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Abstract: A significant greening trend has been reported globally in recent decades. The greening
indicates the improvement in net primary production (NPP) in vegetation. Adopting statistics-
based regression models, we investigated the dynamics of NPP and its climatic drivers in main
ecosystems (forest land, grass land, and unused land) over China during the period 2000–2021. The
results confirmed an increasing NPP covering approximately 86% area in the main ecosystems. NPP
exhibited an increase rate of 6.11 g C m−2 yr−1 in forest land, 4.77 g C m−2 yr−1 in grass land, and
1.25 g C m−2 yr−1 in unused land, respectively. Over the same period, warm–wet climate trend was
observed covering approximately 90% of the main ecosystems. The warm–wet climate has had a
positive effect rather than negative effect on NPP in the main ecosystems, judging by their significant
positive correlation. Our results suggested that the increase in annual precipitation exerted much
more important effect on the increasing NPP. The warm–wet climate trend contributes to the upward
trend in NPP, even if variability in NPP might involve the influence of solar radiation, atmospheric
aerosols, CO2 fertilization, nitrogen deposition, human intervention, etc.

Keywords: climate change; vegetation; precipitation; ecological restoration program; collapse of
ecosystems

1. Introduction

Most of the areas in terrestrial ecosystems exhibited increasing vegetation greenness
based on satellite data in past decades. In China, the greening trend is very evident [1–4],
and has been confirmed at regional and national scales [5,6], even though urban sprawl
enhances local browning [7]. It is well known that the increasing vegetation greenness
was accordant with the increase in net primary production (NPP). In China, a significant
increase in NPP was discovered between 1982 and 2010 using the Carnegie–Ames–Stanford
approach (CASA) [8]. However, there lacks the detailed information on how NPP changed
in the main ecosystems in recent years.

The large-scale ecological conservation and restoration efforts in China provided
basic conditions for the increase in NPP [9,10]. Some ecological restoration programs
have been implemented in China since the 1980s. For example, the Three-North Shelter
Forest Program was the largest afforestation program in the world (covering an area of
406.9 × 104 km2). Vast man-made forests were established, covering 46.1 × 106 ha based
on official statistics [10]. The Grain for Green Program, launched in 1999, was the largest
ecological restoration program in the world (covering 2279 counties and 25 provinces in
China), causing forest coverage area to increase by 3.5% in the implementation area in the
first phase from 1999 to 2012 [11,12]. Therefore, large-scale ecological restoration programs
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led to a positive effect on the main ecosystems [13–16]. Thus, human impacts on ecosystems
played an important role [17].

It is generally accepted that ecosystems are very sensitive to climate change. However,
climate change has been regarded as harmful for NPP in terrestrial ecosystems, because
people are focused on the increasing climate risks [18–21]. An Intergovernmental Panel
on Climate Change (IPCC) special report (Special Report on Global Warming of 1.5 ◦C)
highlights that global warming would cause severe consequences for the natural environ-
ment. However, these understandings are one-sided because the beneficial effect of climate
change on ecosystems is ignored. It is needed to clarify whether climate change contributes
to the improvement in the main ecosystems in China.

This paper examined the long-term dynamics of NPP and its response to climate
change in the main ecosystems over China, using satellite-derived data and observed
data during the period 2000–2021. The main aims are to provide credible evidence for
understanding the impacts of climate change on the dynamics of NPP, which will be
important for developing adaptation strategies to deal with climate change.

2. Materials and Methods
2.1. Data Processing

The datasets used in this study consist of time-series normalized difference vegetation
index (NDVI), annual temperature, precipitation, land use/land cover over the period
2000–2021. Time-series data allowed us to examine the change trend in NPP and its driver
factors. Climate data came from Meteorology Information Center of the Chinese National
Bureau of Meteorology, Beijing (http://data.cma.cn/data/cdcindex.html, accessed on 8
April 2022). Climate data, including annual precipitation and annual air temperature from
2150 national meteorological stations (Figure 1a), were interpolated into grid cells with a
spatial resolution of 1 km × 1 km.
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Figure 1. Locations of meteorological stations (a) with long-term observation data (2000–2021), and
the distribution of the main ecosystem types (forest land, grass land, and unused land) (b) in China.

NDVI derived from the 16-day spatial resolution 1 km × 1 km grid products of
NASA’s moderate resolution imaging spectroradiometer (MODIS) sensors. To minimize
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the influence of noise (e.g., cloud, aerosols, solar elevation angle, ice and snow cover), the
annual maximal NDVI in each grid cell was extracted from the time-series NDVI using the
maximum value composite method.

To maintain the same spatial resolution, all climate data were interpolated into grid
cells with a spatial resolution of 1 km × 1 km. Digital elevation model (DEM) with a spatial
resolution of 90 m × 90 m was resampled into a spatial resolution of 1 km × 1 km.

The main ecosystems derived from the distribution map of land use types in 2010s,
which was obtained from data center of resources and environment science, Chinese
Academy of Sciences. The main ecosystems were mainly composed of forest land, grass
land, and unused land (desert and bare land with sparse vegetation) (Figure 1b).

2.2. NPP Calculation

Models suitable for region conditions were used to acquire NPP, which is expressed
as how much carbon is fixed per square meter in a year (g C m−2 yr−1). Fresh grass yield
in grass land and unused land was obtained using the models of Xu et al., (2007) [22].
The models included six different statistical models for the six regions in China (Table 1),
with higher precision. Fresh grass yield (t DM ha−1yr−1, DM is dry matter) was obtained
from these models, then converted to dry grass yield using a dry–wet ratio coefficient
of 0.31 [23], and then dry grass yield was converted into NPP (g C m−2 yr−1) using a
conversion coefficient of 0.5 [24].

Table 1. Models calculating fresh grass yield (t DM ha−1yr−1) in six regions in China [22].

Regions Distribution Formula Estimated Precision

Northeast China Provinces of Heilongjiang, Liaoning, Jilin, and
eastern Inner Mongolia. Y = 385.362 × e3.813×NDVI 81%

Northwest China Provinces of Gansu, Ningxia, and most parts of
Inner Mongolia. Y = 6381.86× NDVI − 521.52 75%

The Loess Plateau Province of Hebei, Shanxi, and Shannxi. Y = 18, 377 × NDVI2.0233 80%

South China Province of Sichuan, Chongqing, Yunnan,
Guizhou and Guangxi, etc. Y = 21, 399 × NDVI3.0498 81%

Xinjiang Province of Xinjiang. Y = 409.91 × e3.9099×NDVI 79%

The Tibet Plateau Province of Qinghai, Tibet, and part of Sichuan. Y = 225.42 × e4.4368×NDVI 80%

NPP in forests was calculated by adopting a statistics-based multiple regression model
suitable for forests (Equation (1)) [25]. The multiple regression model was established using
the long-term observations of annual NPP, NDVI, elevation, and average precipitation and
temperature at approximately 1000 inventory sites in forest ecosystems. The accuracy of
the model was checked with a fitting coefficient of R2 = 0.536 (p < 0.01), which indicated
good performance in predicting NPP in forests.

NPP = 97.13NDVImax + 0.022PT + 0.128P − 9.136T − 0.027A + 333.67 (1)

where NPP is NPP (g C m−2 yr−1) in forest, NDVImax is annual maximal NDVI (0 < NDVI ≤ 1),
P is annual precipitation (mm), T is annual temperature (◦C), and A is elevation (m).

2.3. Change Analysis

A pixel-based (1 km × 1 km grid cell) variable linear regression analysis method was
performed to obtain the slope coefficients of the regression trend line for annual temper-
ature, annual precipitation, annual NPP. The slope coefficient of the regression indicates
increase or decrease trend for each pixel. If slope > 0, the variation in the environment
variable exhibits an increasing trend, whereas if slope < 0, the variation in the environment
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variable exhibits a decreasing trend. The increase rate of NPP is expressed as how much
additional carbon per square meter in a year (g C m−2 yr−1).

3. Results
3.1. A Rapid Increase in NPP

The main ecosystems in China exhibited an obvious increase in NPP during the period
2000–2021. Approximately 86% area of the main ecosystems experienced a significant
increase in NPP. The higher increase rate occurred in central and eastern China, where the
increase rate of NPP was more than 10 g C m−2 yr−1 (Figure 2a).
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Figure 2. Change rate of NPP at 1 km × 1 km grid cell (a), and the average change rate in forest land,
grass land, and unused land (b) in 2000–2021.

Forest land had the highest NPP with an average of 845.5 ± 50.8 g C m−2 yr−1

over the period 2000–2021. NPP in forest land exhibited a noticeable increase rate of
6.11 g C m−2 yr−1 in spite of short-term fluctuations. Grass land had the higher NPP with
an average 504.6 ± 30.1 g C m−2 yr−1 over the period 2000–2021. NPP in grass land
exhibited an increase rate of 4.77 g C m−2 yr−1. Unused land had the smaller NPP with
an average 142.4 ± 9.0 g C m−2 yr−1 over the period 2000−2021, and NPP in unused land
exhibited a smaller increase rate of 1.25 g C m−2 yr−1 (Figure 2b).

3.2. Warm–Wet Climate Trend

It was reported that the average annual precipitation across China significantly in-
creased at rates of 11.4 mm/decade during 1961–2016 [26]. Our results also confirmed a
trend towards a warm–wet climate over China during the period 2000–2021. Significant in-
creases in temperature occupied 92% of the main ecosystems in China (p < 0.01) (Figure 3a).
Warming rate in most ecosystems was larger than 0.2 ◦C per decade (the global warming
rate was 0.2 ◦C per decade by the reports from IPCC 2018 [27]). Generally, there was an
average warming rate of 0.453 ± 0.001 ◦C, 0.393 ± 0.037 ◦C, and 0.283 ± 0.006 ◦C per
decade in forest land, grassland, and unused land, respectively (Figure 4a).
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Approximately 90% of the main ecosystems exhibited an obvious increasing precip-
itation (p < 0.01) during the period 2000–2021, with an upward range of 0~52 mm yr−1.
A significant increase in precipitation occurred especially in eastern and central China
with an increase rate of 10~52 mm yr−1. Only 10% of the main ecosystems exhibited
decreasing precipitation, with a decrease rate of −23~0 mm yr−1 over the same period
(Figure 3b). Generally, the average increase rate in precipitation was 7.5 ± 2.9 mm yr−1,
5.9 ± 2.1 mm yr−1, and 4.0 ± 0.5 mm yr−1 in forest land, grassland, and unused land,
respectively (Figure 4b).
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3.3. Effect of Warm–Wet Climate on NPP

NPP is highly sensitive to climate changes. Our results confirmed that the increasing
NPP was accompanied by a warm–wet climate trend in the main ecosystems during the
period 2000–2021 (Figures 2a and 3a,b). A significant increase in precipitation occurred
in eastern and central China, where a significant increase in NPP also occurred over the
same period (Figures 2a and 3b). The long-term increase trends in NPP, precipitation,
and temperature were similar, although their fluctuation curves did not match exactly
(Figures 2b and 4a,b). These co-occurring trends in NPP, precipitation, and temperature
indicated a high possibility that the warm–wet climate trend had promoted the increase
in NPP.

Pearson’s correlation, Spearman’s rho correlation, and Kendall’s tau-b correlation were
used to examine the impact of climate change on vegetation dynamics. The results revealed
a significant positive correlation between annual precipitation and NPP, with Pearson’s
correlation coefficients of 0.797 (p < 0.01) in forest land, 0.756 (p < 0.01) in grass land, and
0.654 (p < 0.01) in unused land. A more significant positive correlation between annual
precipitation and NPP was uncovered by Spearman’s rho correlation, with correlation
coefficients of 0.810 (p < 0.01) in forest land, 0.834 (p < 0.01) in grass land, and 0.739
(p < 0.01) in unused land. Kendall’s tau-b correlation also confirmed a significant positive
correlation between annual precipitation and NPP, with correlation coefficients of 0.662
(p < 0.01) in forest land, 0.619 (p < 0.01) in grass land, and 0.576 (p < 0.01) in unused land
(Table 2).

Table 2. Correlation between NPP and annual precipitation, annual temperature in the main ecosys-
tems over China.

Pearson’s Correlation Spearman’s rho Correlation Kendall’s tau-b Correlation

n = 22 n = 22 n = 22

Sig. (2-Tailed) Sig. (2-Tailed) Sig. (2-Tailed)

Precipitation in forestland 0.797 ** 0.810 ** 0.662 **
Precipitation in grassland 0.756 ** 0.834 ** 0.619 **

Precipitation in unused land 0.654 ** 0.739 ** 0.576 **
Temperature in forestland 0.788 ** 0.715 ** 0.506 **
Temperature in grassland 0.434 * 0.415 0.281

Temperature in unused land 0.262 0.338 0.221

** indicates statistically significant correlation at 0.01 confidence level (bilateral). * indicates statistically significant
correlation at 0.05 confidence level (bilateral).

A significant positive correlation between annual air temperature and NPP was also
uncovered in forest land. There were Pearson’s correlation coefficients of 0.788 (p < 0.01),
Spearman’s rho correlation coefficients of 0.715 (p < 0.01), and Kendall’s tau-b correlation
coefficients of 0.506 (p < 0.01). However, there was a slight positive correlation between
annual air temperature and NPP in grass land, with Pearson’s correlation coefficients of
0.434 (p < 0.05), Spearman’s rho correlation coefficients of 0.415 (p < 0.05), and Kendall’s
tau-b correlation coefficients of 0.281(p < 0.05). A not very significant correlation was
uncovered between air temperature and NPP in unused land (Table 2).

Judging by the significant positive correlations, the warm–wet climate trend has a
positive effect on vegetation improvement. Increase in annual precipitation rather than the
increase in air temperature exerted more effects on NPP, judging by the size of significant
correlation coefficients. Therefore, warm–wet climate as an important climate driver
benefits the increase in NPP in the main ecosystems over China, even if variability in NPP
might involve the influence of solar radiation, atmospheric aerosols, CO2 fertilization,
nitrogen deposition, human intervention, etc. [28].
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4. Discussion

The IPCC special report worried about the severe consequences from climate change [29],
but our results confirmed an evidenced increase in NPP in the main ecosystems over the
period 2000–2021, which was quite accordant with the increase in greenness [8]. Although
there was an increasing number of extreme climate events [21], the extreme climate events
did not stop the long-term improvement in NPP, but only led to short-term fluctuation
during the period 2000–2021. The noticeable increase in NPP in the main ecosystems
provided evidence that the main ecosystems maintained a continuous improvement, and
climate change did not lead to catastrophic consequences for natural ecosystems ultimately.

Our results revealed the warm–wet climate trend was accompanied by an increase in
NPP. Correlation analysis confirmed a positive correlation between annual precipitation
and NPP, and between air temperature and NPP in the main ecosystems. Our results
agreed with previous studies. It was reported that inter-annual variability in NPP exhibits
strong positive coherence with the variability in precipitation, and weak coherence with
the variability in temperature in India [30]. NPP increased with the increase in temperature
and precipitation in the Shiyang River Basin in China [31]. All the evidence indicated that
climate change in precipitation and temperature were the major natural forces in promoting
the improvement in NPP. The warm–wet climate trend might allow vegetation to flourish,
and result in the increasing NPP, although the mechanism of their interaction is unclear.

Even if climate change was the major natural force in promoting the improvement in
NPP, it is quite unreasonable to say that the increase in NPP is exclusively the consequence of
the warmer–wetter climate trend. Conservation and restoration efforts from humans played
an important role in the improvement in NPP. China has been looking forward to achieving
“ecological civilization”. The implementation of large-scale ecological restoration programs,
such as Three-North Shelter Forest Program, Grain to Green Program, Natural Forest Con-
servation Program, etc., have resulted in vast-area man-made forests being established, and
the ecological environment has received the most extent of protection [16,32]. The long-term
conservation and restoration efforts in China have contributed to a human-induced increase
in NPP. For example, the NPP in China forests exhibited a significant increase from 45.12 Tg C
in 2000 to 46.03 Tg C in 2010 due to the implementation of large-scale ecological restoration
programs [33]. The Three-North Afforestation Program led to increasing biomass carbon
storage; aerosols can also affect the primary productivity by affecting the photosynthesis [28].
Anthropogenic aerosols in North China increases primary productivity of the shaded leaves
but reduces primary productivity of the sunlit leaves [34]. Thus, the observed improvement
in NPP cannot be simply attributed to climatic force. We agreed with previous reports that
vegetation improvement should be attributed to the combined effects of climate change and
human activity [5].

However, the increase in NPP might suffer from multiple physical and biological
drivers. Some factors such as changes in soil moisture conditions, atmospheric CO2
concentration, nitrogen deposition, as well as agricultural and land use polices may also
affect the improvement in NPP [35,36].

5. Conclusions

Our results highlighted that the warm–wet climate trend enhances NPP in the main
ecosystems. It is helpful for understanding the impact of climate change on ecosys-
tems. NPP exhibited a noticeable increase covering approximately 86% area in the main
ecosystems of China during the period 2000–2021. There was an average increase rate of
6.11 g C m−2 yr−1 in forest land, 4.77 g C m−2 yr−1 in grass land, and 1.25 g C m−2 yr−1 in
unused land, respectively. Over the same period, warm–wet climate trend was observed
covering approximately 90% of the main ecosystems. The warm–wet climate has had a
positive effect rather than negative effect on NPP in the main ecosystems over China. The
increase in annual precipitation exerted much more important effect on the increasing NPP.
Although people are worried that climate change might cause catastrophic consequences
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to ecosystems, our results suggested that climate change did not result in a catastrophic
collapse of ecosystems in China, but led to an improvement trend.
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