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Landscape evolution in China’s 
key ecological function zones 
during 1990–2015
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Landscape evolution has profound effects on ecosystems. Recently, some studies suggest that China 
has implemented plans leading in the greening of the world by mainly describing the changes based 
on satellite data. However, few studies have analyzed the policy effect on ecosystem improvement 
from the perspective of landscape pattern evolution. Among the numerous ecological policy plans, 
China’s key ecological function zones plan is an important one. In this study, we focus on depicting 
the long-term and large-scale landscape evolution in China’s key ecological function zones, which are 
accounting for 40.2% of China’s land area, and include four-type ecoregions where ecosystems are 
fragile or important, to comprehensively explore the environmental influences of policy planning. 
For this purpose, we first described the landscape composition changes and conversion mechanisms 
in China’s key ecological function zones from 1990 to 2015. Then we captured the detailed pattern 
evolution characteristics by landscape indices. The results show that these ecoregions were mostly 
evolving in an unfavorable direction in these 25 years, i.e. destruction of habitats and increment of 
fragmentation. Although greening areas increased based on other recent researches, the landscape 
pattern became worse, indicating it is necessary for the detailed analysis of landscape ecology and 
more accurate ecological planning. We also found the deterioration of the ecological environment had 
been uncharacteristically stopped or even improved in wind prevention and sand fixation ecoregions 
and biodiversity maintenance ecoregions after the implementation of this plan. Furthermore, we 
assumed that the policy is more prominent in these prohibiting sabotages and protecting areas with 
fragile ecological bases, which may be caused by the differentiated transfer payments in different 
ecoregions. Finally, some planning suggestions, such as stricter land use control, the regional balance 
of ecological transfer payments and deepening of ecological migration policies, etc., were proposed 
for promoting better future environmental changes.

In the worldwide landscape evolutions, the ecological environment has been severely damaged, resulting in a 
series of ecological problems such as habitat losses, climate changes, and reductions of biodiversity1–7. These 
landscape evolutions may be caused by deforestation, water loss, cropland and urban expansion, which is to 
supply the resources needed for human interests8–13. Several recent researches revealed that the important eco-
logical landscape of forest in the world has increased significantly based on satellite data, and China have made 
considerable contributions to such increases14–17.

China’s ecological environment has been receiving global attention, mainly because of its diversity and com-
plexity, as well as its profound impact on global ecological environment18–20. China has also taken many actions 
to protect and enhance the particular ecological environment16,21–26. Among them, China’s key ecological func-
tion zones (hereinafter referred to as KEZs) based on four-type ecoregions (see section “Study area and data”) is 
also an important measure aiming to implement ecological sustainable development, through ecological invest-
ment and regional plan for protecting and improving the ecological environment25. Numerous countries regard 
ecologically protected areas as an effective way of protecting the ecological environment in ecoregions27,28. The 
ecologically protected areas are basically built in the ecoregions with particular ecological characteristics29–32. 
An ecoregion can be defined as a region with relatively homogeneous ecosystems at any spatial scales33. Ecore-
gions are thus constantly changing in terms of the biotic and abiotic ecosystem characteristics34. The landscape 
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evolutions of KEZs, which are accounting for 40.2% of China’s land area and include four-type ecoregions with 
different ecological features. Nevertheless, existing researches focused on deductively depicting the amount (or 
area) changes in a single landscape, while lacking a description of the evolutionary characteristics of the spatial 
patterns of the landscape.

As ecological landscape area reduction is harmful to the ecosystem, habitat fragmentation is also harmful 
in terms of ecosystem services3,4,6,35–39. Habitat fragmentation is generally identified as the process of breaking 
apart of habitat with roughly following spatial characteristics: (a) reduction in fragment area, (b) increase in 
isolation, and (c) increase in exposed edges of habitat patches40–42. In the past, many researchers assumed both 
effects of habitat loss and fragmentation are confusing because of past nonmanipulative studies, and even multiple 
simultaneous effects over long time scales of fragmentation per se are unclear43–45. However, through several 
long-term repeatable experiments by controlling for confounding factors, impacts of habitat fragmentation are 
proved to be strong and typically degrading on biodiversity and ecological processes independent of habitat loss46. 
In detail, reduced fragment area, increased isolation, and increased edge these three aspects of fragmentation 
have detrimental effects on diverse ecological functions4. Therefore, it is desirable to depict the landscape pattern 
evolution with both area and pattern for comprehensively understanding the ecological environment changes.

The description of the landscape pattern evolution can be done using the landscape indices47–50. Most land-
scape indices are derived from statistical theory, information theory and fractal geometry51–53. Moreover, land-
scape indices have been widely applied for depicting the ecological process by measuring landscape composition 
and configuration54,55. Some of them have excellent performance in measuring spatial characteristics, i.e. area, 
edge and spatial relationship between patches, which can be used to reflect the aspects of fragmentation process.

In summary, it is important to reveal for comprehensively understanding the change characteristics of envi-
ronment and exploring whether policy plan will better transform ecosystems in KEZs. In this study, we adopt 
verified landscape indices to depict the long-term and large-scale landscape evolution characteristics in KEZs 
from 1990 to 2015. Thus, we discussed the question of whether the ecological pattern is really getting better in 
the context of China becoming green. Moreover, the ecological impact of KEZs plan is discussed to reveal the 
effects of policy planning.

Study area and data
KEZs consist of 436 county-level administrative districts with a total area accounting for 40.2% of China’s land 
area as shown in Fig. 125. The KEZs protect the regional ecological environment by adapting to the local ecological 
characteristics of four- type ecoregions, e.g. wind prevention and sand fixation ecoregions (hereinafter referred 
to as WPSFs), biodiversity maintenance ecoregions (hereinafter referred to as BMs), soil and water conservation 
ecoregions (hereinafter referred to as SWCs) and water source conservation ecoregions (hereinafter referred to as 
WSCs). The WPSFs refer to ecoregions with high sensitivity to serious desertification and frequent occurrence of 
sandstorms, mainly located in the northern part of China. The BMs refer to the ecoregions as major habitats of 
endangered rare animals and plants, mainly located in the southwest of China. The SWCs refer to the ecoregions 
need maintain water and soil functions because of serious soil erosion, mainly located in South Central China. 
The WSCs refer to the ecoregions as sources of important rivers and important water supply areas in China, 
mainly located in the northeast, central and southeastern parts of China.

The land use maps of China in 1990, 2000, 2005, 2010 and 2015 were provided by Data Center for Resources 
and Environmental Sciences, Chinese Academy of Sciences54. The original classification of land use types includes 
6 first-level types (i.e., forest, grassland, cropland, water, built-up land and unused land). Among them, the 
unused land includes sandy land, Gobi, salina, bare land, alpine desert and tundra. Moreover, the forest and 
grassland are considered as major habitats for animals and plants, and the cropland is generally considered as a 
hospitable matrix. In this study, we employed the 6 landscape types and divided five time points into four peri-
ods, i.e. T1 (1990–2000), T2 (2000–2005), T3 (2005–2010) and T4 (2010–2015), to evaluate evolution process 
in landscape patterns.

Methodology
As the landscape indices has been shown to be an effective measure of landscape fragmentation, we selects the 
landscape indices to describe the spatial characteristics of the landscape pattern evolution for KEZs46,57,58.

In this study, we use the type-level indices, because landscape-level indices contain information which is 
not crucial to the habitat class-level specific response variables59. When selecting the landscape indices, we also 
considered the following three principles: (1) widely used and recognized; (2) relatively independent of each 
other to avoid confusion; and (3) easy to calculated, so that it can be used in KEZs with large areas. Finally, in 
addition to landscape amount (class area, CA), we selected seven indices based on three aspects of fragmenta-
tion, i.e., (1) patch size: the largest patch index (LPI) and mean patch area (MN_AREA), (2) isolation: number of 
patches (NP) and patch cohesion index (COHESION), (3) edge: total edge (TE) and area-weighted mean shape 
index (AM_SHAPE). Moreover, a comprehensive index of reflecting the fragmentation, i.e., effective mesh size 
(MESH) is also be selected. In particular, the MESH, representing an intensive and area-proportionately addi-
tive measure, proves to be well suited for comparing the fragmentation of regions with differing total size60. The 
detailed explanations of all eight landscape metrics are shown in Table 1.

All of the above eight indices are already widely used and recognized in various regions in measuring 
fragmentation61–64. Then, the selected indices have been confirmed to better describe the landscape pattern 
characteristics with low redundancy57,59. In practice, the spatial pattern analysis program “Fragstats” provides a 
good help to calculate the landscape indices in KEZs with large areas48.
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Figure 1.   The position and landscape classes of four-type ecoregions in KEZs. The four ecoregions, which 
are made up of county-level administrative districts25, are shown in different marks. The map was created in 
ArcMap 10.7 (www.​arcgis.​com). The base map was supervised by the Ministry of Natural Resources of the 
People’s Republic of China, with review map number is GS (2019) 1673. Land use data for China from 1990 to 
2015 were provided by Data Center for Resources and Environmental Sciences, Chinese Academy of Sciences56.

Table 1.   Detailed explanations of eight landscape metrics.

Metrics (Abbreviation) Formula Description

Total class area (CA) CA =
n
∑

j=1

aij
(

1
1000000

)

i means the landscape class i. aij is area (m2) of patch j in i. n is total number of 
patches in i. CA equals the sum of the areas (m2) of all patches, divided by 10,000 
(to convert to square kilometre); that is, total class area. Class area is a measure of 
landscape composition

Largest patch index (LPI) LPI =
maxnj=1(aij)

A (100)

A is total landscape area (m2). LPI at the class level quantifies the percentage of total 
landscape area comprised by the largest patch. As such, it is a simple measure of 
dominance

Mean area (MN_AREA) MN_AREA =

∑n
j=1 aij

10000nj

MN_AREA equals the mean area of the patches in landscape i, divided by 10,000 
(to convert to hectares, software default). Mean area is a measure of patch scale in 
landscape i combining the information of class area and patches number

Number of patches (NP) NP = ni

ni is number of patches in i. NP equals the number of patches of the corresponding 
landscape class. Number of patches type is a simple measure of the extent of subdivi-
sion or fragmentation of the patch type

Patch cohesion index (COHESION) COHESION = 100

[

1−

∑n
j=1 eij

∑n
j=1 eij

√
aij

]

[

1− 1
√
Z

]−1

Z is the total number of grids in the landscape i. 0 < COHESION < 100. COHE-
SION approaches 0 as the proportion of the landscape comprised of the focal class 
decreases and becomes increasingly subdivided and less physically connected. 
COHESION increases monotonically as the proportion of the landscape comprised 
of the focal class increases until an asymptote is reached near the percolation 
threshold

Total edge (TE) TE =

n
∑

j=1

eij eij is total length (m) of edge in landscape i. TE equals the sum of the lengths (m) of 
all edge segments involving the corresponding landscape type

Area-weighted Mean Shape Index (AM_SHAPE) AM_SHAPE =
∑n

j=1

[

0.25eij
√
aij

(

aij
∑n

j=1 aij

)]

Shape index corrects for the size problem of the perimeter-area ratio index by 
adjusting for a square standard and, as a result, is the simplest and perhaps most 
straightforward measure of shape complexity. Area-weighted mean shape index also 
takes into account the impact of different patch size

Effective mesh size (MESH) MESH =

∑n
j=1 a

2
ij

10000A

MESH equals the sum of patch area squared, summed across all patches of the 
corresponding patch type, divided by the total landscape area (m2), divided by 
10,000 (to convert to hectares, software default). The area squared of all patches in 
landscape i divided by the entire landscape area, describing landscape fragmenta-
tion. Higher values of MESH represent a lower degree of fragmentation

http://www.arcgis.com
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Results
The changes of landscape area in KEZs
The study analyzed the changes in landscape areas in KEZs during the period of 1990–2015 to gain insight into 
the ecological environment. The analysis revealed that grassland, forest, and unused land were the dominant 
landscape classes in all five time points, while cropland, water, and built-up land were less prevalent. This sug-
gests that the KEZs are mainly comprised of beneficial ecological landscapes, such as habitats, but also contain a 
significant amount of unused land, which may result in a fragile ecological environment. Detailed information 
on the landscape class areas and their distribution is provided in Fig. 2a and Table 1 (Appendix).

The areas of different landscape classes were changing with unequal characteristics. During the study periods, 
the amount of landscapes growths and the corresponding reductions are shown in Fig. 2b. In the T1 period, the 
areas of forest, grassland and unused land were decreased whereas cropland and water were increased. Relative to 
the negligible landscape changes during the T2 period, the changes of the T3 were huge. In the T3 period, most 
landscape classes had increased, but a huge amount of grassland disappeared. In the T4 period, the main change 
was the reduction of habitats, e.g. grassland and forest, accompanied by an increment in cropland.

Thus, the largest change in landscape area occurred in the T3 period, while landscape area changes were 
smaller in other periods. The main changes of landscape areas were reduction of grassland, and growth of unused 
land. The general reduction of grassland with increase of cropland and unused land indicates that the ecological 
environment of entire protection areas were frangible especially for the grassland.

Since the four ecoregions of EFZs have different ecological features, we should depict their landscape area 
evolutions in depth for protecting and exerting their ecological function reasonably. The landscape compositions 
of four type ecoregions in 1990–2015 are represented in Fig. 3 and Tables 2–5 (Appendix). There are differences 
in the main landscapes in each ecoregion as shown below: (a) grassland and unused land in WPSFs, (b) grass-
land and forest in BMs, (c) forest, grassland and cropland in SWCs, and (d) grassland, forest and unused land 
in WSCs. The habitats, i.e. forests and grasslands, are the main landscape components in all ecoregions except 
WPSFs. These results indicate that the ecological landscape of WPSFs is fragile. Moreover, the grassland of BMs 
had been severely damaged during the T3 period while other ecoregions seemed to have little changed.

The detail landscape area changes in the four ecoregions are shown with Fig. 4. In WPSFs, the landscape area 
changes mainly occurred in the T1 and T3 periods. Grassland was constantly decreased, while another main 
landscape unused land had a tortuous growth. The cropland was increased in all the four periods and had the 
largest increase among all the six landscapes. Besides, the increase of forest occupied in T1 and T3. In BMs, 
landscape area changes mainly happened in the T3. This was mainly caused by the reduction of the grassland and 
the increase of unused land. There was still a small increase of water and forest. In SWCs, the forest was largely 
increased in the T2 and T3, while the grassland was extensively decreased in T1 but increased in T3. The cropland 
was declined in all periods except for the T1. In WSCs, the landscape area changes were significantly occurred 
except for the T2. The dominant landscape classes, grassland and forest were constantly decreased. Conversely, 
the cropland was increased in all four periods, while the unused land was evidently increased in the T3 and T4.

Landscape transformation characteristics in KEZs
We further acquired the detail transformation information to depict the evolution characteristics of the four 
ecoregions. The spatial pattern of the landscape conversions in four-type ecoregions during 1990–2015 are shown 
in Figs. 5, 6, 7 and 8, and the details of the landscape transformations are represented in Tables 6–21 (Appendix). 
The total landscape conversion area in the four periods is 63,714.02 km2, 72,403.09 km2, 704,797.60 km2 and 
104,770.09 km2 respectively, showing the trend of rising during T1-3 and decreasing in T4. This is inconsist-
ent with the change of landscape area (Fig. 2), especially in the T2, indicating that the deeper transformations 
between landscapes is more complicated than their final performance in areas.

To reveal the landscape transformation characteristics of four-type ecoregions, we recorded the landscape 
transformation process in detail. In WPSFs, grassland and unused land were not only the main turning-out 

Figure 2.   Entire KEZs landscape areas and its changes in different periods.
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landscape classes, but also the main turning-in landscape during 1990–2015, which are shown in Fig. 5 and 
Tables 7–10 (Appendix). In the four periods, the area transferred from grassland accounted for about 50% of the 
total conversion areas, which were 30,149.79 km2, 9252.35 km2, 217,039.30 km2 and 21,541.26 km2 respectively. 
However, the turning-out proportion of grassland continued to decline, while the turning-in proportion was 
continuously increased. Moreover, the turning-in area compensated for the turning-out area of grassland in T4. 
In all four periods, the turning-out grassland was basically transformed into cropland and unused land in turn.

The landscape transformations of BMs during 1990–2015 were complex, which are shown in Fig. 6 and 
Tables 11–14 (Appendix). The total conversion areas were 7885.62 km2, 50,084.42 km2, 313,461.52 km2 and 
23,823.32 km2 respectively in four periods. During T1, the grassland, forest and unused land were the main 
turning-out classes. A large amount of forest was transformed to grassland followed by cropland, while grassland 
and unused land were mainly converted to cropland. In the T2 period, a great deal of mutual transformation 
had occurred in forest, grassland and cropland. This was the reason why the landscape area seemed not changed 
(Fig. 4 BMs). Then in the T3, large-scale conversion of grassland was converted to unused land. In the T4 period, 
the mutual transformation of most landscape classes made the overall dynamic balance except for the increasing 
turning-in proportion of built-up land. Among the four periods, the turning-out and turning-in area of landscape 
conversion often achieved dynamic balance, although the landscape conversion was dramatic in BMs. However, 
during the T3, a large number of grassland was severely degraded into unused land breaking this balance.

In SWCs, the main turning-out and turning-in landscape classes were both cropland, grassland and crop-
land, which are shown in Fig. 7 and Tables 15–18 (Appendix). The total transformation areas in SWCs were 
3067.76 km2, 4914.41 km2, 9017.70 km2 and 10,174.85 km2 respectively in four periods. The turning-out of 
grassland was the most intense followed by forest and cropland in the T1, but the cropland became the most 
intense one since the T2. The transformation from grassland to cropland occupied the main position of crop-
land conversion in the T1. The conversion from cropland to grassland had gradually increased and occupied a 
major position during T2-4. Besides, a large proportion of cropland was suddenly transformed to forest in T2, 
but then this conversion was gradually reduced. The sudden increase in turning-out of cropland resulted in the 
enhancement of turning-in of forest in T2-T3. However, the incremental transformation of grassland and forest 
to cropland compensated the turning-out of cropland in T4.

In WSCs, the total conversion area was 22,610.84 km2, 8151.92 km2, 165,279.09 km2 and 49,230.59 km2 
respectively in each periods, showing a growth peak in T3, which are shown in Fig. 8 and Tables 19–22 (Appen-
dix). During four periods, the forest, grassland and unused land were the main turning-out classes. The forest 
was mainly converted to cropland and grassland in T1 and T2, but the conversion from forest to unused land was 
constantly increased. The grassland was mainly converted to cropland, unused land and forest, especially to the 
unused land in T3 and T4. The unused land was mainly transformed to grassland and then cropland during four 
periods. Moreover, the turning-out proportion of forest was gradually decreased during T1-4, and the turning-in 

Figure 3.   The landscape areas of four-type ecoregions in KEZs in five time point.
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proportion was increased first and then decreased. The turning-out proportion of grassland was continuously 
decreased while turning-in proportion was increased until T3, but the turning-in of grassland cannot always 
make up for the turning-out. The turning-out and turning-in of unused land were both increased. These trends 
had led to a continuous increase in total landscape change area from T2 (Fig. 4), especially in the T4, which had 
less conversion intensity than T3.

The evolution process of ecological landscape pattern
We calculated the selected landscape pattern indices based on section “Methodology” to depict the evolution 
of landscape pattern in each ecoregions, and the detailed results are shown in Tables 22–25 (Appendix). The 
habitats patterns of the WPSFs had undergone different evolutions from 1990 to 2015 as shown in Fig. 9. The 
grassland was the dominant habitat type in WPSFs (Fig. 3). The LPI, NP, COHESIOIN, TE, AM_SHAPE and 
MESH of grassland decreased to some extent, but the MN_AREA increased. These changes indicate that the 
grassland was continuously degraded and fragmented: (a) large grassland patches were constantly eroded; (b) 
the smaller grassland patches gradually were disappeared and cohesion was decreased causing high isolation; (c) 
the remaining patches boundaries were also eroded as the reduction of edge length. That is the fragmentation 
of grassland was intensified.

The NP of cropland was decreased, and the other landscape indices values were increased, indicating that 
the old patches of cropland were expanded outward and the cropland was agglomerated. The LPI of forest were 
decreased significantly, while the MN_AREA, AM_SHAPE, COHESION and MESH were increased. The NP 
and TE were increased first and then decreased, which represented that the forest had undergone a process from 
expansion to agglomeration but the largest forest patch was eroded.

The pattern characteristics of habitats in BMs during 1990–2015 were shown in Fig. 10. The LPI, MN_AREA, 
COHESION and MESH of grassland were decreased, but the NP, TE, and AM_SHAPE were increased, indicating 
that grassland was gradually degenerating and fragmentation as reduction of patch size and increment of isola-
tion and edge. For forest, the LPI, MN_AREA and MESH were decreased, while other landscape indices were 
almost increased, which indicates that the forest was developed towards fragmentation that mainly reflected in 
reduction of patch size and increased edge. The LPI, MN_AREA and MESH of cropland were increased obvi-
ously, while NP was decreased. That indicates the cropland had undergone consolidation and changed from 
discrete structure to agglomeration.

In the SWCs, the principal changes of forest were the reduction of MN_AREA, COHESION and MESH, 
but increment of NP and TE (Fig. 11). The forest had experienced continuous fragmentation. The landscape 

Figure 4.   The landscape area changes of four-type ecoregions in KEZs during four periods.
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indices of grassland had almost experienced large fluctuations in T1-3, which the NP, COHESION and MESH 
decreased first and then increased, while MN_AREA and TE were opposite. This indicates that the grassland 
was firstly towards fragmented because of the increment of isolation and edge caused by disappearance of small 
patches, but then the situation changed in the opposite direction in T3. In addition to the significant increase in 
the NP of cropland, other indices showed a downward trend, indicating that cropland had typical fragmentation 
characteristics during 1990–2015.

In WSCs, except for the increase of the LPI and MESH of grassland, other indices showed a downward trend, 
especially the TE and AM_SHAPE, indicating that the grassland was developing in the opposite direction of 
fragmentation mainly caused by increment of patch size and reduction of edge (Fig. 12). Except for the signifi-
cant increase in the NP and the TE of forest, the remaining indices were declining, indicating that the pattern 
of forest was significantly more fragmented from reduction of patch size and increment of isolation and edge. 
As for cropland, the NP, TE and AM_SHAPE were constantly increased, and LPI was significantly decreased, 
indicating the cropland was also more and more fragmented with landscape expansion.

Landscape evolution in KEZs during 1990–2015
WPSFs: destruction and deterioration of grassland
In the WPSFs, the main habitat type is grassland. The total area of grassland of was almost continuously destroyed, 
especially in the T3, but had a little increase in T4. Moreover, the pattern of grassland was constantly towards 
fragmentation. However, in T4, grassland had a slight trend of developing against fragmentation mainly caused 
by increment of patch size and reduction of isolation compared to T3.

On the contrary, the cropland had undergone a continuous process of agglomeration and expansion accord-
ing to the evolution of area and pattern during all four periods. The unused land was continuously expansion, 
especially in T3, but unused land was reduced in T4. The forest had undergone a process from expansion to 
agglomeration with growth of area mainly caused by the turning-in of grassland and cropland before T4, but the 
area of forest was reduced because of the increase of turning-out to grassland in T4.

BMs: increased fragmentation of habitats
The BMs is mainly composed of grassland and forest. The landscape transformations of BMs during 1990–2015 
were complex and easily approaching dynamic balance landscape resulting in landscape area seemed not changed. 
Nevertheless, substantial landscape area changes happened in the T3: the reduction of the grassland, the increase 
of unused land, a small increase of water and forest. That is because the large-scale conversion of grassland was 
converted to unused land.

Figure 5.   The landscape transformation in WPSFs during 1990–2015.
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The main trend of landscape pattern change of grassland was gradually towards fragmentation. This trend 
was the most intense in T3, but it had been ameliorated in T4 mainly caused by reduction of isolation and edge. 
Besides, the forest was developing towards fragmentation but this trend had also been alleviated in T4, which 
mainly caused by reduction of isolation in T4. However, the cropland had undergone consolidation and changed 
from discrete structure to agglomeration.

SWCs: the transformation from cropland to habitats
Most area of the SWCs is occupied by the forest, grassland and cropland. The area of forest had a large increase 
in the T2 and T3, but a slight decrease in T1 and T4. That is because, on the one hand, a large proportion of 
cropland was suddenly transformed to forest in T2, but then this conversion was gradually reduced. On the other 
hand, the turning-out proportion of grassland to forest was suddenly increased in T2. Moreover, the forest had 
experienced continuous fragmentation.

The grassland area was decreased in T1-2 but increased in T3-4. The pattern evolution of grassland was 
fragmented in T1-2, but towards opposite direction in T3. Moreover, the area of cropland was declined after the 
T1, and the pattern was continuously fragmented. Besides, the areas of water and built-up land had continued 
to increase and improved significantly compared to the initial stage. The growth of built-up land was mainly 
converted from cropland, and this growth became main landscape area change in T4.

WSCs: destruction of habitats
The WSCs is dominated by the grassland, forest and unused land. During 1990–2015, the area changes in WSCs 
were mainly the growth of cropland and unused land with the reduction of forest and grassland. Besides, the 
area of water was increased in T2-3, but decreased in T1 and T4.

The grassland was developing to against fragmentation since T4, which mainly caused by reduction of edge. 
The patterns of forest and cropland were becoming more and more fragmented, but the former was due to 
destruction, while the latter was due to expansion.

Discussions
Is China’s ecological environment really developing towards better?
Some recent large-scale studies revealed China is greening, which led in greening of the world. The net change 
in leaf area of China increased by 17.8% during 2000–2017, and this change accounts for 25% of the global net 
increase in leaf area14. Another research suggests that greening trend existed earlier (1982–2009) in China17. 
This growth of leaf area in China may mainly caused by the increase of forests and croplands. Based on the latest 

Figure 6.   The landscape transformation in BMs during 1990–2015.



9

Vol.:(0123456789)

Scientific Reports |         (2024) 14:2655  | https://doi.org/10.1038/s41598-024-52863-1

www.nature.com/scientificreports/

national forest inventory, China’s forest area had increased by about 3.19105 km2 during 1977–200865. Tree 
canopy of China had gained 34% from 1982 to 201615. As for the greening caused by cropland in China, it was 
mainly determined by the increase of harvest frequency, while the change of cropland area was relatively stable66. 
Therefore, China seemed to be greening intuitively, according to the analysis obtained by direct processing of 
satellite data.

According to above researches, the most noteworthy question is still difficult to answer: is China’s ecological 
environment really getting better under the background of China becoming green. The above long-time series 
and large-scale researches focused on the revelation of appearance based on statistical results by some indices, 
i.e. leaf area index, tree canopy cover, short vegetation, etc., which are direct calculated based on satellite data. 
The internal transformation mechanisms and detailed spatial characteristics of landscape classes are thus not 
depicted distinctly, which will lead to one-sided understanding of ecological environment change. Therefore, 
the long-term and large-scale characterization from a landscape perspective is still lacking, which will lead to a 
lack of a comprehensive understanding of China’s ecological changes.

In this study, the long-time series and large-scale landscape evolution in KEZs with detailed landscape clas-
sification is analyzed to depict more clearly how the ecological environment changed. The KEZs, which are 
accounting for 40.2% of China’s land area, can be used to reveal whether China’s ecological environment has 
become better. This is because the KEZs are the areas where ecosystems are fragile or have important ecological 
functions across the country. The previous results show the greening in China mainly occurs in the southeast14,17, 
which is rarely included in the KEZs. These greening areas themselves have the basis of climatic conditions con-
ducive to the ecological environment, which are close to the sea and belong to the monsoon climate. To better 
answer the question whether China’s ecological environment really has became better, it is necessary to reveal 
the ecological evolution of fragile and important areas, i.e. KEZs.

According to our results, we found a general evolving trend in all four type ecoregions of the KEZs: the eco-
logical environment of most of KEZs had gradually deteriorated until T3 (2005–2010), but this evolution state 
in WPSFs and BMs were mitigated and even in the opposite direction in T4 (2010–2015). That is, in WPSFs, the 
main ecological landscape, i.e. grassland, was gradually destruction and deterioration caused by expansions of 
cropland and unused land. Especially in T3, the grassland was substantially greatly damaged due to the erosion 
of unused land. Nevertheless, the grassland had an improvement on area and pattern in T4, which was resulted 
by the reduction of unused land and even forest. In BMs, the landscape area evolution was mostly dominated by 
dynamic balance except for T3 period, which the grassland was substantially deteriorated to unused land. The 
fragmentation of grassland and forest was gradually increasing, but both them had been alleviated in T4, while 
the pattern of cropland was constantly towards agglomeration. In SWCs, the landscape evolution was mostly 

Figure 7.   The landscape transformation in SWCs during 1990–2015.
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the transformation from cropland to forest and grassland with the fragmentation of cropland and forest after 
T1, but this trend became more and more weakening because of the increase of transformation of cropland to 
built-up land. The areas of water and unused land were constantly increased, but the grassland was always towards 
fragmentation except in T3. Moreover, the ecological environment in WSCs had been deteriorating, mainly 
manifested in the continuous conversion of forest and grassland to cropland and unused land. This trend made 
the grassland more agglomeration since T4, but made the forest more fragmentation.

In summary, the ecological environment evolution of KEZs was towards wore during 1990–2010. Although 
consistent with the results of some studies, the ecological environment has improved in some areas during 
2010–2015, the ecological condition is still not optimistic67. Hence, it is still hard to say that China’s ecological 
environment is developing in a good direction, because the landscape condition of the areas where ecosystems 
are fragile or have important ecological functions have not improved significantly.

The effects of KEZs plan
The KEZs plan, which is implemented in 2010, summarizes and identifies the ecoregions based on their historical 
ecological characteristics. From the perspectives of landscape pattern, the ecological environment in KEZs was 
increasingly unfavorable in 1990–2010, but most of the areas had been improved to varying degrees in 2010–2015 
after the implementation of KEZs plan. This result seems to be an evidence to confirm the positive impact of the 
human subjective activities, i.e. policy plan.

The KEZs plan is a strategic, basic and restrictive plan for China’s territory development plan. It is a powerful 
policy that is compiled by the State Council of China and implemented by the cooperation of various depart-
ments, which represents the determination of the Chinese government to protect the ecological environment. 
Some of the specific measurements have been taken to ensure the implementation. For example, the government 
implements ecological transfer payment, which is mainly used to strengthen the production capacity of ecological 
products in KEZs, especially the central and western KEZs. The central government had arranged a total of 251.3 
billion yuan in transfer payments from 2008 to 201568. Secondly, under the guidance of the plan, the competent 
authority shall strictly examine and approve, control and supervise the use of land. Specifically, it is manifested 
in limiting the spatial scope of construction land development, gradually reducing the space occupied by rural 
residential areas, and freeing up more space for maintaining the virtuous cycle of the ecosystem, and so on, 
Moreover, the government implements an active population withdrawal policy to guide a part of the population 
to transfer to urbanized areas. While improving the lives of local residents, the interference of human activities 
is restricted to the greatest extent. Meanwhile, some existing ecological protected policies are coupled in KEZs, 

Figure 8.   The landscape transformation in WSCs during 1990–2015.
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i.e. the natural forest conservation program (NFCP), the grain to green program (GTGP), returning farmland to 
lakes and other measures. These measures have been proven to have positive ecological and social significance20,21. 
Besides, there are also more measures have been taken for the implementation of KEZs25.

For detailed depicting the influence of this policy, we thus compare the landscape evolution characteristics 
between before and after the implementation of the KEZs. In all KEZs, the grassland was greatly degraded during 
the T3 period, but this degradation was curbed during after the implementation of KEZs plan (Fig. 2b). We also 
find the landscape evolution characteristics in WPSFs are obviously differentiated between T3 (2005–2010) and 
T4 (2010–2015), and three prominent areas are as shown in Fig. 13. In T3, grassland was seriously and generally 
eroded by unused land with reduction of area and fragmentation (Fig. 13a and d). This general trend remained 
unchanged, although some areas had a little growth and connection of grassland (Fig. 13b and e). The water 
area had also been reduced to some extent, but forest had been increased transformed from grassland (Fig. 13c 
and f). It should be noted that this was basically the common evolution trend of grassland in T1-3. However, 
this trend of grassland had been stopped (Fig. 13d and g), and even developed in the opposite direction, i.e. the 
net increase and concentration (Fig. 13e and h) after the implementation of the KEZs plan. It is a pity that some 
forests are degraded into grasslands (Fig. 13f and i). Therefore, the long-term grassland evolution trend had been 
changed, and the area and pattern of the main habitat landscape grassland had been improved. This is a huge 
ecological benefit for the WPSFs, which is dominated by unused land with a weak ecological landscape basis. 
Besides, in BMs, the continuous fragmentation of habitats (T1-3) and the large-scale deterioration of grassland 
to unused land (T3) were inhibited after the implementation of the KEZs plan.

However, the improved effect of this plan is not obvious in SWCs and WSCs during 2010–2015. The landscape 
evolution had not changed towards an improved favorable direction to enhance ecological function during T4 
(sections “SWCs: the transformation from cropland to habitats” and “WSCs: destruction of habitats”). Therefore, 

Figure 9.   The spatial characteristics of habitats in WPSFs during 1990–2015.
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due to the fragile ecological landscape basis of WPSFs and the severely deterioration of grassland of BMs during 
in T3 (Fig. 3), we assumed that the policy is more prominent in prohibiting sabotage and protecting areas with 
fragile ecological bases. This may also be related to the fact that more transfer payments have been received in 
these areas, because some or most of WPSFs and BMs are mainly located in the central and western part of China.

For promoting better evolutions in future KEZs, some measures, i.e., stricter land use control, regional balance 
of ecological transfer payments and deepening of ecological migration policies, etc., need to be implemented and 
deepened. In the WPSFs and the BMs, the erosion of farmland to grassland should be controlled on the basis of 
current evolution, especially in avoiding grassland fragmentation. In SWCs, the growth of built-up land should 
be constrained coordinating with the effective implementation of the programs of returning farmland to forest 
and grassland. In WSCs, Agricultural production activities at the cost of sacrificing habitats should be restricted, 
through the inclining ecological transfer payment to areas with less access before, i.e. WSCs, and deepening of 
ecological migration activities.

There are also some limitations in this study due to the available data. We only obtained the interpretation data 
of remote sensing satellites before 2015, so that our analysis of ecological environment focused on the depicting 
the ecological evolution in KEZs from a long-time and large-scale landscape perspective that we considered it 
is important and ignored by existing researches. Then the other ecological characteristics based on other data 
were not taken into account. The KEZs in this refers specifically to the key ecological function zones in limited 
development zones, not prohibited development zones where the zones are also including some key ecological 
function. This is because the key ecological function zones in prohibited development zones already has a good 
ecological foundation and were listed as national protection areas to protect at an earlier time. Furthermore, 
some counties have also been newly added to key ecological function areas in 2016, but we did not analyze these 
regions because the data limitations.

Figure 10.   The spatial characteristics of habitats in BMs during 1990–2015.
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Conclusions
For comprehensively exploring the environmental changes in China, especially in KEZs, it is desirable to depict 
the entire landscape pattern evolution. The conclusions and suggestions of landscape evolution in KEZs during 
1990–2015 are obtained as follows: (a) In WPSFs, the landscape evolution of WPSFs was mainly the destruction 
and deterioration of grassland caused by expansions of cropland and unused land. (b) In BMs, the grassland 
was substantially deteriorated to unused land especially in T3, and the fragmentation of grassland and forest 
was gradually increasing. (c) In SWCs, the landscape evolution was mostly the transformation from cropland 
to forest and grassland with the fragmentation of cropland and forest after T1. (d) In WSCs, the main landscape 
evolution was mostly the transformation from forest and grassland to cropland and unused land. Around the 
extensive invasion of grassland and forest, the occupation of grassland and forest by cropland should be stopped. 
(e) The entire KEZs ecological environment had gradually deteriorated, but most of the areas had been improved 
to varying degrees in 2010–2015 after the implementation of KEZs plan.

Even if some existing researches proved China is greening, it is still hard to say that China’s ecological envi-
ronment is developing in a good direction, because the landscape condition of the areas where ecosystems are 
fragile or have important ecological functions have not improved significantly. The government has adopted many 
measures to implement the plan, such as ecological transfer payment, land use control, population migration, 
coupling other environmental protection policies, etc. We found the impact of KEZs is more inclined to protect 
ecologically fragile areas than to improve the ecological environment of the original high-quality ecological 
service areas. This may be due to the fact that the more transfer payments have been received in the ecoregions 
in central and western part of China where the ecological environment is fragile. We also made some planning 
suggestions, such as stricter land use control, regional balance of ecological transfer payments and deepening of 
ecological migration policies, etc., were proposed for promoting better future environment changes according 

Figure 11.   The spatial characteristics of habitats in SWCs during 1990–2015.
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to local ecological evolution characteristics. Future research will conduct long-term and more comprehensive 
of ecological analysis in KEZs for depicting the continuous impact of this plan. The impact of this plan on the 
global scale will also be taken into account to analyze.

Figure 12.   The spatial characteristics of habitats in WSCs during 1990–2015.
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Figure 13.   Three sample areas in WPSFs in 2005, 2010 and 2015 for exploring the impact of KEZs plan on 
landscape evolution. (a–c) The sample areas in 2005, (d–f) in 2010 and (g–i) in2015. The areas where the 
landscape evolution were more prominent between the two points is signed by rectangular marks. The map was 
created in ArcMap 10.7 (www.​arcgis.​com).

http://www.arcgis.com
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Data availability
The land use maps of China that support this study are available for a fee from Resource and Environment Sci-
ence and Data Center (https://​www.​resdc.​cn/​DOI/​DOI.​aspx?​DOIID=​54).
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