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Abstract: The rapid urbanization process has threatened the ecological environment. Net primary
productivity (NPP) can effectively indicate vegetation growth status in an urban area. In this paper,
we evaluated the change in NPP in China and China’s urban lands and assessed the impact of
temperature, precipitation, the sunshine duration, and vegetation loss due to urban expansion
on NPP in China’s three fast-growing urban agglomerations and their buffer zones (~5–20 km).
The results indicated that the NPP in China exhibited an increasing trend. In contrast, the NPP in
China’s urban lands showed a decreasing trend. However, after 1997, China’s increasing trend in
NPP slowed (from 9.59 Tg C/yr to 8.71 Tg C/yr), while the decreasing trend in NPP in China’s
urban lands weakened. Moreover, we found that the NPP in the Beijing–Tianjin–Hebei urban
agglomeration (BTHUA), the Yangtze River Delta urban agglomeration (YRDUA), and the Pearl
River Delta urban agglomeration (PRDUA) showed a decreasing trend. The NPP in the BTHUA
showed an increasing trend in the buffer zones, which was positively affected by temperature and
sunshine duration. Additionally, nonsignificant vegetation loss could promote the increase of NPP.
In the YRDUA, the increasing temperature was the main factor that promoted the increase of NPP.
The effect of temperature on NPP could almost offset the inhibition of vegetation reduction on the
increase of NPP as the buffer zone expanded. In PRDUA, sunshine duration and vegetation loss
were the main factors decreasing NPP. Our results will support future urban NPP prediction and
government policymaking.

Keywords: NPP; urban expansion; long time series; importance; contribution

1. Introduction

More than 50% of the world’s total population lives in urban areas. According to
the World Population Prospects revised by the United Nations in 2017, the world’s urban
population will grow to approximately 8.5 billion by 2030 [1]. Population growth and rapid
economic development are important factors contributing to the urbanization process,
which has become a common phenomenon around the world [2–4]. Previous studies have
demonstrated that Asia and North America have the most newly urbanized areas. Europe
has already been highly urbanized, and the increase in urban area there is the smallest [5].
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Urban expansion in China has been most obvious from 2000 to 2010, with the expansion
area accounting for approximately 65% of total urban land growth in Asia and 28% of
global urban expansion [5].

The rapid urbanization process has led to a series of problems, such as the increased
frequency of heatwave events caused by the urban heat island effect [6], a decline in
water quality, and an increase in greenhouse gas emissions [2,7,8]. Urban expansion
affects the global carbon cycle through the conversion of high-productivity forests or
croplands into urban lands, which reduces the carbon sequestration capacity of soils and
vegetation and poses a threat to natural resources and food security [3,9–11]. Therefore,
vegetation plays an irreplaceable role in the human living environment within urban
areas [4]. Urban vegetation improves air quality, increases terrestrial carbon sinks, and
provides huge psychological and socioeconomic benefits for urban residents [12–14]. As an
important parameter for monitoring vegetation growth and ecosystem health, net primary
productivity (NPP) expresses the amount of carbon fixed by plant communities through
photosynthesis per unit of time and space and is of considerable significance to the global
terrestrial biosphere carbon cycle [15,16]. Based on long-term NPP data, we can effectively
monitor long-term dynamic variations in vegetation in urban areas and assess the impact
of urban expansion on the environment and food security [5,9,11].

To assess the growth of vegetation within an urban area, some studies have focused on
the impact of urban expansion on NPP in China at different spatiotemporal scales. Tian and
Qiao [17] studied the reduction of NPP in China from 1989 to 2000 due to urban expansion.
He, et al. [9] analyzed the pressure of urban expansion on food security based on the
impact of urban expansion on cropland NPP in China from 1992 to 2015. Additionally,
there have been previous studies on typical urban agglomerations in China. For example,
Yan, et al. [11] evaluated the impact of urban expansion on NPP in the Pearl River Delta
from 2001 to 2009. However, most studies do not examine long-term data sequences from
the 1980s to the present. Since the reform and opening of China in 1978, the economy and
urban areas have grown rapidly. Monitoring the complete time series of urban NPP in
China or Chinese regions can reflect the impact of urban development on vegetation since
China’s reform and opening. In addition, most previous studies have used China or a
certain region as a research area. However, the NPP differences among different urban
agglomerations and whether certain meteorological variables promote urban NPP are still
worth discussing. These are of great significance for prediction of future urban differences
and for policy formulation.

To assess and monitor long time series of vegetative growth in ecological environments
in urban areas, we (1) analyzed the NPP variations within China’s urban areas from 1982
to 2015 based on the urban lands in the 1980s and 2015 and, further (2) separately analyzed
the NPP variations in different typical urban agglomerations and their surrounding areas.
Finally, (3) we evaluated the importance and contribution of different variables to NPP in
these urban agglomerations and surrounding areas.

2. Materials and Methods
2.1. Data Sources

In this study, China’s urban land covers in the 1980s, 1995, 2000, 2005, 2010, and
2015 were obtained from the Chinese land-use/cover dataset (CLUD) [18]. The CLUD is
based on a variety of multispectral satellite data, including data from the Landsat multi-
spectral scanner (MSS), thematic mapper (TM), enhanced thematic mapper plus (ETM+),
operational land imager (OLI), and the Huanjing-1 (HJ-1) satellite. The land use/land
cover (LULC) maps of CLUD were extracted through human-computer interaction and
visual interpretation after a series of preprocessing methods [18,19]. Through field surveys,
Liu, et al. [18,19] found that the average classification accuracy of the six primary land
cover categories (i.e., cropland, forests, grassland, water bodies, built-up land, and unused
land) of this dataset reached 94.3% [20,21]. We extracted the urban land boundaries for the
1980s, 1995, 2000, 2005, 2010, and 2015 by converting raster urban land of CLUD to vector
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urban boundaries using ENVI software. In addition, we clipped NPP data based on urban
boundaries in the 1980s and 2015 using ENVI software, and focused on analyzing changes
in NPP in these ranges.

In addition, Xu, et al. [21] produced annual 30-m land use/land cover maps of China
for 1980–2015 using multisource remote sensing data based on the breaks for additive
seasonal and trend (BFAST) algorithm. This dataset provides open access products with
a 1 km resolution (http://doi.org/10.5281/zenodo.3923728), in which each pixel value
represents the proportion of various LULC types. This dataset is more continuous than
the CLUD and corresponds to the annual NPP. We obtained this dataset to represent the
dynamic changes in the proportion of land cover types within cities and surrounding areas
and explore the impact of changes in LULC on NPP.

We collected monthly meteorological station data from the Chinese National Meteo-
rological Information Center (data.cma.cn) from 1982 to 2015. To explore the importance
and contribution of meteorological factors to NPP of urban lands and surrounding areas,
the point-based data were spatially interpolated to produce continuous raster images.
Firstly, we used stepwise regression in SPSS 22 to construct a three-dimensional quadratic
trend surface of the monthly meteorological data and the elevation, longitude and latitude
of meteorological stations [22,23]. Secondly, we calculated the spatially gridded simulated
meteorological dataset based on the above regression model using the Band math tool
in ENVI 5.3. Thirdly, the residual values were calculated by subtracting the simulated
values from the actual values. The residual values were spatially interpolated to raster
data based on the inverse distance weighted (IDW) method [24] using ArcGIS. Finally,
the simulated meteorological raster and residual raster data were added to obtain the
monthly spatial meteorological data with a resolution of 1 km. This study aggregated the
meteorological data at an annual scale and obtained the annual average air temperature,
annual cumulative precipitation, and annual cumulative sunshine duration.

2.2. Annual NPP in China from 1982 to 2015

We collected multiresolution satellite remote sensing (MUSES) global vegetation pro-
ductivity dataset with a temporal resolution of 8 days and a spatial resolution of 0.05◦.
The gross primary productivity (GPP) and NPP products of this dataset were estimated
with the global land surface satellite (GLASS) leaf area index (LAI)/fraction of absorbed
photosynthetically active radiation (FPAR) products and multi-source data synergized
quantitative (MuSyQ) algorithm, which is a light use efficiency (LUE) model [25]. Com-
pared with moderate-resolution imaging spectroradiometer (MODIS) LAI/FPAR products,
GLASS FPAR/LAI products are more continuous and complete in terms of their temporal
and spatial distributions and have better accuracy [26,27]. MuSyQ algorithm integrates
high quality GLASS data, and adds clearness index (CI) to LUE estimation [28], which is
used to express the effect of the fraction of diffuse solar radiation on LUE, so as to improve
the estimation accuracy of GPP and NPP. Validation of the MUSES NPP was carried out
using BigFoot NPP data. The objective of BigFoot was to provide ground validation of
MODLand (MODIS Land Discipline Group) land cover, leaf area index (LAI), fAPAR, and
net primary production (NPP) products. The BigFoot NPP product was an image extrapo-
lated from field measurements based on biome bio-geochemical cycle (Biome-BGC) model,
using Landsat ETM+ derived land cover and LAI, tower measured meteorological data and
eco-physical parameters [29]. The verification results showed that for the estimated NPP
based on the MuSyQ algorithm and BigFoot NPP, the R2 value was 0.80, and the root mean
square error (RMSE) was 214.6 g C/m2/yr. Currently, the detailed algorithm and global
vegetation productivity products are shared in https://zenodo.org/record/3996814.

This study extracted NPP products for China from 1982 to 2015 and aggregated NPP
products with a temporal resolution of 8 days into the annual total NPP.

http://doi.org/10.5281/zenodo.3923728
https://zenodo.org/record/3996814
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2.3. Piecewise Regression Analysis

Normally, linear regression is used to analyze the changing trend of a time series.
However, previous studies have indicated that ordinary linear regression models cannot
describe long-term vegetation changes due to climate change and human activities [30–32].
In this study, some linear regression models were transformed into piecewise regression
models according to the Akaike information criterion (AIC). The AIC is a standard to
measure the goodness of fit of statistical models. The criterion is calculated by the number
of parameters (k), residual sum of squares (RSS), and sequence length (n), as shown in
Equation (1):

AIC = n × ln(RSS/n) + 2 × k + 2 × k × (k + 1)/(n − k − 1) (1)

For ordinary linear regression equations, k = 2, and k for the piecewise models
is 5. Burnham and Anderson [33] showed that a threshold of −2 for the difference
in the AIC between two models could be used to select a better model. In this study,
the difference between the AIC of the piecewise and ordinary linear regression models
(δAIC = AICpiecewise – AIClinear regression) is less than −2, which means that the piecewise
model can better represent the NPP trends and the turning point at which the NPP trend
changes are extracted. Conversely, there was no significant difference in NPP changes
before and after the turning point.

2.4. Buffer Analysis Based on Urban Lands in 2015

To assess the changes in vegetation growth and ecological environment outside the
urban lands and the impact of urban expansion, 5, 10, 15, and 20 km buffer zones of urban
lands in 2015 were established separately. This study analyzed the long-term series NPP
within the buffer zones (~5–20 km) of urban agglomerations. We investigated the variation
in the NPP trend as the buffer zones expanded.

2.5. Variables Importance Assessment Based on Random Forest

To evaluate the degree of influence of different variables on urban NPP, we used a
random forest model to calculate the importance of variables. In this study, we selected
meteorological data, including the annual average air temperature, the annual cumulative
precipitation, the annual cumulative sunshine duration, and the proportion of vegetation
(including cropland, forest, and grassland). In each tree of the random forest model, a
randomly selected training sample was used to build the tree, and the average increase in
the mean square error of the variable was calculated by arranging the out-of-bag data of the
variable while keeping the other variables unchanged, thereby measuring the importance
of the variables [34,35].

2.6. Contribution of Variables Based on Multiple Regression Model

Taking the annual cumulative precipitation, the annual average air temperature, the
annual cumulative sunshine duration, and the proportion of vegetation as input data, the
multiple linear regression model can simulate NPP change [30]. We built a multiple linear
regression model like Equation (2):

NPP = c + aP × XP + aT × XT + aSD × XSD + aveg × Xveg + ε (2)

where XP, XT , XSD, and Xveg represent annual cumulative precipitation, annual average
air temperature, annual cumulative sunshine duration, and the proportion of vegetation
(including cropland, forest and, grassland) respectively; aP, aT , aSD, and aveg represent the
regression coefficients corresponding to these variables; c is a constant term; and ε is an
error term. Based on Equation (3), the contribution of different variables to the NPP trends
can be estimated as:

Ci =
d(ai × Xi)

dt
(3)
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where i represents different variables, and Ci represents the derivative concerning the time
of the product of i and its coefficient in Equation (2). Ci also represents the contribution of
variable i to the NPP trends [36]. In this paper, “positive contribution” indicates that the
change in the variable could promote the increase of NPP and contribute to the increasing
trend of NPP, while “negative contribution” indicates that the change in the variable could
inhibit the increase of NPP and contribute to the decreasing trend of NPP. For example,
when the Ci of temperature is positive, the change in temperature could promote the
increase of NPP and make a positive contribution to the NPP trends.

3. Results
3.1. China’s Urban Area Expansion from the 1980s to 2015

Using CLUD, the area of urban expansion from the 1980s to 2015 was extracted. As
shown in Figure 1a, the 12 cities with the largest urban expansion area in China account
for 20% of China’s total urban expansion area. Most of these cities belong to the three
fastest-growing urban agglomerations in China, namely, the Beijing–Tianjin–Hebei urban
agglomeration (BTHUA), Yangtze River Delta Urban Agglomeration (YRDUA), and Pearl
River Delta urban agglomeration (PRDUA). From the 1980s to 2015, the urban expansion
of these three urban agglomerations was almost equal to that of the 1980s (Figure 1b).
According to the above results, in addition to examining China’s overall urban lands, we
also selected the BTHUA, YRDUA, and PRDUA as the typical urban agglomerations in
China for research. China’s urban land in the 1980s, its urban expansion, and the three
urban agglomerations are shown in Figure 2.
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Figure 2. Urban lands in the 1980s and urban expansion from the 1980s to 2015 in (a) China,
(b) the Beijing–Tianjin–Hebei urban agglomeration (BTHUA), (c) the Yangtze River Delta urban
agglomeration (YRDUA), and (d) the Pearl River Delta urban agglomeration (PRDUA).

3.2. Spatiotemporal Dynamics of NPP in China from 1982 to 2015

As shown in Figure 3, the annual total NPP in China increased significantly (R2 = 0.84,
p < 0.001) at a rate of 17.15 Tg C/yr. Based on piecewise regression, the turning point of the
NPP trend was 1997. From 1982 to 1997, the total annual NPP in China increased slightly
(R2 = 0.31, p < 0.05) at a rate of 9.59 Tg C/yr. After 1997, the rate of increase in annual total
NPP decelerated, reaching 8.71 Tg C/yr, and the trend was significant (R2 = 0.45, p < 0.01).

Remote Sens. 2020, 12, x FOR PEER REVIEW 6 of 21 

 

 

 
Figure 2. Urban lands in the 1980s and urban expansion from the 1980s to 2015 in (a) China, (b) the 
Beijing–Tianjin–Hebei urban agglomeration (BTHUA), (c) the Yangtze River Delta urban agglom-
eration (YRDUA), and (d) the Pearl River Delta urban agglomeration (PRDUA). 

3.2. Spatiotemporal Dynamics of NPP in China from 1982 to 2015 
As shown in Figure 3, the annual total NPP in China increased significantly (R2 = 0.84, 

p < 0.001) at a rate of 17.15 Tg C/yr. Based on piecewise regression, the turning point of 
the NPP trend was 1997. From 1982 to 1997, the total annual NPP in China increased 
slightly (R2 = 0.31, p < 0.05) at a rate of 9.59 Tg C/yr. After 1997, the rate of increase in 
annual total NPP decelerated, reaching 8.71 Tg C/yr, and the trend was significant (R2 = 
0.45, p < 0.01). 

 
Figure 3. Trend of annual total net primary productivity (NPP) in China from 1982 to 2015. The 
mark (***) indicates relative levels of significance with p < 0.001, the mark (**) indicates relative 
levels of significance with p < 0.01, and the mark (*) indicates relative levels of significance with p < 
0.05. 

To describe the spatial patterns of NPP variation, the trend from 1982 to 2015 was 
analyzed at a pixel level (Figure 4). The NPP presented an increasing trend in most areas 

y1982-2015 = 17.15x - 31204
R² = 0.84***

y1982-1997 = 9.59x - 16185
R² = 0.31*

y 1998-2015= 8.71x - 14252
R² = 0.45**

2700

2800

2900

3000

3100

3200

3300

3400

1982 1985 1988 1991 1994 1997 2000 2003 2006 2009 2012 2015

To
ta

lN
PP

(T
g

C)

Year

Figure 3. Trend of annual total net primary productivity (NPP) in China from 1982 to 2015. The mark
(***) indicates relative levels of significance with p < 0.001, the mark (**) indicates relative levels of
significance with p < 0.01, and the mark (*) indicates relative levels of significance with p < 0.05.

To describe the spatial patterns of NPP variation, the trend from 1982 to 2015 was
analyzed at a pixel level (Figure 4). The NPP presented an increasing trend in most areas
of China, and the pixels whose NPP change rate was greater than 5 g C/m2/yr were
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mainly distributed in the central, eastern, and southern regions. Moreover, the pixels with
a decreasing NPP trend were mainly distributed in northern and northwest China and in
the Yangtze River Delta and Pearl River Delta regions along the coast. Among them, the
NPP in the Yangtze River Delta and Pearl River Delta decreased significantly (p < 0.001),
and the decreasing NPP trend was greater than 10 g C/m2/yr.
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3.3. Annual NPP of Urban Lands in China from 1982 to 2015

In this study, the urban lands extracted from CLUD data for the 1980s and 2015 were
used to evaluate long-term NPP variations in China’s urban lands. The 1980s urban lands
can represent permanent urban lands, and the NPP variations within these areas can reflect
the vegetation changes caused by urban development and greening. The 2015 urban lands
were utilized to study the trend in NPP caused by urbanization processes.

As shown in Figure 5a,b, the total NPP and average NPP variations based on the
urban lands in the 1980s and 2015 were determined. In Figure 5a, the total NPP of the
1980s and 2015 urban lands both showed a slightly decreasing trend. However, within the
2015 urban lands, the total NPP decrease rate was −0.0185 Tg C/yr, which is higher than
that of the 1980s (−0.0034 Tg C/yr). The average NPP has the same trend as the total NPP,
and the decrease rates of the average NPP within the 1980s and 2015 urban lands were
−0.2081 g C/m2/yr and −0.3355 g C/m2/yr, respectively.

According to the trend of the annual total NPP in China (Figure 3) and the 2015 urban
lands (Figure 5a), from 1982 to 2015, China’s NPP increased by 566.23 Tg C, while the NPP
based on the 2015 urban lands decreased by 0.36 Tg C, accounting for 0.063% of China’s
NPP growth. According to the piecewise regression model, 1997 was extracted as the
turning point of the time series. From 1982 to 1997, China’s NPP increased by 241.06 Tg C,
while the NPP based on the 2015 urban lands decreased by 0.32 Tg C, accounting for 0.13%
of China’s NPP growth. From 1998 to 2015, China’s NPP growth rate slowed, with an
increase of 195.98 Tg C, while the NPP based on 2015 urban lands decreased by 1.37 Tg C,
accounting for 0.70% of China’s NPP growth. From the change in average NPP based on
the 1980s urban lands, the rate of NPP change from 1982 to 1997 was −2.31 g C/m2/yr,
while from 1998 to 2015, the rate became −0.21 g C/m2/yr. This result indicated that
the decreasing NPP trend for the permanent urban lands weakened, and the ecological
environment improved. From the average NPP based on the 2015 urban lands, the NPP
change rates in the two periods from 1982 to 1997 and 1998 to 2015 were −1.80 g C/m2/yr
and −1.66 g C/m2/yr, respectively, and the rate of decrease was also slightly reduced.
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To explore the spatial distribution of land use types converted to urban lands, changes
in land cover types were extracted within the 2015 urban lands based on CLUD. As shown
in Figure 6, China’s urbanization took up a large amount cropland. In 2015, 72.85% of
urban lands were converted from cropland, and these urban lands were mainly distributed
in the central and eastern regions of China. Additionally, 9.68% and 9.21% of urban lands
were converted from forest and grassland, respectively, mainly distributed in the northern
and southern regions of China.
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3.4. Spatiotemporal Distribution of NPP in Three Urban Agglomerations in China

In this study, the difference between NPP in 2015 and 1982 was used to explore NPP
changes within urban lands in 2015. As shown in Figure 7, the regions with a significant
decrease in NPP were mainly distributed in the central cities of urban agglomerations, such
as Beijing in the BTHUA (Figure 7a), Shanghai in the YRDUA (Figure 7b), and Guangzhou
and Foshan in the PRDUA (Figure 7c). In the areas surrounding the central cities of
urban agglomerations, the NPP reduction decreased, and many regions even showed an
increasing trend.
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Figure 7. NPP difference between 1982 and 2015 in (a) the BTHUA, (b) the YRDUA, and (c) the PRDUA within urban lands
in 2015.

The NPP trends between 1982 and 2015 in the BTHUA, the YRDUA, and the PRDUA
within urban lands in 2015 are shown in Figure 8. The NPP values of the three urban ag-
glomerations present a decreasing trend. Specifically, the NPP in the BTHUA has a slightly
decreasing trend, with a rate of change of −1.67 g C/m2/yr. The NPP values in the YRDUA
and PRDUA both had significantly decreasing trends, with rates of –2.45 g C/m2/yr and
−4.18 g C/m2/yr, respectively.
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Figure 8. NPP trends between 1982 and 2015 in the BTHUA, YRDUA, and PRDUA within urban
lands in 2015. The mark (***) indicates relative levels of significance with p < 0.001.

The buffer analysis results indicated the NPP trends in different buffer zones of three
urban agglomerations based on urban lands in 2015 (Figure 9). As shown in Figure 9a,
the NPP variations in buffer zones of urban lands in the BTHUA indicated that the NPP
increased in different buffer zones. With the expansion of the buffer zone in the BTHUA,
the NPP trend changed from a nonsignificant (p > 0.1) increase to a significant (p < 0.001)
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increase. The rate of change increased from 0.6734 g C/m2/yr to 2.8977 g C/m2/yr. For the
YRDUA (Figure 9b), the NPP significantly decreased (p < 0.001) in the 5 km buffer zone,
with a change rate of −1.7282 g C/m2/yr. As the buffer zone expanded to 15 km, the NPP
decreased, but not significantly (p < 0.01). The change rates for the 10 km and 15 km buffer
zones were −1.0591 g C/m2/yr and −0.4442 g C/m2/yr, respectively. However, when the
buffer zone expanded to 20 km, the NPP showed a slightly increasing trend (p < 0.1), where
the change rate was 0.042 g C/m2/yr. Unlike the BTHUA and the YRDUA, the NPP in the
PRDUA buffer zones showed a significantly decreasing trend (p < 0.001), with a decreasing
rate from −3.1007 g C/m2/yr to −1.7506 g C/m2/yr.
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3.5. Changes in Multiple Variables Affecting NPP in Three Urban Agglomerations in China

In addition, we analyzed changes in multiple variables including the annual cumu-
lative precipitation, the annual average air temperature, the annual cumulative sunshine
duration, and the proportion of vegetation in the urban lands, 5 km buffer zone, 10 km
buffer zone, and 20 km buffer zone of the BTHUA, the YRDUA, and the PRDUA (Figure 10).
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In the BTHUA, precipitation, sunshine duration, and proportion of vegetation all
showed a decreasing trend, while temperature showed an increasing trend. Specifically,
the average annual cumulative precipitation in the BTHUA was less than in other urban
agglomerations. From urban lands to the 20 km buffer zone, the decreasing trend of precip-
itation was accelerated from −1.75 mm/yr to −4.51 mm/yr. In addition, the increasing
trend of temperature slowed down, from 0.050 ◦C/yr to 0.047 ◦C/yr. The sunshine dura-
tion decreased significantly, and the decreasing trend was the fastest in the 5 km buffer
zone, which was −12.23 h/yr. In the BTHUA and its buffer zones, cropland accounted
for the vast majority of vegetation. With urban expansion, the proportion of vegetation in
urban lands was rapidly decreasing at a rate of −1.27%/yr. From the 5 km to 20 km buffer
zone, although the proportion of vegetation still showed a decreasing trend, the rate of
decrease was relatively low, which was only −0.27%/yr in the 20 km buffer zone.
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In the YRDUA, the precipitation showed a decreasing trend. Although the decreasing
trend of precipitation was faster than that in the BTHUA, the average annual cumulative
precipitation was higher than that in the BTHUA. The temperature showed an increasing
trend. From urban lands to the 20 km buffer zone, the increasing trend of temperature was
slowed down, from 0.061 ◦C/yr to 0.056 ◦C/yr. The sunshine duration in urban lands and
buffer zones had a similar decreasing trend, and the rate decrease was slower than that
in the BTHUA. For the proportion of vegetation, it decreased at a rate of −1.78%/yr in
urban lands. Although the rate of vegetation reduction slowed down from −0.81%/yr in
the 5 km buffer zone to −0.48%/yr in the 20 km buffer zone, it was still faster than that in
the BTHUA.

In the PRDUA, the precipitation showed an increasing trend in urban lands, but it
showed a decreasing trend in the buffer zones. The temperature in urban lands was higher
than that in the buffer zones, and they increased at almost the same rate (around 0.04 ◦C/yr).
The sunshine duration showed a decreasing trend, and its decreasing rate was the slowest
among the three urban agglomerations. Moreover, forest and cropland were the main
vegetation types in the PRDUA, and the proportion of forest was higher than that in other
urban agglomerations. It was obvious that urban expansion had a great impact on the
vegetation in the PRDUA. Whether in urban land or its buffer zones, the proportion of
vegetation decreased rapidly. Even in the 20 km buffer zone, the proportion of vegeta-
tion was still decreasing at a rate of −0.54%/yr, which was higher than that in other two
urban agglomerations.

3.6. The Importance of Multiple Variables to the NPP of the Three Urban Agglomerations

Moreover, we evaluated the importance of the annual cumulative precipitation, the
annual average air temperature, the annual cumulative sunshine duration, and the propor-
tion of vegetation to the NPP in the urban lands, 5 km buffer zone, 10 km buffer zone, and
20 km buffer zone of the BTHUA, the YRDUA, and the PRDUA (Figure 11).
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Figure 11. The importance to NPP of the annual cumulative precipitation, the annual average air temperature, the annual
cumulative sunshine duration, and the proportion of vegetation in urban lands in 2015, also including the 5 km buffer zone,
10 km buffer zone, and 20 km buffer zone of (a) the BTHUA, (b) the YRDUA, and (c) the PRDUA.

In the BTHUA, the importance of the annual cumulative sunshine duration to the NPP
of urban lands, which was 0.33, was significantly higher than that of other environmental
variables. The importance of the three meteorological variables to NPP in urban lands
was dominant, with a sum of 0.56. The importance of the proportion of vegetation here
was 0.44. However, in the ~5–20 km buffer zones, the importance of the three meteoro-
logical variables to NPP gradually decreased, while the importance of the proportion of
vegetation increased. Among them, the importance to NPP of both the annual cumulative
precipitation and the annual average air temperature in the 20 km buffer zone was less
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than 0.1 (0.065 and 0.073 respectively), and the importance of the proportion of vegetation
reached 0.6.

In the YRDUA, the importance of the three meteorological variables to NPP increased
linearly with the expansion of the buffer zones. The corresponding change in the impor-
tance of the proportion of vegetation was opposite to that in the BTHUA and gradually
decreased. In urban lands, the proportion of vegetation was the most important of all
variables for NPP, and its importance reached 0.87. In the 20 km buffer zone, its importance
decreased significantly, reaching 0.46. Noticeably, the importance of the annual average air
temperature increased significantly among the three meteorological variables. In urban
lands, its importance was only 0.04, but in the 20 km buffer zone, its importance to NPP
rose to 0.3.

In the PRDUA, the changing trend of the importance to NPP of the meteorological
variables and of the proportion of vegetation were similar to those in the YRDUA. However,
the importance of the proportion of vegetation decreased with the expansion of the buffer
zone, but its importance was still 0.72 in the 20 km buffer zone. In urban land, its importance
to NPP was as high as 0.94, occupying an absolute dominant status. Among meteorological
variables, although the importance of the annual cumulative precipitation and the annual
average air temperature increased with the expansion of the buffer zone, their importance
was still less than 0.1 in the 20 km buffer zone (0.07 and 0.04, respectively). Compared with
the other two meteorological variables, the importance to NPP of the annual cumulative
sunshine duration increased the most, from 0.02 to 0.17.

3.7. The Contribution of Multiple Variables to the NPP Trends of the Three Urban Agglomerations

To evaluate the contribution of environmental variables to the NPP trends, we estab-
lished a fitting relationship between multiple variables and NPP based on the multiple
linear regression model, and estimated the contribution of the variable to the NPP trends
through the regression coefficients of each variable (Figure 12).

In the BTHUA, the proportion of vegetation was the most important factor leading
to the downward trend of NPP in urban lands, contributing −1.77 g C/m2/yr to the rate
of change, followed by the annual cumulative precipitation and the annual average air
temperature, with contributions of −0.014 g C/m2/yr and −0.16 g C/m2/yr, respectively.
The annual cumulative sunshine duration promoted the increase of NPP, its contribution
was 0.17 g C/m2/yr, and obviously it failed to offset the inhibitory effect of other variables
on the increase of NPP. In the buffer zones around urban lands, the proportion of vegetation
promoted the increase of NPP, and its contribution gradually increased with the expansion
of the buffer zones, reaching the highest level in the 20 km buffer zone (2.19 g C/m2/yr).
Among these three meteorological variables, with the expansion of the buffer zone, the
inhibitory effect of the annual accumulated precipitation on the increase of NPP was further
enhanced. It gradually became the main factor that made a negative contribution to the
NPP trends. In contrast, the annual average air temperature became one of the causes
of the increase of NPP, and its contribution gradually increased. The annual cumulative
sunshine duration inhibited the increase of NPP in the 5 km buffer zones and contributed
−0.14 g C/m2/yr to the NPP trends, while it became one of the causes of the increase of
NPP in the ~10–20 km buffer zones.

In the YRDUA, Figure 12b shows that changes in the annual cumulative precipitation
and the proportion of vegetation were the reasons for the decrease of NPP, and the vegeta-
tion reduction was the main reason for the decrease of NPP. From urban lands to the 20 km
buffer zone, the negative contribution of the two to the decrease of NPP weakened. Addi-
tionally, the annual average air temperature was the main factor that promoted the increase
of NPP and its positive contribution was significantly enhanced with the expansion of the
buffer zone, reaching 0.52 g C/m2/yr in the 20 km buffer zone. The annual cumulative
sunshine duration was the factor that caused the decrease of NPP, but its effect gradually
decreased, becoming the factor that caused the increase of NPP in the 10 km buffer zone.
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With the expansion of the buffer zone, the positive contribution of the annual cumulative
sunshine duration to NPP gradually strengthen, but its contribution was slight.

In the PRDUA, among all the variables, the annual cumulative sunshine duration and
the proportion of vegetation were always the reasons for the decrease of NPP. However,
from the urban lands to the 20 km buffer zone, the effect of the proportion of vegetation
decreased and its contribution decreased from −4.45 g C/m2/yr to −1.73 g C/m2/yr.
In contrast, the effect of the annual cumulative sunshine duration increased and its contri-
bution increased from −0.0065 g C/m2/yr to −0.20 g C/m2/yr. In addition, the annual
average air temperature was the main factor to promote the increase of NPP. Unfortunately,
this promotion and positive contribution also decreased as the buffer zone expanded. The
influence of the annual cumulative precipitation to the NPP trends in urban lands and
buffer zones in PRDUA was almost negligible. In urban lands, the annual cumulative pre-
cipitation made NPP decrease and its negative contribution was only −0.006 g C/m2/yr.
Although the annual cumulative precipitation became a factor that promoted NPP in-
creased in the buffer zones, its contribution was always less than 0.01 g C/m2/yr.
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4. Discussion

Based on our results, we confirmed that the range of the annual NPP in China is
between 2751 and 3343 Tg C, which is consistent with previous studies [37,38]. In addition,
the NPP in China shows a significant increasing trend from 1982 to 2015. After 1997, China’s
rate of increase in NPP slowed. Liang, et al. [39] also demonstrated that the increased rate
of NPP after 2000 decreased to 0.008 Pg C/yr, similar to our results.

Since the reform and opening-up policy of the late 1970s, China’s hydroclimatic
conditions and LULC have undergone extensive changes, which have led to dramatic
changes in China’s terrestrial ecosystem [39–41]. Rapid urban expansion and economic
development have caused tremendous changes to the LULC and ecological environment
in and around the cities. In this study, we found that most of the newly added urban
lands were converted from croplands. He, et al. [9] showed that from 1992 to 2015, China’s
urban expansion put pressure on food security and reduced the average annual food
self-sufficiency rate by 2%. In this study, whether within the permanent urban lands or
the urban lands in 2015, NPP presented a decreasing trend. Using a piecewise regression
analysis, we found that 1997 was the turning point of NPP change. Although the NPP
still showed a decreasing trend in the two time periods, the environmental conditions
improved, and the rate of decrease decreased significantly. China is a largely agricultural
country [42], so both the output and security of grain are related to the country’s long-term
interests and the foundation of national survival. Since 1978, the Chinese government has
been aware of the importance of protecting cropland, and in 1998, the Chinese government
formally confirmed the legislation that “rational use of land and effective protection of
cropland is China’s basic national policy.” This also echoes our research results. In addition,
a series of ecological and environmental protection policies will also affect changes in NPP,
such as ecological redlines, which mainly protect areas with important ecological functions
and a fragile ecological environment [43,44]. Milesi, et al. [45] indicated that concentrated
urban forest planning could alleviate NPP decreases. These policies need to be considered
for NPP changes and future predictions.

The three urban agglomerations have a strong position in China in terms of both
population and economy. However, most of the above studies have explored NPP changes
within the city’s administrative scope. In this study, the temporal and spatial changes
in NPP in the urban lands of the three urban agglomerations were studied separately.
Additionally, the NPP changes in the urban land buffer zones (~5 km–20 km) were explored.
Furthermore, to investigate the multiple variables affecting urban NPP, we calculated the
importance and the contribution of multiple variables to the NPP trends of urban lands and
their buffer zones in different urban agglomerations. We expected that by investigating and
analyzing the changes in the ecological environment in these three urban agglomerations,
we could predict changes in the ecological environment in other developing cities or
agglomerations in the future.

The Beijing–Tianjin–Hebei region is China’s capital economic circle. Our study indi-
cated that in the BTHUA, the NPP showed a decreasing trend, and the decrease in NPP
was mainly concentrated in Beijing, Tianjin, and Shijiazhuang. Peng, et al. [46] found that
in Beijing, the core city of the BTHUA, urban expansion caused a loss of NPP at both
the temporal and spatial scales, consistent with our research. In the BTHUA, the propor-
tion of vegetation made a major negative contribution to the NPP trends in urban lands.
Its contribution became positive and gradually increased in the ~5–20 km buffer zones.
Correspondingly, the importance of the proportion of vegetation also increased. Although
the proportion of vegetation in the ~5–20 km buffer zones had a decreasing trend, this
trend was slight. For the BTHUA, there are many nature reserves around the urban lands.
As of 2014, 71 nature reserves have been established in the Beijing-Tianjin-Hebei region,
with a total area of 9177.5 km2 [47]. In addition, the Beijing–Tianjin–Hebei area is located in
the “Three North Shelterbelt Project” area, which was initiated in 1978 and is the world’s
largest ecological restoration project [23]. A series of environmental protection measures
taken in the Beijing Tianjin Hebei region was also an important factor in reducing the
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impact of urban development on the ecosystem. In the BTHUA, the proportion of cropland
in the buffer zone was the highest among the three urban agglomerations. To increase
the yield of crops, the government has taken a series of field measures, including the
promotion of high-quality crop varieties, the optimization of irrigation strategies aimed
at reducing water shortages, and rational fertilization. In addition, the government has
laid out basic farmland protection measures in Beijing Tianjin Hebei region to restrain
urban expansion. In addition, the process of urban expansion and industrialization led
to an increase in the CO2 concentration in the atmosphere. Many studies have suggested
that an increase in the CO2 concentration produces a “CO2 fertilization effect” on vegeta-
tion [48–50]. The experiments on forest plots by Norby, et al. [48] showed that when the
CO2 concentration rose from 0.4% to 0.5%, the forest NPP increased by 23%. The increase
in the CO2 concentration promoted the photosynthesis of the vegetation that still existed.
All of these contributed to the increase of NPP. Moreover, meteorological factors cannot be
ignored. The importance of meteorological variables in urban lands was even higher than
that of the proportion of vegetation, and the sunshine duration was the most important
meteorological variable, the only one that made a positive contribution to the NPP trends
in urban lands. During a given period, the sunshine duration is defined as the sum of that
subperiod for which the direct solar irradiance exceeds 120 W/m2 [51]. Its contribution
to the NPP trends was basically positive, and the sunshine duration in the BTHUA was
higher than that in the other two urban agglomerations. Although the sunshine duration
was decreasing (Figure 10), compared with the solar direct radiation, when the sky has
clouds, the photosynthetic rate of the vegetation canopy is higher than when the sky is
clear because cloudy days cause light scattering. It is easier for light to enter the canopy
to allow more leaves to obtain solar radiation, and the increase of diffuse solar radiation
could increase the LUE of crop [52]. In the BTHUA, the temperature increased temporarily
promoted the growth of vegetation. The optimum temperature of vegetation refers to the
environmental temperature most conducive to vegetation growth and the temperature
at which the vegetation’s photosynthetic enzyme shows the maximum activity [53]. The
BTHUA is located in a warm temperate subhumid area, and the optimum temperature for
vegetation in this area is ~18–20 ◦C [54]. A previous study which classified the optimal
temperature according to vegetation type indicated that the optimal temperature for crop-
land in China was 24.8 ◦C [55]. The precipitation showed decreasing trends (Figure 10) and
negatively contributed to the NPP trends. However, a slight change made its importance
to NPP less obvious.

In the YRDUA, our results showed that the NPP decreased in urban lands and was
more significant than that in the BTHUA. The areas where NPP decreased significantly
were Shanghai, Suzhou, and Jiaxing, consistent with the conclusions of many other studies.
For example, when studying the urban expansion and vegetation dynamics in Shanghai,
the central city of the Yangtze River Delta, Zhong, et al. [4] found that with urban expansion,
the GPP and enhanced vegetation index (EVI) of vegetation within the city both showed a
significant decreasing trend. With the expansion of the buffer zones, the reduction rate of
NPP in the buffer zone of the YRDUA has gradually become nonsignificant, even though
the NPP showed a slight increase in the 20 km buffer zone of urban lands. We found that
the importance of meteorological variables increased significantly with the expansion of
the buffer zone, and the variable with the fastest increase was temperature. Moreover,
the importance of the proportion of vegetation decreased accordingly. The precipitation
in the YRDUA showed a decreasing trend, and its contribution to the NPP trend was
negative but weaker than that in the BTHUA. This was due to the higher precipitation
and the slower decreasing rate of the precipitation than in the BTHUA. Temperature was
the variable that made the most positive contribution to the NPP trend. The YRDUA is
located in northern subtropical humid area. The optimum temperature of vegetation in
this area is ~20–22 ◦C [54]. In addition, the optimum temperatures for the main vegetation
types in the YRDUA, cropland, and forest, are 24.8 ◦C and 23.4 ◦C, respectively [55]. The
temperature rise promoted the growth of vegetation. The contribution of sunshine duration
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to the NPP trends changed from negative to positive in the 10 km buffer zone and had an
increasing trend. However, in the YRDUA, the variation rate of sunshine duration was
relatively minor, almost one-third of that in the BTHUA. The slight variation in sunshine
duration also made it less important to NPP. The proportion of vegetation in the YRDUA
decreased significantly faster than in the BTHUA. For example, in the 5 km buffer zone, the
proportion of vegetation in the YRDUA had a rate of −0.81%/yr, while in the BTHUA, the
rate was only −0.48%/yr (Figure 10). The positive contributions of a series of variables to
the NPP trends cannot offset the negative contribution caused by the obvious reduction in
vegetation area. Until the 20 km buffer zone, the decline rate of the proportion of vegetation
decreased to −0.47%/yr, and the other positive contributions were barely higher than the
negative contributions. In recent years, the Yangtze River Delta region has also proposed
the “Yangtze River Delta Regional Integration Development Plan,” which is necessary to
improve cross-basin and cross-regional ecological compensation mechanisms [56]. With
policy implementation, the future ecological environment will be strictly protected, and
the ecological environment around the city will continue to develop healthily.

The rate of NPP reduction in the PRDUA was the fastest among the three urban
agglomerations. In Foshan and Guangzhou, NPP decreased the most, while NPP increased
in southern Shenzhen and northwestern Dongguan. Jiang, et al. [57] confirmed that
tremendous LULC changes caused by rapid urbanization process in the Pearl River Delta
region had reduced NPP, mainly because the replacement of cropland and forests with
urban lands. A previous study showed that the relationship between precipitation and
forest growth had a threshold value [58]. When the average annual cumulative precipitation
was between 1000 and 2500 mm, the relationship between mature forest growth and
precipitation was not significant [58]. When the average annual cumulative precipitation
was higher than 2500 mm, the mature forest growth and precipitation were negatively
correlated [58]. The PRDUA is located in the southern subtropical humid area, with
abundant precipitation. The accumulated precipitation was significantly higher than the
other two urban agglomerations. As shown in Figure 10, precipitation tended to increase
in urban lands. In contrast, the precipitation showed a decreasing trend in buffer zones,
contrary to the precipitation contribution to the NPP trends. However, this contribution
was weak, and its importance to NPP was not high. The temperature changed little over
the years. Whether from the ecological geographical area or the main vegetation types, the
temperature in the PRDUA did not reach the optimum temperature of the vegetation [53,54],
and an increase in temperature would still promote the growth of vegetation. The sunshine
duration in the PRDUA made a negative contribution to the NPP trends, and this negative
contribution had an increasing trend. In the PRDUA, the proportion of forest was higher
than that of other urban agglomerations. The decrease of sunshine duration could cause
the decrease of solar direct radiation penetrating through the forest canopy and reaching
the understory, which may lead to the decrease of light scattering in the canopy and light
reabsorption by leaves [59]. Correspondingly, the importance of sunshine duration to NPP
gradually increased. Wang, et al. [60] also showed that the interannual variation in NPP in
southern China was more sensitive to solar radiation than to precipitation. As shown in
Figure 11, the proportion of vegetation was more important to the NPP in the PRDUA than
in the other two urban agglomerations. Moreover, the proportion of vegetation had the
strongest negative contribution to NPP trends in the PRDUA. Even in the 20 km buffer zone,
the change rate of the proportion of vegetation was still −0.54%/yr (Figure 10), and the
rapid reduction in vegetation area threatened the ecological environment. Fortunately, the
“Guangdong-Hong Kong-Macao Greater Bay Area Development Planning Outline” [61]
launched by the Chinese government in 2019 clearly requires the promotion of sustainable
development, the creation of ecological protection barriers, the implementation of major
projects for the protection and restoration of important ecosystems, the delineation and
strict observance of the ecological protection red line, and the strengthening of protection
for mountains, hills, and forest ecosystems around the delta. After implementing this
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ecological protection policy, the rate of reduction in NPP outside the cities in the Pearl
River Delta region will be further reduced in the future and, and NPP may increase.

There are also some limitations to our research. First, the more detailed NPP changes
caused by urban expansion or the change in LULC in China may not be fully captured.
This is because the NPP has a spatial resolution of 5 km, but it can still reflect the changes
in spatial and temporal scales. We are currently producing NPP products with a spatial
resolution of 500 m. We believe that we could better explore this issue in the future. Second,
although the NPP products used in the study are produced with low-uncertainty data
(such as LAI and FPAR), some uncertainties in their accuracy remain. However, the NPP
product was verified through Bigfoot data and compared with the MODIS NPP product,
and it was found that the product was reliable. Finally, the temperature, precipitation,
sunshine duration, and proportion of vegetation were selected as the variables influencing
NPP change. In fact, many other factors influence NPP changes, including human activities,
CO2 concentrations, and nitrogen deposition. Moreover, the NPP products used in the
study are calculated based on a LUE model, which does not consider the factors such as the
CO2 concentration and nitrogen deposition. There is a relationship between these factors
and other variables, and the effect on NPP is very complex. A simple model cannot well
reflect their impact on NPP. Nevertheless, our assessment is still worthwhile because it
quantifies the factors that affect urban NPP and clearly shows the differences between
different urban agglomerations and buffer zones.

5. Conclusions

The NPP in China from 1982 to 2015 had an increasing trend, with an average annual
growth of 17.15 Tg C, and the turning point of China’s NPP trend was found in 1997. The
increasing rate of the NPP was 9.59 Tg C/yr before 1997 and changed to 8.71 Tg C/yr after
1997. Although the NPP in the Chinese permanent urban lands (urban lands in the 1980s)
decreased at −0.0185 Tg C/yr from 1982 to 2015, NPP had a lower decrease after 1997 than
before 1997.

The BTHUA, the YRDUA, and the PRDUA are the three fastest-growing urban agglom-
erations in China. In the BTHUA, the NPP in urban lands decreased at −1.67 g C/m2/yr,
and showed an increasing trend in the ~5 km–20 km buffer zones of urban lands, because
the proportion of vegetation in the buffer zones was less affected by urban expansion.
The increase in the temperature and the decrease in sunshine duration made positive
contributions to the NPP trends. In the YRDUA, the NPP in urban lands decreased slightly
faster (−2.45 g C/m2/yr) than in the BTHUA. The decreased rate of NPP slowed down
from the 5 km buffer zone to the 15 km buffer zone, and even showed an increasing trend
in the 20 km buffer zone. The increasing temperature was the main positive contribution to
the NPP trends. From the 5 km buffer zone to the 20 km buffer zone, the rate of vegetation
loss became slower, reducing its negative contribution to the NPP trends. In the PRDUA,
the NPP decrease rate (−4.18 g C/m2/yr) in urban lands was the fastest among the three
urban agglomerations. In addition to the decrease in vegetation, the reduction in sunshine
duration also made negative contributions to the NPP trends.

A series of policies around urban agglomerations delayed the damage to the ecological
environment caused by urban expansion. In addition to the reduction in vegetation,
the contribution of meteorological variables to the NPP trends cannot be ignored. This
study provides a reference for future urban ecological environment prediction and policy
formulation.
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