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Abstract: Spatio-temporal change characteristic in leaf area index (LAI), gross primary productivity
(GPP), total leaf area and total carbon sequestration of terrestrial vegetation at different geographic
regions, provinces and land cover change types over China during 2000–2018 were clarified, respec-
tively. The net increase in total leaf area and carbon sequestration over China from 2000 to 2018 is
1.7491 × 106 km2 and 1957.36 TgC, and Southwestern part contributes the most with a contribution
of 25.3% for leaf area and 20.1% for carbon sequestration, respectively. The overall contribution
of northern provinces to enhanced carbon sequestration capacity is greater than that of southern
provinces, with a maximum for Inner Mongolia, even though southern provinces have a much higher
leaf area increase. The annual increase rates of LAI and GPP in returning cropland to forest–grassland
and artificial restoration of forest–grassland are higher than that of self-rehabilitation of rapid growth
stage for planted young vegetation. However, due to self-rehabilitation of forest–grassland has
the largest area percentage of 59%, it contributes the most to the increases of leaf area and carbon
sequestration among different land cover change types, except for northeastern China, where im-
proved farmland productivity is a dominant factor. It should be noted that the leaf area and carbon
sequestration exhibit upward trends in urbanized areas over China. whereas slight increasing and
even negative trends are also observed in southwestern, southern, and eastern China (e.g., Shanghai),
where artificial surface construction occupied more cropland during urbanization processing. Com-
pared with climatic factors, LAI is the dominant factor influencing GPP increases over China since
2000, and gradually weakened coupling relationship between LAI and GPP is observed from north
to south. For climatic factors, GPP is dominantly affected by precipitation in northern parts and by
solar radiation in southern parts.

Keywords: spatiotemporal change; leaf area; carbon sequestration; land cover change; China

1. Introduction

Terrestrial plants fix carbon dioxide into the total amount of organic compounds
through photosynthesis, which is called the total vegetation primary productivity or gross
primary productivity (GPP). Terrestrial ecosystems are the largest carbon sink and the basis
of food, fiber, and wood production [1]. The blade is an important medium for carbon
sequestration in the atmosphere and on land. The terrestrial carbon sequestration capacity
depends primarily on vegetation type, coverage, leaf area, and abundance. Leaf area index
(LAI) is defined as the total leaf surface area per unit area. It is related to climate and plant
function types and reflects the growth status of vegetation in the natural environment.
LAI is sensitive to fertility, tree age, and management and is an important vegetation
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structure parameter [2]. Long-term monitoring of LAI and GPP can provide reference on
the growth status of vegetation and the fixation capacity of the organic carbon in the natural
environment in a study area.

Regarding the methods of monitoring ecosystems, field sampling is a more accu-
rate ecological detection method. Through in-depth field investigations, the regional and
national ecological parameters can be better estimated [3]. The eddy covariance (EC) tech-
nique provides the CO2 flux within a few kilometers of the flux tower. It is the best method
for continuous measurement of the net ecosystem exchange, which can be used to calculate
the GPP by subtracting the simulated ecosystem respiration components [4,5]. The rapid
development of remote sensing techniques has resulted in the ability to obtain continuous
and consistent observations of large areas of vegetation, which has facilitated their broad
application in monitoring and predicting vegetation dynamics [6,7]. Multiple long-term
vegetation remote sensing products have been developed using different methods, for
example, the Advanced Very High Resolution Radiometer (AVHRR) series [8], Global Land
Surface Satellite (GLASS) series [9], and Moderate Resolution Imaging Spectroradiometer
(MODIS) series [10]. These remote sensing products can represent the spatiotemporal
variation characteristics of vegetation well and have become an important tool for studying
the human living environment and the Earth.

China has a diverse ecological composition with a complex relationship between man
and land [11]. Since the 2000s, to cope with the loss and degradation of natural ecosystems
and strengthen the construction of ecological civilization, several large-scale ecosystem
restoration projects have been implemented in China [12,13]. Moreover, China has set the
goal of reaching its carbon peak by 2030 and becoming carbon neutral by 2060. Therefore,
in the field of sustainable development, the clarification of the ecological change pattern of
the related system services has become an important issue in addition to achieving carbon
neutrality and carbon peak on schedule.

In recent years, scholars have extensively researched the spatio-temporal variation
characteristics of LAI and GPP and their influencing factors. Hu et al. show that LAI in
China’s Three Norths region has increased significantly in recent years [14]. Ding et al.
found that urban expansion in southwestern China partially offset afforestation-driven
GPP growth [15]. Hu et al. found that the project of returning cropland to forest–grassland
has enabled southern China to achieve carbon benefits [16]. However, these studies in
China have mostly focused on a certain region, and the contribution of different regions
and provinces to changes in LAI and GPP at the national level has not been reported.

The results of previous research show that changes in vegetation structure and function
are mainly affected by two aspects: human activities [17] and climate change [18]. By
changing the land surface conditions, people have achieved comprehensive management
of various factors, including forests, water bodies, and roads; this has not only led to visual
changes in the land microenvironment but also caused differences in the contribution of
LUCC to the growth of the carbon sink [19,20]. For example, net gains in carbon stocks can
be realized by moving from low biomass land use systems (e.g., grasslands, agricultural
parks, and shrublands) to tree-based systems [21]. Therefore, land cover type changes
significantly impact terrestrial ecosystems, whereas the analysis of the contribution of LAI
and GPP changes in different land cover change areas to the whole country is currently
less. In addition, temperature (TEMP), precipitation (PRCP), and solar radiation (SR) also
play an important role in influencing the carbon sequestration of ecosystems by altering
surface conditions and hydrological cycles [22]. However, previous studies mostly focused
on a given geographic region; hence the insights into the correlation between GPP and LAI,
TEMP, PRCP, and SR in different regions and land cover change types are limited.

Therefore, the goals of this study were (1) to clarify the spatiotemporal patterns of the
LAI, GPP, and LUCCs in China from 2000 to 2018, (2) to explore the contributions of partial
changes in LAI and GPP in different regions, provinces and land cover change types to total
changes in LAI and GPP over China, respectively, (3) to compare the partial correlation
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between GPP and LAI, TEMP, PRCP, and SR in different regions and land cover change
types, respectively.

2. Materials and Methods
2.1. Study Area

China is characterized by complex and diverse terrain, various land use types, and
a range of climates and ecosystems. Mountains, plateaus, and hills account for about
67% of the land area, while the basins and plains account for only about 33% of the
land area [23]. The Qinling-Huaihe Line geographically divides China into southern
and northern sections, which have pronounced differences in natural conditions, farming
practices, and habitats. The annual precipitation in China gradually decreases from more
than 2000 mm·yr−1 along the southeast coast to less than 100 mm·yr−1 in the northwest
inland area. A series of ecological restoration projects were implemented in different regions
during the last few decades to improve the ecological environment, especially in northern
China. These projects significantly affected the vegetation type and growth conditions,
ultimately leading to geographical zonation of the leaf area and carbon sequestration of
the terrestrial vegetation across China. To demonstrate the spatial heterogeneity of the
vegetation dynamics, we divided China into seven regions: northeastern China (NE),
northern China (NC), northwestern China (NW), central China (CC), eastern China (EC),
southwestern China (SW), and southern China (SC) (Figure 1).
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Figure 1. Geographic map of China showing the different regions defined in this study and the flux
stations used in this study.

2.2. Data and Pre-Processing

The data information used in this article is shown in Table 1. The LAI time-series data,
with a spatial resolution of 500 m and temporal resolution of 8 days, from 2000 to 2018 were
accessed from the GLASS product [24] (http://glass-product.bnu.edu.cn/) on 20 October
2021, which has been validated using a large number of in-situ observations and has been
successfully applied in eco-hydrological research around the world [25]. The 8-day GPP
time series from 2000 to 2018 was obtained from the Penman-Monteith-Leuning (PML_V2)
product, with the same resolution as the LAI data [26] (https://data.tpdc.ac.cn). This
product has been proven to be noticeably better than most globe GPP products through

http://glass-product.bnu.edu.cn/
https://data.tpdc.ac.cn
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comparison with field observations from flux stations [27] throughout the world. The land
use data for 2000 and 2020 were obtained from the GlobeLand30 maps (30 m) produced by
the National Geomatics Centers of China (http://www.globallandcover.com), accessed on
8 January 2022. The land cover in 2020 was regarded as that in 2018 to match the period
of the LAI and GPP data. While there was a small time difference between 2018 and 2020,
the land cover was nearly temporally stable during this short period. The GlobeLand30
consists of forest, shrubland, grassland, cropland, tundra, water bodies, wetlands, artificial
surfaces, bare land, and permanent snow and ice. In this study, the tundra category was
merged with the grassland category, and we further combined the water body, wetlands,
and permanent snow and ice categories into a new category. Then, we obtained the hourly
TEMP, PRCP, and SR at a 0.25◦ resolution from the ERA5 reanalysis product for 2000–2018
(https://cds.climate.copernicus.eu), accessed on 2 May 2022. All of the time-series datasets
for the LAI, GPP, and climate variables were temporally aggregated at the annual scale for
use in the subsequent analysis.

Table 1. Satellite products and reanalysis data used in this study.

Variables Product Spatial
Resolution

Temporal
Resolution Period

LAI GLASS 500 m 8 days 2000–2018
GPP PML-V2 500 m 8 days 2000–2018

LUCC Globeland30 30 m — 2000, 2020
TEMP
PRCP

SR
ERA5 0.25◦ hourly 2000–2018

We collected carbon flux observation data from eight flux stations of the FLUXNET2015
Observation and Research Network (https://fluxnet.org/) to evaluate the accuracies of the
GPP estimates of the PML_V2 product across China on the 8-day and annual scales. The
flux stations used in this study are listed in Table 2.

Table 2. Information about the geography and vegetation of the study sites.

Site Latitude
(◦N)

Longitude
(◦E) Data Period

Mean
Annual

Precipitation
(mm)

Mean
Annual

Temperature
(◦C)

Altitude (m) Vegetation
Type

Dangxiong 30.49 91.06 2004–2005 450 1.3 295.7 Alpine
meadow

Dinghushan 23.17 112.54 2005 1956 20.9 493 Forest
Duolun 42.05 116.28 2007 275 1.7 1324 Grassland
Haibei

Wetland 37.61 101.33 2004–2005 535 −14.4 3190 Swamp

Haibei Shrub 37.67 101.33 2004–2005 535 −14.4 3190 Bush
Qianyanzhou 26.74 115.06 2003–2004 1542 17.9 100 Cropland

Changling 44.59 123.51 2009 470 4.9 171 Grassland
Changbaishan 42.40 128.10 2004–2005 713 3.6 738 Forest

2.3. Methods
2.3.1. Overall Methodology

The overall flow scheme of this paper is shown in Figure 2. It includes the following
main steps: (1) Resampling the GlobeLand30 and ERA−5 data to 500 m using a majority
filter and bilinear interpolation in ArcGIS, respectively; (2) Exploring the average annual
trend of GPP and LAI using the linear regression equation; (3) Quantifying each land type
change using a transfer matrix; (4) Discussing the net changes of LAI and GPP in regions

http://www.globallandcover.com
https://cds.climate.copernicus.eu
https://fluxnet.org/
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and provinces; (5) Using the partial correlation equation to analyze the correlation pattern
of the correlation GPP and the other variables.
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2.3.2. Accuracy Assessment of PML_V2 GPP

While the PML_V2 product has been validated at the global scale in previous stud-
ies [28,29], we further assessed the overall accuracies of the GPP estimates on the 8-day and
annual scales using daily GPP observations from six flux stations in China to demonstrate
its reliability and the acceptability of its use in the subsequent analysis. The accuracy
metrics used were the determination coefficient (R2), the root mean square error (RMSE),
and the mean relative error (MRE) [30].

2.3.3. Trend Analysis

The slope of the linear regression model was used to characterize the annual rates of
change of the LAI and GPP from 2000 to 2018. The calculation formula is as follows:

Slope =
n×∑n

i=1 i× Xi −∑n
i=1 i∑n

i=1 Xi

n×∑n
i=1 i2 − (∑n

i=1 i)2 , (1)

where i denotes the year, varying from 1 to 19; Xi is the mean LAI or GPP value in the ith
year; and n is 19, representing the total number of years. Slope is the rate of change of the
LAI or GPP. When slope > 0, X is increasing; when slope < 0, X is decreasing.

Then, we used the t-test to examine the statistical significance of the annual change
trends of the LAI and GPP. p-value < 0.05 indicates that the interannual trend is considered
statistically significant.

2.3.4. Net Change in Total Leaf Area and Carbon Sequestration

The trends in the annual average LAI and GPP were considered to be linear when we
calculated the net changes in the leaf area and carbon sequestration during 2000–2018. The
net changes in the leaf area and carbon sequestration in a specific region should consider
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the effect of the statistical significance level, and the areas with statistically insignificant
trends should be set to a contribution of zero.

∆total = ∑ n
i=1Tri Ai Nyr, (2)

where ∆total is the net change in the total leaf area and carbon sequestration, i represents a
pixel with a statistically significant trend, n is the total number of such pixels in the region,
Tri is the linear slope of a pixel, Ai is the area of a pixel varying with latitude, and Nyr is
the length of the study period, which was set to 19.

2.3.5. Land Cover Change Patterns Derived from the Transition Matrix

According to the land cover data for 2000 and 2020, a transition matrix was developed
to analyze the areas of mutual conversion between the seven different land cover types:

Sij =

∣∣∣∣∣∣∣∣∣
S11 S12 · · · S1n
S21 S22 · · · S2n

...
...

...
...

Sn1 Sn2 · · · Snn

∣∣∣∣∣∣∣∣∣, (3)

where, Sij is the area in which land cover type i was converted to type j during the study
period, and n is the total number of land cover types, which was set to seven in this study.

For the 49 land cover change types, we then reclassified these change types into six
main categories. Urbanization (artificial surface converted from other types), returning
cropland to forest–grassland (cropland was converted into forest and grassland), artificial
restoration of forest–grassland (non-cropland was converted into forest and grassland),
self-rehabilitation of forest-grassland (unchanged forest, shrubland, grassland, and bare
land), cropland maintenance (unchanged cropland), and cropland reclamation (other land
use types were converted into cropland).

2.3.6. Partial Correlation Analysis

A partial correlation analysis was conducted to explore the effects of the LAI, TEMP,
PRCP, and SR on the GPP. This method measures the strength and direction of a linear
relationship between two variables when the effect of one or more other variables is
controlled. In this way, the individual roles of the influencing factors in the GPP dynamics
can be determined. The partial correlation coefficient was calculated as follows:

ri,j·l1l2···ln =
ri,j·l1l2···ln−1 − ri,ln ·l1l2···ln−1 · rj,ln ·l1l2···ln−1√

(1− r2
i,ln ·l1 l2 ···ln−1

) · (1− r2
j,ln ·l1 l2 ···ln−1

)
, (4)

where ri,j·l1l2···ln is the nth (n = k − 2) order partial correlation coefficient between i and
j when l1, l2, · · · ln are controlled, and k is the total number of variables. r2

i,ln ·l1l2···ln−1
and

r2
j,ln ·l1l2···ln−1

are the (n−1)th order partial correlation coefficients. When ri,j·l1l2···ln > 0, the
correlation between i and j is positive, and vice versa.

We also examined the significance of this correlation by performing hypothesis testing.

t =

√
m− k− 2 · ri,j·l1l2···ln√

1− r2
i,j·l1l2···ln

, (5)

where t is the t-test value; and m is the sample size (here m = 19). When t < 0.05, the partial
correlation is statistically significant at the 95% significance level.
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3. Results
3.1. Accuracies of PML-V2 GPP Estimates

The observations from eight flux stations (Figure 3) were compared with the average
GPP estimates within 3 × 3 neighboring pixels centered at the geographical locations of
the flux stations. As can be seen from Figure 3a, the R2, RMSE, and MRE values of the GPP
estimates on the 8-day scale were calculated to be 0.89, 7.92, and 11.35%, respectively. It can
also be seen from Figure 3b that the R2, RMSE, and MRE values of the GPP estimates on
the annual scale were 0.92, 161.93, and 10.37%, respectively. The validation results for both
the 8-day and annual scales indicate that the PML_V2 GPP estimates generally performed
well in China and are a reliable data resource for exploring the spatiotemporal changes in
the GPP across China.
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3.2. Spatiotemporal Changes in Leaf Area

Figure 4a shows the spatial pattern of the changes in the annual mean LAI, which
is characterized by an obvious spatial gradient from southeast to northwest, with the
maximum area percentage of the LAI change rate ranging from 0 to 0.015 m2·m−2·yr−1.
The area in which a significant increase (p > 0.05 and Slope > 0) in the LAI occurred
accounted for 31.59% of China, and there were extremely significant increasing trends
(p < 0.01 and Slope > 0) in 35.79% of the country. Whereas the LAI significantly decreased
in only 3.59% of the land area, these areas were mainly distributed in northwestern and
eastern China (Figure 4b). The overall change in the annual average LAI in China during
2000–2018 was 0.01 m2·m−2·yr−1 (Figure 4c). According to the explicit statistics of the
changes in the LAI in the different regions (Figure 4d), the overall changes in the LAI in the
different regions were ranked as follows: SC > EC > CC > NE > SW > NC > NW.

The net changes in the total leaf area from 2000 to 2018 in each province and each
region were calculated (Figure 5). For the entirety of China, the total leaf area change during
2000–2018 was 174.91 × 104 km2, among which Guangxi, Yunnan, and Sichuan had net
leaf area increases of 16.11 × 104 km2, 14.46 × 104 km2, and 13.35 × 104 km2, contributing
9.21%, 8.26%, and 7.63% to the increase in the total leaf area in China, respectively. The
decrease in the leaf area was only observed in Shanghai. The magnitudes of the increases
in the total leaf area in the seven different regions exhibited the following order: SW > SC
> NW > NC > EC > CC > NE. Thus, the SW contributed the most to the increase in the
total leaf area in China, with a total area of 44.27 × 104 km2 and a contribution of 25.31%.
It should be noted that the magnitudes of the increases in the total leaf area in NE and
NW were greater than those in EC and CC, which may be due to the intensive ecological
restoration projects implemented in the Three-North area of China.
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3.3. Spatiotemporal Changes in Carbon Sequestration

Figure 6a shows the spatial pattern of the changes in the annual GPP. The maxi-
mum area percentage of the rate of change of the GPP was 0 to 15 gc·m−2·yr−1. The
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area with a significant increasing GPP trend (p > 0.05 and Slope > 0) accounted for 31.47%
of China, and there were extremely significant increasing trends (p < 0.01 and Slope > 0)
in 41.62% of the country, mainly in the Three-North region. Nevertheless, the GPP sig-
nificantly decreased in 2.36% of the land area, mainly in the urban areas (Figure 6b).
The overall change in the annual GPP in China during 2000–2018 was 8.46 gc·m−2·yr−1

(Figure 6c). According to the explicit statistics of the GPP changes in the different regions
(Figure 6d), the overall GPP changes in the different regions were ranked as follows:
SC > EC > CC > NE > SW > NC > NW, which is consistent with the spatial pattern of the
changes in the LAI.
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The net changes in the total carbon sequestration from 2000 to 2018 in each province
and each region were calculated (Figure 7). For the entirety of China, the total amount of
carbon sequestration during 2000–2018 was 1957.36 TgC, among which Inner Mongolia,
Heilongjiang, and Yunnan had net carbon sequestrations of 221.85 TgC, 166.14 TgC, and
169.22 TgC, contributing 11.33%, 8.49%, and 8.65% to the total carbon sequestration in China,
respectively. The terrestrial vegetation carbon sequestration only decreased in Shanghai.
The magnitudes of the total carbon sequestration in terrestrial vegetation in the seven
different regions exhibited the following order: SW > NC > EC > NW > NE > CC > SC.
It can be concluded that SW contributed the most to the increase in the total carbon
sequestration in vegetation in China, with a total area of 393.79 TgC and a contribution
rate of 20.12%. It should be noted that SC contributed the least (129.94 TgC) to the total
carbon sequestration, even though the contribution of SC to the increase of the total leaf
area was prominent.
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3.4. Spatiotemporal Variations in the Different Land Cover Change Types

To explore the spatiotemporal variations in the different land cover types, we counted
transfer matrices from 2000 to 2020 (Table 3). The areas of the different unchanged and
changed land cover types were calculated via spatial overlay analysis based on the land
cover maps for 2000 (Figure 8a) and 2020 (Figure 8b).

Table 3. Transfer matrix of the different land cover types during the study period (104 km2).

2000
2020 Cropland Forest Grassland Shrubland

Bare
Land

Artificial
Surfaces Others Decrease

Cropland 157.60 20.08 12.56 0.37 0.45 15.61 3.05 52.12
Forest 20.79 173.88 14.76 1.23 0.26 1.29 1.39 39.71

Grassland 15.71 17.30 217.06 2.68 29.54 1.57 6.63 73.43
Shrubland 0.45 1.15 1.90 1.64 0.57 0.03 0.20 4.31
Bare land 1.72 0.20 15.34 0.46 166.89 0.30 2.76 20.78

Artificial surfaces 5.72 0.31 0.35 0.01 0.03 7.24 0.18 6.61
Others 2.63 1.02 2.36 0.05 2.92 0.58 18.08 9.56

Increase 47.02 40.08 47.27 4.80 33.77 19.38 14.21 206.52
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In 2000, the area of the cropland was 209.73 × 104 km2, but it decreased to 204.63 × 104 
km2 in 2020, with a relative change of −2.43%. The dominant change types causing 
cropland shrinkage were the conversion of cropland to forest and grassland. These areas 
were mainly scattered in SW, NC, and NW. In addition, cropland was eliminated by arti-
ficial surface construction (15.61 × 104 km2), and such areas were mainly distributed in EC, 
NC, and CC (Figure 8c). From 2000 to 2020, the net decrease in the grassland area was 

Cropland reclamation
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In 2000, the area of the cropland was 209.73 × 104 km2, but it decreased to 204.63 × 104 
km2 in 2020, with a relative change of −2.43%. The dominant change types causing 
cropland shrinkage were the conversion of cropland to forest and grassland. These areas 
were mainly scattered in SW, NC, and NW. In addition, cropland was eliminated by arti-
ficial surface construction (15.61 × 104 km2), and such areas were mainly distributed in EC, 
NC, and CC (Figure 8c). From 2000 to 2020, the net decrease in the grassland area was 
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In 2000, the area of the cropland was 209.73 × 104 km2, but it decreased to 204.63 × 104 
km2 in 2020, with a relative change of −2.43%. The dominant change types causing 
cropland shrinkage were the conversion of cropland to forest and grassland. These areas 
were mainly scattered in SW, NC, and NW. In addition, cropland was eliminated by arti-
ficial surface construction (15.61 × 104 km2), and such areas were mainly distributed in EC, 
NC, and CC (Figure 8c). From 2000 to 2020, the net decrease in the grassland area was 

Return of cropland to forest–grassland
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In 2000, the area of the cropland was 209.73 × 104 km2, but it decreased to 204.63 × 104 
km2 in 2020, with a relative change of −2.43%. The dominant change types causing 
cropland shrinkage were the conversion of cropland to forest and grassland. These areas 
were mainly scattered in SW, NC, and NW. In addition, cropland was eliminated by arti-
ficial surface construction (15.61 × 104 km2), and such areas were mainly distributed in EC, 
NC, and CC (Figure 8c). From 2000 to 2020, the net decrease in the grassland area was 

Urbanization
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In 2000, the area of the cropland was 209.73 × 104 km2, but it decreased to 204.63 × 104 
km2 in 2020, with a relative change of −2.43%. The dominant change types causing 
cropland shrinkage were the conversion of cropland to forest and grassland. These areas 
were mainly scattered in SW, NC, and NW. In addition, cropland was eliminated by arti-
ficial surface construction (15.61 × 104 km2), and such areas were mainly distributed in EC, 
NC, and CC (Figure 8c). From 2000 to 2020, the net decrease in the grassland area was 

Artificial restoration of forest–grassland.

In 2000, the area of the cropland was 209.73× 104 km2, but it decreased to 204.63× 104 km2

in 2020, with a relative change of −2.43%. The dominant change types causing cropland
shrinkage were the conversion of cropland to forest and grassland. These areas were
mainly scattered in SW, NC, and NW. In addition, cropland was eliminated by artificial
surface construction (15.61 × 104 km2), and such areas were mainly distributed in EC,
NC, and CC (Figure 8c). From 2000 to 2020, the net decrease in the grassland area was
26.16 × 104 km2, and the relative change was up to −9%. The conversion of grassland
to bare land (29.54 × 104 km2) was mostly responsible for the decrease in grassland area,
which mostly occurred in NW, SW, and NC.
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In contrast, the areas of the forest, shrubland, bare land, artificial surfaces, and other
types increased from 2000 to 2020. The area of artificial surfaces significantly increased
from 13.85 × 104 km2 in 2000 to 26.62 × 104 km2 in 2020, with the largest net increase
rate of 92.3% among the five increased land cover types. This indicates that the signifi-
cant urbanization process gradually has occupied the cropland in China during the last
two decades (Figure 8a–c). The expansion of bare land was also primarily attributed to
land cover conversion from grassland to bare land. Although the increases in the forest
(0.37 × 104 km2) and shrubland (0.49 × 104 km2) offset part of the decrease in the grass-
land area, the land covered by natural vegetation still exhibited a decreasing trend during
2000–2020, which deserves the attention of local governments and policymakers.

We reclassified the 49 types of land cover change into two unchanged and four changed
types (Table 4, where the different colors represent different categories). The spatial patterns
of these six main land cover categories are shown in Figure 8d. The results reveal that the
land use pattern in China changed significantly from 2000 to 2020. The self-rehabilitation
of forest–grassland vegetation reached 5.59 × 106 km2, accounting for 58.96%, making
this the most extensive covering layer, which was scattered in NW, NC, and SW. The area
of cropland maintenance was 1.58 × 106 km2, accounting for 16.61%, and it was mainly
distributed in EC, NE, and CC. In terms of the four changed types, the area of artificial
restoration of forest–grassland was 0.59 × 106 km2, accounting for 6.23%. The areas of
the cropland reclamation, return of cropland to forest–grassland, and urbanization were
4.70 × 105 km2, 3.30 × 105 km2, and 1.94 × 105 km2, accounting for 4.96%, 3.48%, and
2.04% of the total area of all of the change types, respectively.
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Table 4. Annual mean and total changes in the LAI and GPP in the major vegetation transfer areas.

Vegetation Type
LAI Change GPP Change

Average LAI
(m2·m−2·yr−1)

Total Leaf Area
(104 km2)

Contr.
(%)

Average GPP
(gc·m−2·yr−1)

Total Carbon
(TgC)

Contr.
(%)

Returning cropland to
forest–grassland 0.02 13.35 7.75% 15.45 125.85 6.57%

Artificial restoration of
forest–grassland 0.01 10.98 6.37% 8.16 108.81 5.68%

Cropland maintenance 0.01 42.7 24.7% 18.72 634.48 33.1%
Cropland reclamation 0.02 16.15 9.38% 14.74 162.51 8.48%

Urbanization 0 0.97 0.56% 4.24 26.24 1.37%
Self-rehabilitation of

forest–grassland 0.01 88.11 51.1% 5.69 857.56 44.7%

From 2000 to 2020, the proportions of the different vegetation types were different
in each region (Figure 9). Self-rehabilitation of forest–grassland occupied the largest
proportion in the seven regions. This was particularly significant in SC, where it accounted
for 65.51%, i.e., more than half of all the vegetation types. The high proportion of cropland
maintenance in CC was also noteworthy, accounting for 29.54%. Compared with the other
regions, the significant proportion of urbanization in EC suggests that this region developed
rapidly from 2000 to 2020, which deserves more attention.
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3.5. Divergent Leaf Area and Carbon Sequestration Changes Associated with the Main Land Cover
Change Types

There were distinct differences in the leaf area and carbon sequestration among the
different LUCC types (Table 4). Among the LUCC types, the self-rehabilitation of forest–
grassland contributed the most to leaf area change in China (8.81 × 105 km2, 51.15%). Crop-
land maintenance, cropland reclamation, return of cropland to forest–grassland, artificial
restoration of forest–grassland vegetation, and urbanization accounted for approximately
4.27 × 105 km2 (24.78%), 1.62 × 105 km2 (9.38%), 1.33 × 105 km2 (7.75%), 1.10 × 105 km2

(6.38%), and 9743.71 km2 (0.57%), respectively. The largest contribution to the total carbon
sequestration was the self-rehabilitation of forest–grassland 857.56 TgC (44.77%). Crop-
land maintenance, cropland reclamation, return of cropland to forest–grassland, artificial
restoration of forest–grassland vegetation, and urbanization accounted for approximately
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634.48 TgC (33.12%), 162.51 TgC (8.48%), 125.85 TgC (6.57%), 108.81 TgC (5.68%), and
26.24 TgC (1.37%), respectively. This phenomenon may be related to the area of each LUCC
type in China.

However, the results of the mean LAI per unit area show that there were positive
changes in the LAI in each land use type. Among them, returning cropland to forest–
grassland and cropland reclamation increased significantly to 0.02 m2·m−2·yr−1, followed
by self-rehabilitation of forest–grassland, artificial restoration of forest–grassland, and
cropland maintenance (0.01 m2·m−2·yr−1). In contrast, the average annual growth rate
of urbanization was not significant. The results of the carbon sequestration per unit area
exhibited the following order: cropland maintenance (18.72 TgC·yr−1) > returning cropland
to forest–grassland (15.45 TgC·yr−1) > cropland reclamation (14.74 TgC·yr−1) > artificial
restoration of forest–grassland vegetation (8.16 TgC·yr−1) > self-rehabilitation of forest–
grassland vegetation (5.69 TgC·yr−1) > urbanization (4.24 TgC·yr−1).

In conclusion, the LAI and GPP of the six main land cover types increased from 2000
to 2018, while the LAI and GPP of the urbanization areas increased, but the impact was
insignificant. Regarding their contributions to the LAI and GPP, the self-rehabilitation of
forest–grassland was the most effective LUCC type.

Based on Figure 9, Table 5 presents the statistics of the total changes in the LAI and
GPP in the different land cover areas in the different regions. Although the NW had the
largest proportion of self-rehabilitation of forest–grassland vegetation compared with the
other regions, the total changes in the LAI and GPP were not the largest in this area, which
may be because there was a large area of grassland (31.68%) and bare land (48.43%) in NW
China. The vegetation structure of bare land and grassland was singular, and the carbon
sequestration capacity was limited. Under the urbanization process in China, the LAI and
GPP of the urbanization area decreased. However, it is noteworthy that the urbanization
process in SC decreased the GPP by 0.69 TgC, and the LAI of the urbanized areas in
EC decreased by 2.78 × 105 km2. This shows that these two regions should strengthen
ecological development in the process of urban development.

Table 5. Total changes in the LAI and GPP in the land use change areas in each region from 2000
to 2018.

Returning
Cropland to

Forest–
Grassland

Artificial
Restoration
of Forest–
Grassland
Vegetation

Cropland
Maintenance

Cropland
Reclamation Urbanization

Self-
Rehabilitation

of Forest–
Grassland
Vegetation

LAI (104 km2)

NE 0.79 0.67 6.16 1.00 0.37 3.96
NC 1.38 2.41 5.50 1.77 0.36 11.85
EC 1.45 0.85 4.29 1.81 −0.28 12.93
SC 2.31 1.44 4.65 2.43 0.18 17.70
CC 1.43 0.82 4.21 1.80 0.10 9.26
NW 1.58 1.01 6.34 2.50 0.20 13.15
SW 4.41 3.78 11.55 4.84 0.04 19.26

GPP (TgC)

NE 14.26 9.61 157.99 19.81 7.53 69.99
NC 20.13 26.47 106.20 28.10 7.22 169.96
EC 17.10 8.42 116.88 24.93 5.26 129.20
SC 10.77 6.89 25.28 11.51 0.75 72.57
CC 12.27 6.18 66.52 17.43 3.23 65.49
NW 19.52 15.64 81.33 25.17 2.94 144.70
SW 31.80 35.60 80.28 35.56 −0.69 205.65

3.6. Correlations between GPP and LAI and Climate Variables

We explored the relationships between the GPP and the other variables in each pixel
through partial correlation analysis (Figure 10). The results revealed that the correlations
between the GPP and the different variables exhibited an obvious spatial distribution.
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Among them, the LAI was more strongly correlated with the GPP, with a positive correlation
in 86% of the areas (p < 0.05), which mainly occurred in SW (157.51 × 104 km2), NW
(132.56 × 104 km2), and NC (116.32 × 104 km2). In most of the regions, the correlation
coefficient between the GPP and precipitation (PRCP) was negative (58%), and the areas
with positive correlations were mainly concentrated in SW (74.36 × 104 km2) and NC
(73.14 × 104 km2). The GPP was positively correlated with temperature (TEMP) in 50% of
the areas, mainly in SW (106.19 × 104 km2). The degree of correlation between the GPP
and solar radiation (SR) had a spatial distribution similar to that of the correlation between
the GPP and TEMP. The regions with positive correlations were mainly concentrated in SC
(54%).
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The statistics of the average correlation coefficients and standard deviations of the
GPP with LAI, TEMP, PRCP, and SR correlations in the different regions are presented in
Figure 11. Compared with the other correlations, GPP-LAI exhibited a stronger correlation
in all of the regions, especially NW, NC, and NE. The average correlation coefficient of GPP-
TEMP was negative in NC, CC, and NW, indicating that the increase in TEMP inhibited
the carbon sequestration capacity of the three regions. It should be noted that the average
correlation coefficient of GPP-PRCP was only positive in NC. The average correlation
coefficients of GPP-SR in the different regions ranked as follows: SC > CC > EC > SW
> NW > NC > NE. Moreover, the regions with positive correlations were all located in
southern China.
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The average correlation coefficients and standard deviations of the GPP with LAI,
TEMP, PRCP, and SR correlations in the different main land cover change types are il-
lustrated in Figure 12. As was expected, the correlation coefficient of GPP-LAI was the
highest among the different land cover change types. The average correlation coefficient of
GPP-PRCP was generally low, and the only type with a positive value was urbanization.
The other land cover change types had negative values.
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4. Discussion
4.1. LAI and GPP Trend and Correlation Analysis

Chen et al. [31] used satellite remote sensing data to determine that from 2000 to 2016,
the world was becoming greener. Most notably, in China, which accounted for 25% of the
total global increase in leaf area, human land use was the key to greening the Earth. The
results of this study support this thesis, and a more detailed analysis of the Chinese region
was conducted. The LAI and GPP exhibited increasing trends after 2000. This pattern was
mainly due to the combined effects of the initiation of national-scale plantation projects
(external forcing) and the physiological conditions of the vegetation (intrinsic factor) [32].

In recent years, forestry projects implemented in China have played a key role in the
sequestration of carbon dioxide from land greening and the atmosphere. From 1982 to
2014, the LAI of the plantation area increased from 22% to 23.4%, and there was a major
growth trend after 2000 [33]. The carbon sequestration capacity of the Grain for Project
could offset about 3%–5% of China’s annual carbon emissions (based on emissions in 2010)
and about 1% of global emissions. Regarding the global carbon sink, from 2000 to 2010,
the projects of returning cropland to forest–grassland have contributed 25% [34]. All these
studies indicate that since 2000, with the launch of large-scale national projects, land use
management has had a great impact on surface energy allocation, and the LAI and GPP
have increased rapidly.

The surface energy partitioning propagates the changes in the land surface properties
into the atmosphere by regulating land-atmosphere feedback effects and influencing the
global water and energy cycles [35]. With the change in the LAI, the related vegetation
structure and physiological changes affect the canopy conductance, latent sensible heat
flux, and surface albedo. Then, the energy exchange between the land and atmosphere is
affected [36,37]. The consequent variations in the climate modulate the interplay between
the LAI-related biophysical processes and the surface energy partitioning, and ultimately,
the vegetation productivity changes [38]. The process-based diagnostic system modeling
in Chen et al. found that the increase in the global LAI was responsible for 12.4% of the
cumulative terrestrial carbon sink [39]. Li et al. found that large-scale ecological engineering
improved the environment in northern China, the GPP increased significantly on the Loess
Plateau and northeast plain, and the increase in the LAI was the main reason for the increase
in the GPP in these areas [40]. In this study, we also found that the correlation between the
LAI and GPP was stronger in northern China. Implementing large-scale ecological projects
such as the Three-North shelterbelt forest may be an important reason for this phenomenon.

4.2. Relationship between Land Cover Changes and Vegetation Leaf Area and Carbon Sequestration

Since 1850, LUCC’s carbon emissions have accounted for one-third of global green-
house gas emissions [41]. Improving land management can improve the carbon seques-
tration capacity of ecosystems and increase China’s contribution to greening the Earth.
We digitized the contributions of the different vegetation changes in the different regions
to the LAI and GPP. The results show that land management played an important role
in greening and terrestrial carbon sequestration in China, and the self-rehabilitation of
forest-grassland vegetation has the greatest potential for greening and terrestrial carbon
sequestration. The principle may be to close the mountains for afforestation and transform
the low-efficiency forest into a forest ecosystem. In the cropland ecosystem, the carbon
in the biomass can be increased through rational fertilization, artificial grass planting,
rotational grazing, and reducing grazing pressure. Through artificial management, the
carbon input of the ecosystem can be increased, and the carbon output caused by ecological
disturbances can be decreased.

Each land cover type has different water conservation characteristics, which determine
differences in the plant species, growth characteristics, and spacing. Specific management
measures can have a significant impact on species richness and ecological composition [42].
For example, in a given external environment, the same crop species in different types of
land causes differences due to variations in the soil characteristics [43], and often does not
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produce the species richness and composition associated with the original communities [44].
In China, the public green spaces in parks, streets, communities, and other urban areas
have a higher canopy closure and density, which provides more favorable environmental
conditions for increasing the vegetation greening rate and carbon storage. However,
vegetation intensification in these areas affects species performance and reduces species
abundance. Change in the vegetation abundance in surface areas is an important factor
leading to the distribution of solar radiation, and changes in the nature of the surface lead
to redistribution of the energy [45]. In the process of LUCC, in recent years, almost all of
the surface atmospheric conditions have changed, including solar radiation, precipitation,
temperature, and humidity [46].

Urban expansion is the best example of the ecological and climatic impacts caused by
the increase in population. The significant increase in the artificial surface area reduces
evapotranspiration and base flow. In addition, due to the changes in the properties of
the underlying surface, such as the surface reflectance, roughness, vegetation coverage,
temperature, humidity, and wind speed, the regional climate changes [47,48]. Zhang
et al. [49] found that in recent decades, the ground carbon storage capacity in China’s
urbanized regions decreased briefly and then increased. Urbanization generally promotes
ecosystem carbon sequestration, and the conclusions of this study are consistent with this
assessment. Since 2013, China has started incorporating ecological civilization construction
into the national plan and constitution, all residential areas need a certain proportion of
green space [50], most of which are trees and shrubs, and high biomass is an important
reason for this phenomenon. We also found that the GPP in the SW urbanization area
decreased by 0.69 TgC, and the LAI in the EC urbanization area decreased by 2783.14 km2

from 2000 to 2018. Figure 13 shows the proportions of the other land types occupied by the
urbanization process in these two regions. The common feature of these two regions is that
the proportion of urbanization construction through the occupation of cropland was the
largest. The cropland area occupied in SW was 1.06 × 104 km2, accounting for 74.7%. In
EC, the urbanization area created by occupying cropland was 5.57 × 104 km2 (88.67%), and
a large amount of cropland was occupied for urbanization construction, which may be an
important reason for the decline in the ecological quality in this region.

Forests 2022, 13, x FOR PEER REVIEW 18 of 21 
 

 

reduces species abundance. Change in the vegetation abundance in surface areas is an 
important factor leading to the distribution of solar radiation, and changes in the nature 
of the surface lead to redistribution of the energy [45]. In the process of LUCC, in recent 
years, almost all of the surface atmospheric conditions have changed, including solar ra-
diation, precipitation, temperature, and humidity [46]. 

Urban expansion is the best example of the ecological and climatic impacts caused 
by the increase in population. The significant increase in the artificial surface area reduces 
evapotranspiration and base flow. In addition, due to the changes in the properties of the 
underlying surface, such as the surface reflectance, roughness, vegetation coverage, tem-
perature, humidity, and wind speed, the regional climate changes [47,48]. Zhang et al. [49] 
found that in recent decades, the ground carbon storage capacity in China's urbanized 
regions decreased briefly and then increased. Urbanization generally promotes ecosystem 
carbon sequestration, and the conclusions of this study are consistent with this assessment. 
Since 2013, China has started incorporating ecological civilization construction into the 
national plan and constitution, all residential areas need a certain proportion of green 
space  [50], most of which are trees and shrubs, and high biomass is an important reason 
for this phenomenon. We also found that the GPP in the SW urbanization area decreased 
by 0.69 TgC, and the LAI in the EC urbanization area decreased by 2783.14 km2 from 2000 
to 2018. Figure 13 shows the proportions of the other land types occupied by the urbani-
zation process in these two regions. The common feature of these two regions is that the 
proportion of urbanization construction through the occupation of cropland was the larg-
est. The cropland area occupied in SW was 1.06 × 104 km2, accounting for 74.7%. In EC, the 
urbanization area created by occupying cropland was 5.57 × 104 km2 (88.67%), and a large 
amount of cropland was occupied for urbanization construction, which may be an im-
portant reason for the decline in the ecological quality in this region. 

 
Figure 13. Proportion of artificial surfaces converted from the different land cover types in SW and 
EC. 

4.3. Uncertainties 
In this study, the eddy covariance-derived data from the flux stations are used to 

validate PML-GPP products. Because of the site data limitations, our validation process 
still had inevitable uncertainties, and the optimization results should be further compared 
with more sites in the future. Second, attention should also be paid to the uncertainty 
caused by the different resolutions of the original datasets, and for ease of analysis, we 
resampled the spatial resolution of all datasets to 500 m, which may change the values of 
some cells. Using datasets with closer resolutions or comparing and integrating multiple 
products may optimize results. Moreover, data analysis on sub-annual time scales (such 
as monthly and daily data) is crucial for improving temporal and spatial analysis of 

Figure 13. Proportion of artificial surfaces converted from the different land cover types in SW
and EC.

4.3. Uncertainties

In this study, the eddy covariance-derived data from the flux stations are used to
validate PML-GPP products. Because of the site data limitations, our validation process still
had inevitable uncertainties, and the optimization results should be further compared with
more sites in the future. Second, attention should also be paid to the uncertainty caused
by the different resolutions of the original datasets, and for ease of analysis, we resampled
the spatial resolution of all datasets to 500 m, which may change the values of some cells.
Using datasets with closer resolutions or comparing and integrating multiple products may
optimize results. Moreover, data analysis on sub-annual time scales (such as monthly and
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daily data) is crucial for improving temporal and spatial analysis of ecological parameters.
Estimating the LAI and GPP in China at a finer time resolution than the current annual
time scale may lead to different conclusions, which are worthy of further discussion.

5. Conclusions

Based on remote sensing products, in this study, the changes in the vegetation LAI
and GPP in the terrestrial ecosystems from 2000–2018 were analyzed from a region-wide to
zonal perspective. In addition, the PML-V2 GPP and data from eight flux stations were
compared, and it was found that they were of good quality in these regions. The analysis
results revealed that, in general, the LAI and GPP increased significantly during 2000–2018,
and the contributions of SC and EC were relatively high.

Although grassland accounted for the largest proportion of the total area, forest and
cropland were the main vegetation types leading to LAI and GPP changes. Under the
premise of ensuring biodiversity and ecological balance, expanding the area of forest land
and arable land is the key to improving ecological benefits and greening the Earth. Due to
the high altitude, cold climate, and lack of plant diversity in SW, the urbanization process
has had a negative impact on carbon sequestration. Strengthening the management of
urban greening and planting trees with strong environmental adaptability may improve
this situation. The strong correlation between GPP and LAI suggests it is wise to change
the vegetation structure to grow terrestrial carbon sinks through ecological engineering.
The results of this study provide a theoretical basis for quantitative analysis of the effects of
LUCCs on the LAI and GPP in China and the current regional ecological situation. They
also provide new data and a reference for regional ecological improvement planning and
other land use change plans.
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