
Yet, the absence of sub-provincial-scale fertilizer and pesticide data has 
hindered such research. In addition, future needs include long time- 
series and high spatial-resolution remote sensing data, scientific obser
vation stations and land-use change models to enhance technical sup
port (Gao et al., 2023b, 2023c; Ye et al., 2014, 2018). These serve as an 
essential foundation for assessing and monitoring long-term land-use 
type changes in the protected areas. Finally, more agricultural infor
mation should be gathered, such as the proportion of cash crop culti
vation, to discern whether cropland expansion in NPAs is driven by food 
demand or economic returns. Based on a comprehensive consideration 
of cropland, population, and socio-economic conditions in the NPAs and 
their combined ecological impact, appropriate cropland control schemes 
should be designed (Xu et al., 2016). 

Management practices of NPAs can be improved in the following four 
aspects. Firstly, a high density of cropland in NPAs such as deserts, 
wetlands, and coastal areas has been found. Establishing clear penalties 
can provide strong legal support for the management of these types of 
NPAs (Xie et al., 2014). In 2021, China issued the Wetlands Conservation 
Law (National People’s Congress, PRC, 2021), and coastal cities are 
actively promoting the establishment of coastal protection regulations. 
The stringent implementation of China’s Ecological Redline policy can 
serve as a blueprint for global biodiversity conservation (Meng et al., 
2023). Secondly, many NPAs in the East are scattered among densely 
populated agricultural areas (Volis, 2018), and the conflicts between the 
protected areas and residents urgently need to be resolved (Zhang et al., 
2017). Encouraging residents to participate in the planning and man
agement of protected areas can enhance their sustainability and legiti
macy (Xie et al., 2014). Moreover, previous studies advocated for the 
strict withdrawal from cultivation in core areas (Batisse, 1982; Qi et al., 
2019; Xie et al., 2014). Conversely, our research advocates for diverse 
management strategies. Additionally, by implementing cropland occu
pation and replacement balance (Liu et al., 2023), or promoting envi
ronmentally friendly farming, as well as guiding low fertilizer and zero 
pesticide farming pattern can also reduce conflicts between humans and 
the protected areas. Kim et al. (2023) confirmed that the institution of 
payments for ecosystem services (PES) can incentivize farmers in South 
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Korean protected areas to engage in eco-friendly agriculture. Last, we 
found that joint management by multiple departments is one of the 
reasons for the chaotic expansion of cropland in the NPAs. Xu et al. 
(2014) pointed out that >100 NPAs overlap to varying degrees with 
scenic spots or national geological parks. This leads to low administra
tive efficiency (He et al., 2018; Liao et al., 2019; Volis, 2018; Zhang 
et al., 2017), hence the need to clarify the management responsibilities 
of government departments. 

5. Conclusions 

The rapid expansion of cropland within protected areas is a globally 
entrenched issue that poses a significant threat to biodiversity. Due to 
the high intensity of human activities, the natural landscapes in these 
protected areas are often subject to considerable pressures arising from 
socioeconomic goals. Therefore, striking a balance between ecological 
conservation and the ever-growing demand for food in National Pro
tected Areas (NPAs) is a complex challenge. In order to mitigate conflicts 
between conservation and agriculture, gaining an in-depth under
standing of cropland in protected areas is of paramount importance. This 
study evaluates the spatial and temporal changes, and driving factors of 
cropland in NPAs on the mainland of China. Given the regional het
erogeneity of cropland distribution, the spatial and temporal distribu
tion pattern of cropland in NPAs were categorized according to 
geographical divisions, latitude and longitude, biomes, and types of 
protected areas. Subsequently, the spatial difference in cropland density 
inside and outside NPAs were quantified by the Pearson correlation 
coefficient. From the perspective of balancing ecological protection and 
cropland utilization, the covariance between cropland density and 
species richness were measured. Using multiple linear regression anal
ysis, the comprehensive driving factors of cropland density in NPAs were 
explored. Ultimately, the drivers of cropland expansion in NPAs in 
different regions were identified, and sustainable cropland stewardship 
measures were determined accordingly. The key findings of this study 
are as follows. From 2000 to 2020, cropland in NPAs continued to 
expand, increasing from 1.93 million to 2.34 million hectares. The 
average cropland density is approximately 0.4, displaying a trend of first 
decreasing then increasing. The distribution of cropland density in NPAs 
exhibits latitudinal zonation, with a higher cropland density in NPAs 
located in the north of China, including flooded grasslands & savannas 
and deserts & xeric shrublands, among other biomes. Improved man
agement measures can restrict the expansion of cropland. In NPAs with 
established protection regulations, such as forests, grasslands, and 
wildlife, the internal cropland density is <0.5. However, in desert, 
wetland, and marine types of NPAs, where there is a legal vacuum, the 
expansion of cropland is severe and urgently needs legislative regula
tion. The cropland density inside NPAs is generally less than outside 
nationwide. However, the difference in cropland density inside and 
outside NPAs in the northern region (32◦-54◦N) and eastern region (90◦- 
135◦E) is relatively small. The cropland density in NPAs far exceeds that 
outside usually lie at national borders or tri-province junctions. Frag
mented management authority and intense human-nature relations are 
probably the main reasons for the inefficient implementation of crop
land control measures. The Tibet region, in particular, is facing a 
particularly serious problem of cropland expansion. There is a trade-off 
between food production and biodiversity protection in NPAs. High 
cropland density and high species richness can hardly coexist. In 
contrast to the South, the expansion of cropland in NPAs in the North, 
particularly in the Northeast, where natural resources are well endowed, 
and in the Northwest, where marginal returns from agriculture are high, 
has encroached on species habitats and exacerbated biodiversity loss. 
For the southwestern border areas, a moderate amount of space for 
agricultural development and urban construction should be retained to 
ensure the economic and social stability of the border defense areas. In 
contrast, for other regions with high-density cropland in NPAs, we 
should actively advocate for ecological crop reduction, promote 

sustainable intensification, and guide a low-fertilizer, zero-pesticide 
cultivation pattern. Cropland development density in NPAs is a result of 
comprehensive coordination among ecosystems, species, the economy, 
population, and land use. In order to control the problem of cropland 
reclamation, there is a need to strengthen legal regulation, adjust 
financial incentives and foster eco-friendly agriculture. This research is 
highly pertinent to the urgent issue of preserving sustainable human- 
nature interactions amidst land reclamation concerns in NPAs. It lays 
the groundwork for the harmonious coexistence of human society and 
natural habitat, thereby enhancing the sustainable development of 
various ecological systems more effectively. 

CRediT authorship contribution statement 

Bin Du: Data curation, Formal analysis, Methodology, Visualization, 
Writing – original draft, Writing – review & editing, Conceptualization. 
Sijing Ye: Conceptualization, Formal analysis, Supervision, Writing – 
original draft, Writing – review & editing. Peichao Gao: Methodology, 
Resources. Shuyi Ren: Data curation, Investigation, Writing – review & 
editing. Chenyu Liu: Data curation, Investigation. Changqing Song: 
Conceptualization, Funding acquisition, Project administration, Re
sources, Supervision. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper. 

Data availability 

Data will be made available on request. 

Acknowledgments 

National Natural Science Foundation of China [Grant No. 42230106, 
42171250]; and the Strategic Priority Research Program of the Chinese 
Academy of Sciences [Grant No. XDA23100303]; and Project Supported 
by State Key Laboratory of Earth Surface Processes and Resource Ecol
ogy [2022-ZD-04]. We would like to thank the high-performance 
computing support from the Center for Geodata and Analysis, Faculty 
of Geographical Science, Beijing Normal University (https://gda.bnu. 
edu.cn/). 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2023.169102. 

References 

Aiken, L.S., West, S.G., Pitts, S.C., 2003. Multiple linear regression. In: Weiner, I.B. (Ed.), 
Handbook of Psychology. Wiley, pp. 481–507. 

Akaike, H., 1974. A new look at the statistical model identification. IEEE Trans. Autom. 
Control 19, 716–723. 

Alkan, H., 2009. Negative Impact of Rural Settlements on Natural Resources in the 
Protected Areas: Kovada Lake National Park, Turkey. 

Anderson, D.R., 2008. Model Based Inference in the Life Sciences: A Primer on Evidence. 
Springer, New York, London.  

Baker, N.J., Bancroft, B.A., Garcia, T.S., 2013. A meta-analysis of the effects of pesticides 
and fertilizers on survival and growth of amphibians. Sci. Total Environ. 449, 
150–156. 

Batisse, M., 1982. The biosphere reserve: a tool for environmental conservation and 
management. Environ. Conserv. 9, 101–111. 

Bland, L.M., Bielby, J., Kearney, S., et al., 2017. Toward reassessing data-deficient 
species. Conserv. Biol. 31, 531–539. 

Brovelli, M.A., Molinari, M.E., Hussein, E., et al., 2015. The first comprehensive accuracy 
assessment of GlobeLand30 at a national level: methodology and results. Remote 
Sens. (Basel) 7, 4191–4212. 

B. Du et al.                                                                                                                                                                                                                                       

https://gda.bnu.edu.cn/
https://gda.bnu.edu.cn/
https://doi.org/10.1016/j.scitotenv.2023.169102
https://doi.org/10.1016/j.scitotenv.2023.169102
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0005
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0005
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0010
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0010
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0015
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0015
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0020
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0020
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0025
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0025
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0025
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0030
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0030
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0035
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0035
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0040
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0040
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0040


Science of the Total Environment 912 (2024) 169102

14

Cai, Y., Fu, Z., Dai, E., 2002. The minimum area per capita of cultivated land and its 
implication for the optimization of land resource allocation. Acta Geograph. Sin. 57, 
127–134. 

CBD, 2011. Aichi Biodiversity Targets. 
Chen, Jun, Chen, Jin, Liao, A., et al., 2016. Remote Sensing Mapping of Global Land 

Cover. Science Press, Bejing.  
Cheng, K., Ma, J., 2008. The measures of improving effectiveness of nature reserve 

management in China. For. Resour. Manag. 11-14+56.  
Coad, L., Watson, J.E., Geldmann, J., et al., 2019. Widespread shortfalls in protected area 

resourcing undermine efforts to conserve biodiversity. Front. Ecol. Environ. 17, 
259–264. 

Desquilbet, M., Dorin, B., Couvet, D., 2017. Land sharing vs land sparing to conserve 
biodiversity: how agricultural markets make the difference. Environ. Model. Assess. 
22, 185–200. 

Dinerstein, E., Olson, D., Joshi, A., et al., 2017. An ecoregion-based approach to 
protecting half the terrestrial realm. BioScience 67, 534–545. 

Ewers, R.M., Scharlemann, J.P.W., Balmford, A., et al., 2009. Do increases in agricultural 
yield spare land for nature? Glob. Change Biol. 15, 1716–1726. 

Fan, L., Feng, C., Wang, Z., et al., 2022. Balancing the conservation and poverty 
eradication: differences in the spatial distribution characteristics of protected areas 
between poor and non-poor counties in China. Sustainability 14, 4984. 

Feng, Z., Tang, Y., Yang, Y., et al., 2007. The relief degree of land surface in China and its 
correlation with population distribution. Acta Geograph. Sin. 62, 1073–1082. 

Fischer, G., Nachtergaele, F.O., van Velthuizen, H.T., et al., 2021. Global Agro-Ecological 
Zones (GAEZ v4) Model Documentation. FAO & IIASA (303 pp.).  

Fritz, S., See, L., McCallum, I., et al., 2015. Mapping global cropland and field size. Glob. 
Chang. Biol. 21, 1980–1992. 

Gao, P., Gao, Y., Ou, Y., et al., 2023a. Fulfilling global climate pledges can lead to major 
increase in forest land on Tibetan Plateau. iScience 26, 106364. 

Gao, P., Gao, Y., Zhang, X., et al., 2023b. CLUMondo-BNU for simulating land system 
changes based on many-to-many demand–supply relationships with adaptive 
conversion orders. Sci. Rep. 13, 5559. 

Gao, P., Xie, Y., Song, C., et al., 2023c. Exploring detailed urban-rural development 
under intersecting population growth and food production scenarios: trajectories for 
China’s most populous agricultural province to 2030. J. Geogr. Sci. 33, 222–244. 

Geiger, F., Bengtsson, J., Berendse, F., et al., 2010. Persistent negative effects of 
pesticides on biodiversity and biological control potential on European farmland. 
Basic Appl. Ecol. 11, 97–105. 

Ghimire, K., Pimbert, M., 1997. Social Change and Conservation: Environmental Politics 
and Impacts of National Parks and Protected Areas. Earthscan. 

Gong, H., Meng, D., Li, X., et al., 2013. Soil degradation and food security coupled with 
global climate change in northeastern China. Chin. Geogr. Sci. 23, 562–573. 

Green, R.E., Cornell, S.J., Scharlemann, J.P.W., et al., 2005. Farming and the fate of wild 
nature. Sci. New Ser. 307, 550–555. 

Han, N., 2000. A policy study on sustainable management for China’s nature reserves. 
J. Nat. Resour. 15, 201–207. 

He, P., Gao, J., Zhang, W., et al., 2018. China integrating conservation areas into red 
lines for stricter and unified management. Land Use Policy 71, 245–248. 

Hu, R., Wen, C., Gu, Y., et al., 2017. A bird’s view of new conservation hotspots in China. 
Biol. Conserv. 211, 47–55. 

Hua, T., Zhao, W., Cherubini, F., et al., 2022. Continuous growth of human footprint risks 
compromising the benefits of protected areas on the Qinghai-Tibet Plateau. Glob. 
Ecol. Conserv. 34, e02053. 

Huang, C., Li, X., Shi, L., et al., 2018. Patterns of human-wildlife conflict and 
compensation practices around Daxueshan Nature Reserve, China. Zool. Res. 39, 
406–412. 

IUCN, 2010. IUCN Red List of Threatened Species. Version 2010.4. http://www.iucnre 
dlist.org. (Accessed  September 2011). 

Jenkins, C.N., Pimm, S.L., Joppa, L.N., 2013. Global patterns of terrestrial vertebrate 
diversity and conservation. Proc. Natl. Acad. Sci. 110. 

Jin, X., Jiang, W., Fang, D., et al., 2024. Evaluation and driving force analysis of the 
water-energy-carbon nexus in agricultural trade for RCEP countries. Appl. Energy 
353, 122143. 

Jones, K.R., Venter, O., Fuller, R.A., et al., 2018. One-third of global protected land is 
under intense human pressure. Science 360, 788–791. 

Jun, C., Ban, Y., Li, S., 2014. Open access to Earth land-cover map. Nature 514, 434. 
Kehoe, L., Romero-Muñoz, A., Polaina, E., et al., 2017. Biodiversity at risk under future 

cropland expansion and intensification. Nat. Ecol. Evol. 1, 1129–1135. 
Kim, N., Kim, M., Lee, S., et al., 2023. Comparing stakeholders’ economic values for the 

institution of payments for ecosystem services in protected areas. Land 12, 1332. 
Laurance, W.F., Carolina Useche, D., Rendeiro, J., et al., 2012. Averting biodiversity 

collapse in tropical forest protected areas. Nature 489, 290–294. 
Lee Rodgers, J., Nicewander, W.A., 1988. Thirteen ways to look at the correlation 

coefficient. Am. Stat. 42, 59–66. 
Li, X., Zhang, X., Niu, J., et al., 2016. Irrigation water productivity is more influenced by 

agronomic practice factors than by climatic factors in Hexi Corridor, Northwest 
China. Sci. Rep. 6, 37971. 

Liao, C., Luo, Y., Tang, X., et al., 2019. Effects of human population density on the 
pattern of terrestrial nature reserves in China. Glob. Ecol. Conserv. 20, e00762. 

Liu, H., Zhang, S., Li, Z., et al., 2004. Impacts on wetlands of large-scale land-use changes 
by agricultural development: the small Sanjiang Plain, China. AMBIO J. Hum. 
Environ. 33, 306–310. 

Liu, J., Ouyang, Z., Miao, H., 2010. Environmental attitudes of stakeholders and their 
perceptions regarding protected area-community conflicts: a case study in China. 
J. Environ. Manage. 91, 2254–2262. 

Liu, W., Vogt, C.A., Luo, J., et al., 2012. Drivers and socioeconomic impacts of tourism 
participation in protected areas. PloS One 7, e35420. 

Liu, J., Coomes, D.A., Gibson, L., et al., 2019. Forest fragmentation in China and its effect 
on biodiversity. Biol. Rev. 94, 1636–1657. 

Liu, C., Song, C., Ye, S., et al., 2023. Estimate provincial-level effectiveness of the arable 
land requisition-compensation balance policy in mainland China in the last 20 years. 
Land Use Policy 131, 106733. 

Lv, C., Cui, Y., 2020. Research on the regional inequality and temporal-spatial 
convergence of high-quality development in China. J. Quant. Tech. Econ. 37, 62–79. 

Marx, M.T., Yan, X., Wang, X., et al., 2016. Soil fauna abundance, feeding and 
decomposition in different reclaimed and natural sites in the Sanjiang plain wetland, 
Northeast China. Wetlands 36, 445–455. 

Meng, Z., Dong, J., Ellis, E.C., et al., 2023. Post-2020 biodiversity framework challenged 
by cropland expansion in protected areas. Nat. Sustain. 6, 758–768. 

NASA, 2000. Shuttle Radar Topography Mission (SRTM). 
National Bureau of Statistics of China, 2021a. China Statistical Yearbook. China Statistics 

Press, Beijing.  
National Bureau of Statistics of China, 2021b. China City Statistical Yearbook. China 

Statistics Press, Beijing.  
National People’s Congress, PRC, 1984. Forest Law of the People’s Republic of China. 

https://www.gov.cn/ziliao/flfg/2005-09/27/content_70626.htm. 
National People’s Congress, PRC, 1985. Grassland Law of the People’s Republic of China. 

https://www.mee.gov.cn/ywgz/fgbz/fl/200212/t20021228_81958.shtml. 
National People’s Congress, PRC, 1988. Law of the People’s Republic of China on the 

Protection of Wildlife. https://www.mee.gov.cn/ywgz/fgbz/fl/202302/t2023022 
0_1016885.shtml. 

National People’s Congress, PRC, 2021. Wetlands Conservation Law of the People’s 
Republic of China. https://www.mee.gov.cn/ywgz/fgbz/fl/202112/t20211227_965 
347.shtml. 

Olson, D.M., Dinerstein, E., Wikramanayake, E.D., et al., 2001. Terrestrial ecoregions of 
the world: a new map of life on earth. BioScience 51, 933. 

Pearson, K., 1920. Notes on the history of correlation. Biometrika 7, 25–45. 
Phalan, B., Bertzky, M., Butchart, S.H.M., et al., 2013. Crop expansion and conservation 

priorities in tropical countries. PloS One 8, e51759. 
Phalan, B., Green, R.E., Dicks, L.V., et al., 2016. How can higher-yield farming help to 

spare nature? Science 351, 450–451. 
Pimm, S.L., Jenkins, C.N., Abell, R., et al., 2014. The biodiversity of species and their 

rates of extinction, distribution, and protection. Science 344, 1246752. 
Qi, F., Xie, H., Wang, G., 2019. Delineation and management of the three control lines in 

territorial spatial planning. China Land 397, 26–29. 
Qian, D., Cao, G., Du, Y., et al., 2019. Impacts of climate change and human factors on 

land cover change in inland mountain protected areas: a case study of the Qilian 
Mountain National Nature Reserve in China. Environ. Monit. Assess. 191, 486. 

Quan, J., Ouyang, Z., Xu, W., et al., 2009. Management effectiveness of China nature 
reserves: status quo assessment and countermeasures. Chin. J. Appl. Ecol. 
1739–1746. 

Ren, S., Song, C., Ye, S., et al., 2022. The spatiotemporal variation in heavy metals in 
China’s farmland soil over the past 20 years: a meta-analysis. Sci. Total Environ. 806, 
150322. 

Ren, S., Song, C., Ye, S., et al., 2023. Land use evaluation considering soil properties and 
agricultural infrastructure in black soil region. Land Degrad. Dev. 34, 5373–5388. 

Shaumarov, M., Toderich, K.N., Shuyskaya, E.V., et al., 2012. Participatory management 
of desert rangelands to improve food security and sustain the natural Resource Base 
in Uzbekistan. In: Squires, V. (Ed.), Rangeland Stewardship in Central Asia. Springer, 
Netherlands, Dordrecht, pp. 381–404. 

Silva, H.P., Boscolo, O.H., Nascimento, G., et al., 2005. Biodiversity conservation and 
human well-being: challenges for the populations and protected areas of the 
Brazilian Atlantic Forest. EcoHealth 2, 333–342. 

State Council, PRC, 1994. Regulations of the People’s Republic of China on nature 
reserves. https://www.mee.gov.cn/ywgz/fgbz/xzfg/201805/t20180516_440442.sh 
tml. 

State Council, PRC, 1996. Regulations of the People’s Republic of China on the 
protection of wild plants. https://gkml.samr.gov.cn/nsjg/bgt/202106/t202 
10615_330771.html. 

Sun, Y., Liu, S., Liu, Y., et al., 2021. Effects of the interaction among climate, terrain and 
human activities on biodiversity on the Qinghai-Tibet Plateau. Sci. Total Environ. 
794, 148497. 

Tang, X., Jiang, Y., Liu, Z., et al., 2019. Top-level design of the natural protected area 
system in China. For. Resour. Manag. 1–7. 

Tilman, D., Fargione, J., Wolff, B., et al., 2001. Forecasting agriculturally driven global 
environmental change. Sci. New Ser. 292, 281–284. 

UN, 2015. Sustainable Development Goals. 
UNEP-WCMC, IUCN, 2023. Protected Planet: The World Database on Protected Areas. 

https://www.protectedplanet.net. 
Vijay, V., Armsworth, P.R., 2021. Pervasive cropland in protected areas highlight trade- 

offs between conservation and food security. Proc. Natl. Acad. Sci. 118, 
e2010121118. 

Volis, S., 2018. Securing a future for China’s plant biodiversity through an integrated 
conservation approach. Plant Divers. 40, 91–105. 

Wade, C.M., Austin, K.G., Cajka, J., et al., 2020. What is threatening forests in protected 
areas? A global assessment of deforestation in protected areas, 2001–2018. Forests 
11, 539. 

Wan, L., Zhang, Y., Zhang, X., et al., 2015. Comparison of land use/land cover change 
and landscape patterns in Honghe National Nature Reserve and the surrounding 
Jiansanjiang region, China. Ecol. Indic. 51, 205–214. 

B. Du et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0045
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0045
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0045
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0050
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0055
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0055
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0060
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0060
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0065
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0065
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0065
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0070
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0070
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0070
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0075
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0075
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0080
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0080
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0085
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0085
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0085
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0090
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0090
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0095
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0095
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0100
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0100
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0105
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0105
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0110
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0110
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0110
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0115
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0115
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0115
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0120
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0120
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0120
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0125
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0125
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0130
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0130
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0135
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0135
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0140
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0140
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0145
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0145
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0150
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0150
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0155
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0155
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0155
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0160
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0160
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0160
http://www.iucnredlist.org
http://www.iucnredlist.org
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0170
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0170
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf5000
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf5000
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf5000
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0175
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0175
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0180
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0185
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0185
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0190
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0190
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0195
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0195
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0200
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0200
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0205
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0205
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0205
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0210
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0210
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0215
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0215
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0215
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0220
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0220
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0220
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0225
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0225
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0230
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0230
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0235
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0235
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0235
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0240
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0240
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0245
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0245
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0245
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0250
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0250
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0255
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0260
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0260
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0265
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0265
https://www.gov.cn/ziliao/flfg/2005-09/27/content_70626.htm
https://www.mee.gov.cn/ywgz/fgbz/fl/200212/t20021228_81958.shtml
https://www.mee.gov.cn/ywgz/fgbz/fl/202302/t20230220_1016885.shtml
https://www.mee.gov.cn/ywgz/fgbz/fl/202302/t20230220_1016885.shtml
https://www.mee.gov.cn/ywgz/fgbz/fl/202112/t20211227_965347.shtml
https://www.mee.gov.cn/ywgz/fgbz/fl/202112/t20211227_965347.shtml
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0290
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0290
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0295
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0300
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0300
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0305
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0305
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0310
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0310
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0315
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0315
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0320
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0320
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0320
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0325
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0325
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0325
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0330
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0330
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0330
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf5005
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf5005
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0335
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0335
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0335
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0335
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0340
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0340
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0340
https://www.mee.gov.cn/ywgz/fgbz/xzfg/201805/t20180516_440442.shtml
https://www.mee.gov.cn/ywgz/fgbz/xzfg/201805/t20180516_440442.shtml
https://gkml.samr.gov.cn/nsjg/bgt/202106/t20210615_330771.html
https://gkml.samr.gov.cn/nsjg/bgt/202106/t20210615_330771.html
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0355
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0355
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0355
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0360
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0360
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0365
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0365
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0370
https://www.protectedplanet.net
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0380
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0380
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0380
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0385
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0385
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0390
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0390
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0390
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0395
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0395
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0395


Science of the Total Environment 912 (2024) 169102

15

Wang, Z., Jiang, M., Zhu, G., et al., 2004. Comparison of Chinese nature reserve 
classification with IUCN protected area categories. J. Ecol. Rural Environ. 72–76. 

Wang, W., Li, J., Zhang, X., et al., 2005. The discussion on the management of Sanjiang 
Natural Reserve. Territ. Nat. Resour. Study 02, 62–63. 

Wang, Y., Song, C., Cheng, C., et al., 2023. Modelling and evaluating the economy- 
resource-ecological environment system of a third-polar city using system dynamics 
and ranked weights-based coupling coordination degree model. Cities 133, 104151. 

Watson, J.E.M., Dudley, N., Segan, D.B., et al., 2014. The performance and potential of 
protected areas. Nature 515, 67–73. 

Watson, J.E.M., Darling, E.S., Venter, O., et al., 2016. Bolder science needed now for 
protected areas: protected-area science needs. Conserv. Biol. 30, 243–248. 

Wu, R., Zhang, S., Yu, D.W., et al., 2011. Effectiveness of China’s nature reserves in 
representing ecological diversity. Front. Ecol. Environ. 9, 383–389. 

Xie, Y., Gan, X., Yang, W., 2014. Strengthening the legal basis for designating and 
managing protected areas in China. J. Int. Wildl. Law Policy 17, 115–129. 

Xu, X., 2017. China Population Spatial Distribution 1 Km Grid Dataset. 
Xu, X., Liu, L., 2017. China Farmland Production Potential Dataset. 
Xu, J., Melick, D.R., 2007. Rethinking the effectiveness of public protected areas in 

southwestern China. Conserv. Biol. 21, 318–328. 
Xu, J., Wilkes, A., 2004. Biodiversity impact analysis in Northwest Yunnan, Southwest 

China. Biodivers. Conserv. 13, 959–983. 
Xu, J., Chen, L., Lu, Y., et al., 2006. Local people’s perceptions as decision support for 

protected area management in Wolong Biosphere Reserve, China. J. Environ. 
Manage. 78, 362–372. 

Xu, J., Sun, G., Liu, Y., 2014. Diversity and complexity in the forms and functions of 
protected areas in China. J. Int. Wildl. Law Policy 17, 102–114. 

Xu, W., Li, X., Pimm, S.L., et al., 2016. The effectiveness of the zoning of China’s 
protected areas. Biol. Conserv. 204, 231–236. 

Xu, W., Pimm, S.L., Du, A., et al., 2019a. Transforming protected area management in 
China. Trends Ecol. Evol. 34, 762–766. 

Xu, J., Wei, J., Liu, W., 2019b. Escalating human–wildlife conflict in the Wolong Nature 
Reserve, China: a dynamic and paradoxical process. Ecol. Evol. 9, 7273–7283. 

Yang, Y., Xiao, P., Feng, X., et al., 2017. Accuracy assessment of seven global land cover 
datasets over China. ISPRS J. Photogramm. Remote Sens. 125, 156–173. 

Yao, J., Xu, P., Huang, Z., 2021. Impact of urbanization on ecological efficiency in China: 
an empirical analysis based on provincial panel data. Ecol. Indic. 129, 107827. 

Ye, S., Zhu, D., Yao, X., et al., 2014. Development of a highly flexible mobile GIS-based 
system for collecting arable land quality data. IEEE J. Sel. Top. Appl. Earth Obs. 
Remote Sens. 7, 4432–4441. 

Ye, S., Liu, D., Yao, X., et al., 2018. RDCRMG: a raster dataset clean & reconstitution 
multi-grid architecture for remote sensing monitoring of vegetation dryness. Remote 
Sens. (Basel) 10, 1376. 

Ye, S., Song, C., Shen, S., et al., 2020. Spatial pattern of arable land-use intensity in 
China. Land Use Policy 99, 104845. 

Ye, S., Ren, S., Song, C., et al., 2022a. Spatial patterns of county-level arable land 
productive-capacity and its coordination with land-use intensity in mainland China. 
Agric. Ecosyst. Environ. 326, 107757. 

Ye, S., Song, C., Gao, P., et al., 2022b. Visualizing clustering characteristics of 
multidimensional arable land quality indexes at the county level in mainland China. 
Environ. Plan. Econ. Space 54, 222–225. 

Yu, Z., Lu, C., 2018. Historical cropland expansion and abandonment in the continental 
U.S. during 1850 to 2016. Glob. Ecol. Biogeogr. 27, 322–333. 

Zabel, F., Putzenlechner, B., Mauser, W., 2014. Global agricultural land resources – a 
high resolution suitability evaluation and its perspectives until 2100 under climate 
change conditions. PloS One 9, e107522. 

Zhang, L., Luo, Z., Mallon, D., et al., 2017. Biodiversity conservation status in China’s 
growing protected areas. Biol. Conserv. 210, 89–100. 

Zhang, G., Shen, D., Ming, B., et al., 2019. Using irrigation intervals to optimize water- 
use efficiency and maize yield in Xinjiang, Northwest China. Crop J. 7, 322–334. 

Zhang, S., Gheyret, G., Chi, X., et al., 2020. Representativeness of threatened terrestrial 
vertebrates in nature reserves in China. Biol. Conserv. 246, 108599. 

Zhao, R., Jiang, P., Zhao, H., et al., 2013. Effect of land use/cover change on landscape 
fragmentation of Zhangye Heihe National Wetland Nature Reserve. J. Nat. Resour. 
28, 583–595. 

Zhao, T., Miao, C., Wang, J., et al., 2022. Relative contributions of natural and 
anthropogenic factors to the distribution patterns of nature reserves in mainland 
China. Sci. Total Environ. 847, 157449. 

Zhu, Z., Ma, Y., Liu, Z., et al., 1999. Endemic plants and floristic characteristics in 
Alashan-Ordos biodiversity center. J. Arid Land Resour. Environ. 13, 1–16. 

Zhu, P., Cao, W., Huang, L., et al., 2019. The impacts of human activities on ecosystems 
within China’s nature reserves. Sustainability 11, 6629. 

B. Du et al.                                                                                                                                                                                                                                       

http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0400
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0400
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0405
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0405
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0410
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0410
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0410
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0415
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0415
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0420
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0420
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0425
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0425
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0430
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0430
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0435
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0440
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0445
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0445
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0450
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0450
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0455
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0455
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0455
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0460
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0460
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0465
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0465
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0470
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0470
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0475
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0475
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0480
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0480
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0485
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0485
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0490
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0490
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0490
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0495
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0495
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0495
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0500
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0500
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0505
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0505
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0505
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0510
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0510
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0510
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0515
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0515
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0520
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0520
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0520
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0525
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0525
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0530
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0530
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0535
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0535
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0540
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0540
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0540
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0545
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0545
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0545
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0550
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0550
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0555
http://refhub.elsevier.com/S0048-9697(23)07732-X/rf0555

	Analyzing spatial patterns and driving factors of cropland change in China’s National Protected Areas for sustainable manag ...
	1 Introduction
	2 Materials and methods
	2.1 Data and study area
	2.2 Pearson correlation coefficient (PCC)
	2.3 Multiple linear regression (MLR)

	3 Results
	3.1 Changes in spatial and temporal patterns of cropland in NPAs
	3.2 The relationship between cropland density inside and outside NPAs
	3.3 Covariance of cropland density-species richness in NPAs
	3.4 The combined effect of natural-economic-social factors driving cropland density in NPAs

	4 Discussion
	4.1 Patterns of cropland expansion in NPAs
	4.2 Regional cropland management measures should be developed
	4.3 Challenges of achieving effective control of future protected areas

	5 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Data availability
	Acknowledgments
	Appendix A Supplementary data
	References


