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Abstract: Field net primary productivity (NPP) is useful in research modeling of regional and
global carbon cycles and for validating results by remote sensing or process-based models. In this
study, we used multiple models of NPP estimation and vegetation classification methods to study
Chinese vegetation NPP characteristics, trends, and drivers using 7618 field measurements from
the 1960s, 1980s, and 2000s. The values of other relevant NPP models, as well as process-based
simulation and remote sensing models, were compared. Our results showed that NPP ranged from
3 to 12,407 gC-m2.year ! with a mean value of 571 gC-m~2.year!. Vegetation NPP gradually
decreased from the southeast to the northwest. Forest, farmland, and grassland NPP was 1152, 294,
and 518 gC-m~2-year !, respectively. Total NPP of grassland was higher than that of farmland.
Total terrestrial NPP decreased from 3.58 to 3.41 Pg C-year~! from the 1960s to the 2000s, a decadal
decrease of 4.7%. Total NPP in forests and grasslands consistently showed a decreasing trend and
decreased by 0.46 Pg C-year~'and 0.16 Pg C-year !, respectively, whereas NPP for farmland showed
an opposite trend, with a growth of 0.45 Pg C-year—!'. Our research findings filled gaps in the
information regarding NPP for the entire landmass of China based on field data from a long-term
time series and provide valuable information and a basis for validation analyses by remote sensing
models, as well as a robust quantification of carbon estimation to anticipate future development at
the national and global scale.

Keywords: NPP; field data; long-term time series; spatio-temporal analysis

1. Introduction

Net primary production (NPP) is the amount of organic matter produced by photosynthesis per
unit of time and area, minus autotrophic respiration of vegetation [1-3]. Regional estimates of NPP
are not only important variables with which to characterize vegetation activities, but also strongly
influence the dynamics of the regional and global carbon cycle [4-8].

NPP at the site level can be acquired by field measurements, such as the aboveground biomass
(AGB) and belowground biomass (BGB) in grasslands. However, for one researcher or a small group
of researchers, this method is not feasible on a large scale as it is time-consuming, costly, and is unable
to obtain full spatial coverage and a continuous long-term time-series.

With the rapid development of remote sensing and GIS technology, numerous studies at
regional and global scales have been conducted concerning the method of rapidly estimating
NPP using moderate-resolution satellite Normalized Difference Vegetation Index (NDVI) datasets
(e.g., the Advanced Very High Resolution Radiometer (AVHRR) data and the Moderate
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Resolution Imaging Spectroradiometer (MODIS) data) [9-18] into an estimation model, such as
the Carnegie-Ames-Stanford-Approach (CASA) model [19-21], the Global Production Efficiency
Model (GLO-PEM) [22,23], or the Eddy Covariance-Light Use Efficiency (EC-LUE) model [24],
the Atmosphere-Vegetation Interaction Model (AVIM2) [25,26], or spatial interpolation [27,28].
The remote sensing images can provide continuous, dynamic, and comprehensive land-surface
information for any region on Earth [29,30].

Unfortunately, many researchers avoid validating models with independent observations when
estimating NPP by data-based models or remote sensing models. The results obtained by these
models have differences with uncertainty [31-34], which may influence our understanding of the
whole-ecosystem carbon balance [3,35-37]. On the one hand, a coarse resolution can lead to an obvious
accuracy loss when modeling NPP based on the spatial heterogeneity of the data [38], especially
for the AVHRR datasets with a spatial resolution of 8 km [39,40]. On the other hand, the MODIS
datasets [41,42] and Satellite Pour I'Observation de la Terre (SPOT) vegetation products [43] also have
their limitations, with no data available before the year 2000, and the possibly confounding influence
of cloud cover.

Reliance solely on data-based models or remote sensing models will not yield the true NPP value
because of the uncertainty of these models [31-34]. Reliable data is needed for robust assessments of
resource availability. Thus, it is necessary for field measurements of regional NPP because remote
sensing may yield great uncertainty or time discontinuity. It is possible to use the continuous
accumulation of field data by different scholars over long periods of time to show regional NPP
more accurately at a large scale to resolve the problems associated with different remote sensing data
and models, and provide valuable information for validation analyses by remote sensing models.

However, NPP based on field data for Chinese vegetation, which contains forest, grassland,
and farmland ecosystems at the national scale, has rarely been reported. Previous studies typically
focused on small scales or a single Chinese vegetation ecosystem at the large scale [44—46] and they
also lack long-term time series. At the same time, robust quantification of carbon estimation is needed
because, to anticipate future development, we must understand the historic growth conditions across
all biomes. Thus, it is of great significance to obtain a long-term NPP series using NPP derived from
field observations.

The specific objectives of this study were: (1) to compile NPP data using a Chinese vegetation
classification method based on 7618 field data points between 1952 and 2010; (2) analyze its trends
and drivers; and (3) to compare this estimated NPP with other relevant NPP models, as well as
process-based simulation and remote sensing models.

2. Materials and Methods

2.1. Chinese Vegetation Classification and Its Spatial Distribution

China covers a broad geographical region and has a large climatic range, extending from arid to
humid areas from the northwest to southeast and cold temperate to tropical climate zones from the
north to south. The broad climatic gradient supports a diversity of vegetation ecosystems throughout
China. We obtained the spatial distribution of different vegetation types from a vegetation map of
China from the 1960s (1:4,000,000 scale) by Environmental and Ecological Science Data Center for West
China, National Natural Science Foundation of China (http://westdc.westgis.ac.cn) [47] (Figure Sla),
the 1980s (1:1,000,000 scale) (Figure S1b) [48], and the 2000s (1:1,000,000 scale) (Figure Slc) (http:
//www.geodata.cn/) [49]. According to the principles and bases of Chinese vegetation regionalization
in the original maps, Chinese vegetation was classified into the forest (16 forest types) (Table S1),
grassland (10 grassland types) (Table S1), and farmland (Table S1) for this study. Thus, an NPP estimate
can be scaled up from the 27 vegetation types.

Until the 2000s, grassland encompassed the largest area, accounting for about 43.7% of the
total vegetation area. Grasslands were mainly distributed in Northern Inner Mongpolia, Xinjiang,
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Gansu, Qinghai, and the Tibet region. A total of 25.0%, 23.2%, and 16.3% of the total grassland,
respectively, were comprised of Kobresia spp. Forb in high-cold meadows; grass, Carex spp. high-cold
steppes; and temperate tufted grass steppes (Figure Slc).

The second largest area was farmland (Figure Slc), accounting for about 31.93% of the total
vegetation area, mainly distributed in the Eastern Plain, the Huang-Huai-Hai Plain, the Yangtze River
Plain, and other regions.

Forest land (Figure S1c) encompassed about 24.4% of the total area, mainly distributed in the
southern and northeast regions. The forest type is mainly needleleaf forests in subtropical zone, and
broadleaf deciduous forests in temperate zone, accounting for 30.5% and 26.2% of the total area of woodland,
respectively. Needleleaf forests in tropical zone, and tropical monsoon forests, accounting for less than 1%
of the total forest land area, were limited to the southeastern margin of Tibet, Western Sichuan and
Northwest Yunnan, with limited distribution.

2.2. Observations Datasets

2.2.1. Observation Methods of Vegetation NPP

In this study, the harvest method and biomass survey are the types of data collection procedures
that originated the data, which are the most common and easiest methods, and do not require expensive
and complex instruments [50-52]. These procedures can be divided into two situations. For the first
procedure, aboveground and belowground farmland and grassland observations in this study were
obtained using the harvesting method, where the actual biomass of green plants was physically
harvested and weighed, although the data source for farmland was different from that used for
grasslands and forests. In the second procedure, the forest observations were mainly based on biomass
surveys obtained by destructive harvesting and weighing of tree components (e.g., stems, branches,
leaves, and roots), which were subsequently scaled-up to the stand level (e.g., stems, branches, leaves,
and roots were oven-dried to determine mass per unit area, Mg-ha~!). It should be noted that our
stand-level biomass data of trees excluded biomass data estimated using the biomass expansion factors
(BEF) method and modeling methods.

The frequencies of the data collection differed for different vegetation types. For croplands,
the data covered the continuous years from 1960 to 2010 and was collected once each year. Grasslands
and forest data collections rarely covered continuous observation over a long-term time scale at the
same site, with observations typically occurring at uncertain times each year. This is also one of the
main reasons for the periodic basis for analyses rather than continuous chronological observations.
Thus, we analyzed field data from 1952 to 1970 as the same period termed “1960s”, from 1980 to 1990
as 1980s, and from 2000 to 2010 as the 2000s.

2.2.2. Data Source

The field data on Chinese vegetation (forest, grassland) NPP were collected from peer reviewed
published studies using the China National Knowledge Infrastructure database (http://www.cnki.
net/) [53] for Chinese-language papers (1950-2015) and the Web of Science (www.webofknowledge.
com) [54] for English-language papers (1950-2015). The China Statistical Yearbooks Database (http:
/ /tongji.cnkinet/overseas/Dig/Dig.aspx#) [55] was the source for farmland NPP data (1960-2010).
The key words used were restricted to net primary product, NPP, net CO, exchange, carbon flux, and
China. From this literature, only studies meeting the following criteria were selected: first, the study
contained the desired variable, net primary productivity (NPP); second, the study reported a certain
biome (forest, grassland, or cropland) at some sites in China. The studies with incompatible methods
or unclear assumptions were omitted for quality-control purposes.
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2.2.3. Date Collection

We extracted the desired observed site-level data, including the biomass, yield data, volume
at the site level with clear latitude and longitude coordinates (during the 1960s, 1980s, and 2000s),
as well as the vegetation types. In total, 7618 field data (4446 samples for farmland, 1220 samples for
grassland, and 1952 samples for forest) were collected. The distribution of field samples is shown
in Figure 1. These sites approximately represented all climatic zones, spanning cold humid regions,
temperate humid and semi-humid regions, temperate arid and semi-arid regions, warm temperate
humid and sub-humid regions, north subtropical humid regions, mid-subtropical humid regions,
south subtropical humid regions, to tropical humid regions.
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Figure 1. Distribution of samples: (1) The white areas are barren, without vegetation. (2) The data for
the map was obtained from: http://www.geodata.cn/ [49] (details can be seen in Section 2.1).

We used county-level crop yields (paddy, wheat, corn, legumes, potatoes, cotton, oil, and sugar)
and area statistics to derive county-level net primary production (NPP). We collected 2055 samples
and 2289 samples at the county level in the 1980s and 2000s, respectively, and 102 samples at the
city-level and province-level were selected in the 1960s. The belowground farmland NPP estimates
were obtained using a standard factor that is described in detail in Section 2.3.1.

A total of 1220 grassland biomass samples was obtained at the site-level. In the 1960s, 117 samples
with fresh weight data from each sampling site located in all northern provinces and part of the
southern provinces (e.g., Guizhou, Sichuan, Yunnan, and Guangxi) were obtained [56]. A total of
656 and 447 samples from papers published in the 1980s and 2000s were obtained, respectively, with
records of aboveground and belowground biomass and forage-yield field data obtained from sites
widely distributed in tropical, subtropical, warm temperate, temperate, and cold temperate zones.
These data reflect the spatial distribution pattern of China’s grassland biomass and NPP.

The data on forest NPP included samples from over 1952 plots. In detail, the 1960s data included
the initial vegetation records for 209 plots, of which 30 plots included forest areas and volume data at
the province-level, 160 plots included volume data for four species of age-class accumulation in 10
counties in Southeastern Guizhou, 14 plots included volume data (dominant tree species) in Xinjiang,
and five NPP plots. In the 1980s, data included 1024 forest plots (trunk biomass, branch biomass,
leaf biomass, and root biomass) with precise spatial geo-coordinates collected by Luo [57]. In the
2000s, we obtained the initial vegetation biomass and forest age data of 147 plots from the literature,
including 572 samples contained NPP in the Global Primary Production Data Initiative (GPPDI)
(https:/ /daac.ornl.gov/cgi-bin/dataset_lister.pl?p=13) [58].
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2.3. Estimation of NPP

2.3.1. Farmland NPP

The farmland NPP was estimated from eight kinds of crop production data using the following
equation [59-61]:

N Yix (1-Mg) ><04:5gC
NPP =Y M Fog YL A )

where NPP refers to the total farmland NPP (gC-m™ -year’l), Y; is the crop production (t), Mg; is the
water content of the crop harvest (%) (Table S52), HI; is the crop harvest index (economic production
and the ratio of plant dry weight above ground.) (Table S2) [59-61], A is the crop harvest area (hm?),
0.45 is the carbon conversion coefficient [61,62], and f4¢ refers to the fraction of the aboveground
biomass to the total biomass (Table S2) [59,63-66]. Different crops had different parameters, which can
be seen in Table S2.

2.3.2. Grassland NPP

A series of grassland NPP estimation algorithms from biomass measurements are
described [67-69], where the assumptions may only apply in certain sub-biomes. In this study,
grassland NPP was estimated from biomass data using two separate equations. When the biomass
data contained the aboveground biomass (AGB) and belowground biomass (BGB), we used the
following equation:

NPP = (Biomassyp + Biomassgown) % 0.45, )

where NPP refers to the total grassland NPP (gC-m~2-year '), Biomass,p is the dry matter yield AGB
(g'm~2), and Biomassqgyn is the dry matter yield BGB (g:m~2), and 0.45 is the carbon conversion
coefficient [61].

When only the AGB data was available, the formula was calculated based on the ratio coefficient
of AGB and BGB, which mainly used the different ratios between AGB and BGB for all grassland
types according to the published literature which relied on field data (Table S3). The formula is as
follows [70]:

NPP = Bg x Sbn x (1 + Sug), (3)

where NPP refers to the total grassland NPP (gC-m~2-year~!), Bg is the dry matter yield above-ground
(g~m’2) (Table S3); Sbn is the conversion factor from dry matter yield to NPP (g- g’1 -C) (Table S3);
and Sug is the ratio of below-to above-ground biomass (Table S3) [70]. Different grassland types had
different parameters, which can be seen in Table S3.

To obtain the dry matter values (Bg), first, it was necessary to calculate the amount of fresh grass
and the amount of grass production data in accordance with a unified conversion factor for the dry
matter content. The fresh grass hay equivalent ratio of the ten different types of grass (Rfd) is shown in
Table S3 [70-73], whereas in the 1980s and 2000s, the percentage of water content (PWC) in the dried
hay was 15% [61], and the aboveground biomass (dry matter content) (Bg) was obtained by grass yield
minus moisture content in hay.

2.3.3. Forest NPP

The forest NPP was estimated from the biomass data (i.e., the dataset in the 2000s) using the
following equation [61,72]:
NPPr =B/(c x A+d x B), 4)

1

NPP = ——,
L™ e/B+f

©)
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where NPPr is the tree NPP (gC-m~2.year~!), NPP_ is annual litterfall per unit area
(gC-m~2.year~!), B is biomass (gC-m~2-year '), A is age; and ¢, d, e, and f are the corresponding
forest type constants (Table S4) [74-76].
There are two methods for calculating the biomass. The first method is that calculating from the
sum of the parts [77]:
B =Bs+B, + B + By, (6)

where B is the tree biomass (gC-m’z-year’l); Bs, By, B, and B, represent the trunk biomass
(gC-m~2-year 1), branch biomass (gC-m~2-year~!), leaf biomass (gC-m~2-year '), and root biomass
(gC-m~2.year ') in year i, respectively. The method was suitable for estimates of forests in the 1980s,
for which the dataset included biomass measurements for parts of the forest. However, some of the
samples only included the volume and ages (i.e., 1960s), and we first used the following formula to
estimate the biomass:

B=V/(a+bxV), (7)

where B is the biomass (gC-m’zyear’l), V is the volume of the tree (m®>-hm~2), and a and b were the
constants (Table S4) [74].

Thus, the forest NPP, which is the estimation of annual growth and annual litterfall in the forest
community, is calculated using the following formula:

NPP = NPPt + NPP;, (8)

where NPP is the forest NPP (gC-m~2-year~!), NPPr is the tree NPP gC-m~2-year~!), and NPPy is
the annual litterfall per unit area (gC-m~2-year!).

2.4. The Method of Scaling-Up Using NPP Classification Methods

To investigate the differences in NPP values among different regions, we used site-scale NPP
estimates for large-scale estimates based on Chinese vegetation types. Chinese vegetation has
horizontal and vertical distribution patterns, which are divided into forest, grassland, and farmland
types, and are influenced by climate (e.g., temperature and precipitation), topography, soil types,
and management history [78,79]. In this study, the Chinese vegetation could be divided into forest,
grassland, and farmland. Consequently, the process of scale-up is significant, presenting a challenge
for using site-scale NPP estimates for large-scale estimates.

Forest sites represented all climatic zones, spanning cold temperate to tropical zones, which is
consistent with horizontal and vertical distribution patterns [78,79]. Forests were divided into sixteen
types, corresponding to climate regions (Table S1, Figure S1). Each site can be identified based on the
sub-type to which it belongs. We can then obtain the average NPP of the same forest type sub-class,
multiplying this value by the area of the corresponding forest type can calculate the corresponding
forest type total NPP. Thus, the calculated total NPP at the national scale by the mean NPP method,
e.g., the total NPP for the different forest components in China’s forest ecosystems, was analyzed
according to the average NPP of sixteen forest types and their corresponding areas for each type [48,80],
which can be obtained from the spatial distribution map of the forest types.

The method of estimating grassland NPP from site-scale to large-scale is similar to the forest
method. For the statistical and comparative analyses, the Chinese grasslands were divided into ten
types (Table S1, Figure S1). The total NPP of grassland could be calculated from ten grassland types
and their corresponding areas by the mean NPP method.

Farmland NPP estimates differ from forests and grasslands at the national scale. Since farmland
data are mainly derived from national statistics, including data for each county, the total farmland NPP
can be easily calculated based on the NPP at county-level scales and its corresponding area. The results
obtained by this method are also the main sources of the results of other model estimation methods.
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2.5. Process-Based and Remote Sensing Models

There are process models and remote sensing models to simulate NPP. In our study, the methods
of estimating NPP included the Boreal Ecosystem Productivity Simulator (BEPS) model, the BIOME
BioGeochemical Cycles (BIOME-BGC) model, the Carbon Exchange between Vegetation, Soil and
Atmosphere model (CEVSA) model, the Terrestrial Ecosystem Model (TEM) model, and the Integrated
Biosphere Simulator (IBIS) model. The remote sensing models included the CASA, the EC-LUE,
the GLO-PEM, and the MOD17 models. The features of these models have been well-documented in
the papers [81-83].

2.6. Statistical Analysis

Statistical characteristics of NPP, including the maximum, minimum, mean, and the percentile
values (25th, 50th, 75th) in three periods were calculated based on multiple sites in the same periods
by SPSS software (version 18.0) [84]. The analysis of NPP distribution was performed using ArcGIS
10.1 software[85].

3. Results

3.1. Statistical Characteristics of NPP in Different Periods

Within the 7618 field-measured samples published from the 1960s to 2000s, Chinese vegetation
NPP ranged from 3 to 12,407 gC-m~2.year~! with an average value of 571 gC-m~2.year !
Among them, 63.2% of the samples were distributed from 200 gC-m~2-year~! to 1500 gC-m~2-year .

Remarkable differences in NPP were found in different vegetation types (Figure 2). The mean
of the NPP for forest, grassland, and farmland in the 1960s, 1980s, and 2000s decreased in turn.
The forest NPP had the highest value, with a mean value of 1128 gC-m~2-year~! ranging from 600
to 12,407 gC-m~2-year !. The grassland NPP ranged from 3 to 5663 gC-m~2-year!.The forest and
grassland both decreased first from the 1960s to the 1980s and increased from the 1980s to the 2000s.
Farmland ranged from 4 to 8624 gC-m~2-year~!, and increased from the 1960s to the 2000s. In all,
a decrease in forest NPP and an increase both in grassland and farmland NPP from the 1960s to 2000s
was observed.

i e N 12407
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-2000 +

Figure 2. The statistical characteristics of sample point NPP observations.

3.2. Distribution of China’s Vegetation NPP in the 2000s

3.2.1. Summary Analysis

In the 2000s, the mean and total NPP of Chinese vegetation was 596 gC-m2.year—! and
3.41 Pg C-year~ !, respectively. The vegetation NPP in southern China was larger compared with that
in Northern China (Figure 3). The higher NPP was mainly distributed in the southern tropical humid
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region and the southeastern edge of the Tibetan Plateau, especially in Western Yunnan, Central Sichuan,
the southeastern margin of Tibet, Southern Zhejiang, Northern Guangdong, and most parts of Hainan
and Fujian, where the NPP was more than 900 gC-m~2-year~!, mainly in forest types, grasslands,
meadows, and three season rice because of the good hydrothermal and heat conditions. The NPP
of Guangxi, Southern Guangdong, the Huang-Huai-Hai plain (HHH), Jiangsu, and Zhejiang were
500 to 800 gC-m~2-year~!, mainly in crops harvested two or three times per year, or three times
every two years. The lower NPP occurred in the temperate tufted grass steppes, temperate tufted low
grass. and nano-semi-shrub desert steppes grass and Carex spp. high-cold steppes, and one or two season
crops or drought crops with poor water conditions, which were mainly distributed in the eastern and
southern part of Inner Mongolia, the northwest of Tibet, and part of Xinjiang where the NPP was
below 200 gC-m~2-year™!.
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Figure 3. The distribution of vegetation NPP in the 2000s: (a) vegetation NPP in the 2000s; (b) forest
NPP in the 2000s; (c) grassland NPP in the 2000s; and (d) farmland NPP in the 2000s.

3.2.2. Distribution of the Individual Vegetation Type in the 2000s

Remarkable differences in NPP were found in the three vegetation types. The average
NPP values of forest, farmland, and grassland were 1152 gC-m~2-year !, 518 gC-m 2.year !,
and 294 gC-m~2.year~!, respectively. The NPP values from forests were higher in the east and
south than that in the west and north. The average NPP for Tropical monsoon forests was the highest
with the value of 2019 gC-m~2-year~!, followed by broadleaf deciduous forests in the subtropical zone,
broadleaf evergreen and deciduous mixed forests in the subtropical zone, broadleaf evergreen forests in the
subtropical zone, Sclerophyllus broadleaf evergreen forests in the subtropical zone, tropical rain forests, bamboo
forests and scrubs in the subtropical and tropical zones, for which NPP was above 1500 gC-m~2-year!.
The lowest NPP was in Microphyllous deciduous woodlands in the temperate zone, with an average value
of approximately 906 gC-m~2-year 1.

Approximately 58% of the farmland sample NPP values were within 300 to 600 gC-m~2-year!.
The distribution of crop NPP increased from northwest to southeast. NPP in Hainan, Guangdong,

Fujian, and Zhejiang were higher, with values above 600 gC-m~2-year~!, and approximately 5% of
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the county’s crop NPP was above 1000 gC-m~2-year !, for which two or three plantings a year were
normal, given the steady water supply, constant sun, and rich soil. The lower NPP values occurred in
Inner Mongolia, Shaanxi, Xinjiang, and Shanxi, with values less than 200 gC-m~2-year !
two-season crops or drought crops.

Grassland NPP was in the range of 3 to 5663 gC-m~2-year ! in the eastern region was generally
higher than that in the central and western regions. The largest NPP was in Grass, Carex, and forb
swamp meadows with an average NPP of 1219 gC-m~2.year!, which were located in Yunnan and
Guangxi, and Eastern Tibet. The NPP for steppes and meadows were lower, especially in the temperate
tufted low grass and nano-semi-shrub desert steppes, and grass and Carex spp. high-cold steppes with values

in one or

of 131 and 143 gC-m~2-year !, respectively. These were mainly distributed in western China in the
Alashan Desert area, the Ma Zongshan-Nuo Min Gobi shrubs, and semi-shrub desert areas.

However, the distribution of the total NPP was different from the average of NPP. The total NPP
in the forest was 57.5% of the total Chinese vegetation NPP. This was followed by grassland, which
accounts for 24.3% of the total NPP. The lowest total NPP occurred in farmland, which accounts for
18.1%. The total NPP of the forest was approximately 3.2 times that of farmland. Grassland total NPP
was higher than farmland because the total area of grassland (281.98 x 10* km?) was much greater
than the total cropland area (119.31 x 10* km?). The highest total NPP in the forest was not only due
to the area, but also because the per unit area NPP of the forest was much larger than that of cropland
and grassland.

3.3. Temporal and Spatial Trends in Average NPP and Total NPP

3.3.1. Summary Analysis

From the 1960s to the 2000s, the Chinese total NPP fell from 3.58 to 3.41 Pg C-year™!, with a
decrease of 4.7%. There was an overall decrease, but a partial increase in the spatial trend (Figure 4a,
Table 1). The higher decline of NPP was mainly distributed in the northern part of Southwest China,
along the Yangtze River Middle Plains (YR) with a decrease above 60%, followed by the northern part
of Inner Mongolia, the Changbai mountain forest area in Northeastern China, and the Eastern Liaoning
Plain, with a decline below 20%. However, NPP increased by more than 60% in the central area of
HHH, the Northern YR, the Sichuan Basin (SCB), and the southeastern margin of the Tibetan Plateau.
NPP changed directions in the period of the 1960s-1980s and the 1980s-2000s, and the reduction of the
former was higher than the increase of the latter (Table 1).

The two periods (1960s-1980s and 1980s-2000s) showed opposite trends, and the decrease in
the previous period was greater than the increase in the latter period. During the period of the
1960s-1980s (Figure 4b, Table 1), the total NPP dropped by 21.2%. The area of forests and grasslands
has decreased significantly by the deforestation which, in turn, has led to a decline in NPP per unit
area of vegetation, leading to a decrease in total NPP. The decrease of the average annual precipitation
and the average annual solar radiation may also lead to a decrease in NPP. The significant decline
in NPP was observed at YR South China and Southwest China, with reductions of more than 60%,
followed by the high-cold region of the northwestern area of the Tibetan Plateau, the Ganxin Region,
Northern Inner Mongolia, and scattered distribution areas in YR and the southwestern region, with
the decrease between 20% and 60%. During the period of the 1980s to 2000s (Figure 4c, Table 1), the
total and average NPP increased by 0.59 Pg C-year ! and 71 gC-m~2-year !, which was significantly
increased by 21.0%. The increasing temperatures in Northeast China and the Qinghai-Tibet Plateau,
the increasing precipitation in Northwest China and increasing solar radiation in East China and South
China may all promote vegetation growth to increase NPP. The NPP increased by more than 60%
mainly in HHH, Western and Northwestern Tibet Plateau, and Northern China. This was followed
by the southeastern margin of the Tibetan Plateau, SCB, and YR with growth between 20% and 60%.
However, a small portion in the south of Northeast China, Southwest China, and south of YR fell
by 20-60%.



Remote Sens. 2018, 10, 860 10 of 23

60°0'0"E 80°0'0"E 100°0"0"E 120°0'0"E 140°0'0"E 60°0'0"E 80°0'0"E 100°0'0"E  120°0'0"E 140°0'0"E
N N
2| A 2l A
s =
g z £ z
s £ s £
= s 7 2
g g
& )
= ¥ E =
=4 =4
g z g z
i s = S
g g
= £
z "oz ”
s s
g z 2 z
& : : R e
. - g - g
- s Vegetati em2eyear™ 5 . 3 % s Vegetati emZeyear™ - =
z 2000s-1960s Vegetation NPP (gCem™eyear™) & o0 500 1000 | z 2000s-1980s Vegetation NPP (gCem™syear™) & 0 500 1000 | N
= = - e . km = vr - km
21=<-1000 -500 0 200 400 600>600 - 21<-1000 -500 0200 400 600>600 -
= 80°0'0"E  90°0'0"E  100°0'0"E  110°0'0"E  120°0'0"E = 80°0'0"E  90°0'0"E  100°0'0"E 110°0'0"E  120°0'0"E
60°0'0"E 80°0'0"E 100°0'0"E 120°0'0"E 140°0"0"E
N
2l A
=
> :
z g
- s
g
)
z +
g £
- £
2
3
z “
s
2 z
g £
S =
i - g
i s Veetati emPsyear-! . S
z 1980s-1960s Vegetation NPP (gCem™syear™) & 0 500 100'? a
z - - — | e — m
; <-1000 -500 0 200 400 600>600 e
S

80°0'0"E  90°0'0"E  100°0'0"E  110°0'0"E  120°0'0"E

Figure 4. Trends of NPP from the 1960s to 2000s: (a) variation in the vegetation NPP from the 1960s
to the 2000s; (b) variation in the vegetation NPP from the 1960s to the1980s; and (c) variation in the
vegetation NPP from the 1980s to the 2000s.

Table 1. The total and mean NPP of Chinese vegetation in 1960s, 1980s, and 2000s.

Time Period Vegetation Area (10* km?) Mean NPP (gC-m_Z-year_l) Total NPP (Pg C~year_1)

1960s 612.24 584 3.58
1980s 535.92 525 2.82
2000s 571.43 596 3.41

3.3.2. Trends in Individual Vegetation Types

The NPP trends of the three vegetation types were different. From the 1960s to the 2000s, the trends
in forest and grassland were consistent with Chinese vegetation NPP, whereas the trend for farmland
NPP was in the opposite direction (Figures 5 and 6). In particular, the total NPP of forest and grassland
decreased by 0.46 Pg C-year 'and 0.16 Pg C-year~!, by nearly —4.5% and 0.8% per year, respectively.
However, farmland increased by 0.45 Pg C-year~!, with a higher growth rate of 18 gC-m~2-year~!,
but with a lower NPP and areas. Comparing the NPP in the two periods, the 1960s-1980s and the
1980s—2000s, the forest and grassland NPP first decreased and then increased, but farmland NPP
showed a steady increase.

In the 1960s-1980s, the total NPP of woodland decreased from 2.42 to 1.71 Pg C-year~!, with an
average annual decrease of 0.0355 Pg C-year ! and 6 gC-m~2-year!, and with a decline of 5.5%
(Figure 5). The NPP decreased more in the south than in the north (Figure 6d), where the decline
was over 40%, mainly in the needleleaf forests in cold-temperate zone and on mountains in temperate zone,
broadleaf deciduous forests in temperate zone, and broadleaf deciduous forests in subtropical zone. The total
grassland NPP also decreased from 0.99 to 0.77 Pg C-year~!, with a percentage decline of 1.1%,
which means that there was an average annual decrease of 0.011 Pg C-year ! and 1.0 gC-m~2-year ™.
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All eight types of grassland were in a decreasing trend, with an average decline of 18.7%. The larger
change mainly occurred in the grass, and Carex and forb swamp meadows, which were located in Tibet,
Guangdong, Guangxi, and Inner Mongolia (Figure 6). Farmland total NPP changed differently from
that of forests and grasslands and increased from 0.17 to 0.34 Pg C-year~!. The average annual growth
was 0.0085 Pg C-year~! and 7 gC-m~2-year !, with a growth of 5.2%. The farmland NPP in Liaoning,
Shandong, Henan, and Anhui Provinces grew faster (Figure 6f).

In the periods of the 1980s—2000s, the total NPP of forest, farmland, and grassland all increased.
Forest NPP increased from 1.71 Pg C-year~! to 1.96 Pg C-year~! with growth of 0.7%, representing
a growth rate of 0.01 Pg C-year ! and 1 gC-m~2.year—!. Except for some areas of Heilongjiang,
the forest NPP of southern China had increased little, especially the forests of the type needleleaf
forests in the temperate zone, and needleleaf forests on mountains in a subtropical tropical zone, and broadleaf
deciduous forests in a subtropical zone increased more, with a growth of 20% and 30%, respectively
(Figure 6g). Grassland total NPP increased from 0.77 to 0.83 Pg C-year~'with the growth of 0.39%,
and the average growth per year was 0.003 Pg C-year~! and 1 gC-m~2-year~! with an average growth
of 14.2%. The highest increase was observed in grass and Carex spp. on high-cold steppes, followed
by temperate tufted low grass, nano-semi-shrub desert steppes, and Kobresia spp., forb high-cold meadows,
with a growth of approximately 13.0% (Figure 6h). Farmland NPP increased from 0.34 Pg C-year~!
to 0.62 Pg C-year~!, with a growth of 4.2%, representing a growth rate of 0.014 Pg C-year~! and
11 gC-m~2-year !. The speed of farmland NPP increase was at a greater rate in Guangdong, Guangxi,
Xinjiang, Yunnan, and Shandong than other regions (Figure 6i).
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Figure 5. NPP Changes of different vegetation types from the 1960s to 2000s: (a) average vegetation
NPP; (b) total vegetation NPP; (c) average NPP in different forest types; (d) total NPP in different
forest types; (e) average NPP in different grassland types; (f) total NPP in different grassland types;
(g) average NPP in different farmland provinces; and (h) total NPP in different farmland provinces.
The meaning of the id numbers are listed for the forest (1-16) (Table S1), grassland (31-40) (Table S1),
and farmland (Table S5), respectively.



Remote Sens. 2018, 10, 860 12 of 23

G°00"E BOPNOUE 00°0'0'E_ 120°00"E_ L40°0'0"E SPO0TE BO00'E 10000 120°00"E | 140°0°0"E GP00TE BO0OE | 100°00"E_120°00"E | 140°00"E
N N (b) N
2| /A 2 A 2| A
=z & E
g z £ z & z
] = H N 5 N
H £ £
. s, * B
£ £ £
2 z g z & z
Z £z F £ £
] g = Lt R <
z g g
z " E "oE =
z EZ £z £
E - : - : : = . :
- sm*year) B = . emevear?)y o8 = s - N “emeyear" . &
i 19081960 Forsst NPP (Comerear ) L 0_so0 o R g (20119 Grewbamd NPP GOmrtoyearty g, o |5z 200051960 Farmand NPP (eCm=eruar”) 050 s |
S{<1000 -500 0300 600 900900 i —" " S{<500 050 100 200 400400 S———km S{<500 0200 400 600 8002800 e
= 80°0'0"E 90°00"E  100°0'0"E  110°0'0"E  120°0'0"E =2 80°0'0"E. 90°0'0"E  100°0'0"E  110°0'0"E  120°0'0"E 2 B0°00"E 90°0'0"E  100°0'0"E  110°0°0"E  120°0"0"E
6[I°Il:[|"|i 5 M“ﬂ:ﬂ" L I[IU“DI'I)"E o IZODQ'D"E . |40“[!'0"E 60°0'0"E . ED“U:“"E : 100°0°0"E IZG“L?'U" E 5 |40“l"0"E 60°0"0"E " ﬂO“[I"ﬂ"E " 100°0°0"E lZﬂ“Q'D“ E . 1 IU“DI'D"E
u o) N N "
£/ A z| A z| A
s s =
g z g z £ z
g t s £ s £
e & s
z g g
- T =z $ = s
£ £ £
S z 2 z 2 z
8 e 8 s = 0]
g z Z
z "z b - &
£ £ £ z g z
= ; ; ° 5 2 R g 3
1980s-1960s Forest NPP (gCom™eyear™) ‘ 1 1980s-1960s Grassland NPP (gCom™eyear™) -~ .. 5 . |1980s-1960s Farmland NPP (gCom™eyear™) % a
A — ot 1000 1 F | —— O o st e |V F ) oy — P L B
;Q <1 UC{“ -500 0300 600 900>900 g e </50|)7 0 50 100 200 400>400 O ] <»5Il07 0200 400 600 S00>800 o
=2 B0°0'0"E 90°00"E  100°0"E  110°%0'0"E  120°0'0"E = BO%00"E 90°0'0"E  100°0'0"E  110%0'0"E 120°0'0"E H B0°0°0"E 90°0'0"E  100°0'0"E 110°0°0"E  120°0""E
60°0"0"E 80°'0"E  100°0'0"E  120°0'0"E 140°0"0"E 60°0'0"E 80°0'0"E 100°0°0"E  120°00"E 140°0'0"E 60°0'0"E 80°0"0"E 100°0°0"E  120°0°0"E 140°0'0"E
N N [0} N
g/ A 2 A 7z A
) & z
4 z £ z & z
g £ s £ s £
e & s
z s z F oz E
EY E £
z £ £ z & -
z 8 : 3 s
£ £ g
z oz L =
£ £ £ z g z
E 5 ES s : " % :
7 |20005-1980s Forest ‘NPP[gCAm"-_\tnr") o s00 10w = z 200“5-[980&Grma‘lﬂmlY:PP(gC-m"-_rkll") PR | Iﬂnﬂ:—l‘)sDiTmmlaml,\"PP(g('-m"-)‘eur"] S i o g
z % £ i ; £ 5 -
S1<1000 500 0300 600 900-900 Wi ik Si<s00 0 S0 100 200 4005400 — Si<s00 0200 400 600 800800 £
= 80°0'0"E 90°00"E  100°00"E  110°0'0"E  120°0'0"E H 80°0'0"E 90°0'0"E  100°0°0"E  110°0'0"E  120°0'0"E H B0°00"E 90°0'0"E  100°0'0"E 110°0°0"E  120°0'0"E

Figure 6. NPP Changes of forest, grassland and farmland from the 1960s to 2000s: (a) variation in the
forest NPP from the 1960s to the 2000s; (b) variation in the grassland NPP from the 1960s to the 2000s;
(c) variation in the farmland NPP from the 1960s to the 2000s; (d) variation in the forest NPP from the
1960s to the 1980s; (e) variation in the grassland NPP from the 1960s to the 1980s; (f) variation in the
farmland NPP from the 1960s to the 1980s; (g) variation in the forest NPP from the 1980s to the 2000s;
(h) variation in the grassland NPP from the 1980s to the 2000s; and (i) variation in the farmland NPP
from the 1980s to the 2000s.

4. Discussion

4.1. Uncertainties and Limitations in Estimating NPP

In our study, based on 7618 field data obtained in the 1960s, 1980s, and 2000s, we estimated the
spatial distribution and variation of NPP by vegetation classification methods, and then analyzed the
relationship between NPP and climate factors. However, our results still retain some uncertainties
(Table 2) for the following reasons. First, there exists a limit in the field dataset (e.g., the number of
samples, and their field measurement methods). Especially from the 1960s, the field-data derived
from published literature were relatively fewer, which may have resulted in some uncertainties in the
estimation of NPP during the 1960s. Furthermore, there has been a rapid development of observation
protocols and instruments for measurement of Vegetation NPP from the 1960s to 2000s, which may
have also resulted in certain uncertainties in the datasets. Secondly, most NPP determinations as
a result of the estimation methods from the published field biomass data, may have some errors,
resulting in some errors for the results, but this uncertainty is likely lower compared with estimations
resulting from the use of remote sensing data simulation or spatial interpolation. Thirdly, the upscaling
approach may lead to biased results, especially for some samples located close to infrastructure
(settlements, roads, research stations), possibly missing unmanaged areas.
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Table 2. Estimation of average NPP and total NPP from the 1960s to the 2000s.

Mean NPP =+ SE (gC-m~2-year™ 1) Total NPP + SE (Pg C-year—1)
Vegetation Type
1960s 1980s 2000s 1960s 1980s 2000s
Forest 1241 + 115 1129 + 89 1152 £ 71 242 +09 1.71 £0.43 1.96 £ 0.41
Grassland 310 £ 91 284 + 81 294 +73 0.99 £0.28 0.77 £0.18 0.83 £0.2
Farmland 168 + 27 298 + 21 518 + 41 0.17 £ 0.01 0.34 £ 0.02 0.62 £ 0.05
Vegetation 584 £+ 80 525 £ 67.21 596 £8 3.58 +0.24 2.82+0.14 3.41+0.13

Identifying and understanding the sources of uncertainties and improving them are important in
improving the accuracy of NPP. In the future, we will likely revise and circumvent potential confounds
by using grid-based inventory data for reducing the uncertainties from different sources during the
process of NPP estimation.

4.2. Comparison with Other Process-Based Simulation Models and Remote Sensing Models

Although global terrestrial NPP has increased in the northern middle and high latitudes in the past
twenty years, as evidenced by numerous studies, including remote sensing data [86,87], carbon process
models [88,89], and numerous field measurements of plant biomass and NPP for various ecosystems
in China, few detailed studies with field measurements exist on the temporal and spatial patterns of
NPP trends at the country-level in China.

The major characteristics of the NPP distribution across China in this study were similar to the
modeling NPP [90], which showed that high NPP values occurred in southern forested areas and
low NPP in Northwest China under cold climatic conditions with low precipitation and/or low solar
radiation. The total NPP of China’s three periods of vegetation NPP (3.58, 2.82, and 3.41 Pg C-year™!)
was also in the range of 1.43 Pg C-year '-4.60 Pg C-year! during 1980-2000, as estimated by 36
process-based models and remote sensing models [91]. Specifically, the total NPP (2.82 Pg C-year~!) in
the 1980s was between 1.43 and 3.30 Pg C-year~!. Of the relevant research results, 77.8% lie within
this range. Furthermore, this finding is in line with Gao’s results (2.828 + 0.827 Pg C-year!) [91].
However, average NPP in this study is higher than those in other models which did not contain the
higher NPP estimated by the IBIS model, which was not mentioned in its study. This could be caused
by upscaling when using land cover maps.

In the dynamic characteristics of NPP, although there are differences between the study estimates
performed by different researchers, the trend of the increase found in this study from 1980-2010
(Figure 7) is consistent with the increased trends of NPP in the world from 1982 to 1999 evidenced
by the MOD17 NPP model [92]. The increased NPP for northern mid-latitudes (22.5°N to 47.5°N)
from 2000 to 2009 [15], is different from the Yuan’s simulated NPP with climate change based on the
IBIS, which varied from 3.61 Pg C-year~! to 4.24 Pg C-year~! from 1961 to 2005 when warming was
particularly striking [93].

The spatial distribution of terrestrial ecosystems made the simulation of NPP of China
different owing to differences in approaches and uncertainties contained in the data sources [13,94].
Differences in this study with other process-based models and remote sensing models can result in
large differences in the estimation of NPP.
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Figure 7. Research results of China’s vegetation total and average NPP from the 1960s to the 2000s:
(a) total NPP; and (b) average NPP.

4.2.1. Comparison with Results Obtained by Process-Based Simulation Models

Although numerous studies have demonstrated the usefulness of integrating a process-based
ecosystem model [95] which incorporates key ecosystem processes, such as plant photosynthesis,
plant respiration, decomposition of soil organic matter, and nutrient cycling with Chinese
geo-referenced spatial data for examining the spatial patterns and dynamics of NPP of terrestrial
ecosystems, simultaneous interactions in the processes are complex and spatially variable because
of a number of controlled abiotic factors (e.g., water, light, temperature, soil texture, and nutrients).
These variables ultimately lead to the simulated NPP to be underestimated (e.g., BEPS, BIOME-BGC
model), or overestimated (e.g., the CEVSA model, the TEM model, and the IBIS model) compared with
field measurements.

The BEPS model underestimated the NPP (2.235 Pg C-year~!) as it had three major limitations
within the NPP results, including the quality of input data at a 1 km resolution, inadequate estimation
for C4 plants (e.g., some grasses and crops), and underestimation of management effects on plant
growth (e.g., irrigation, insect control, and fertilizer application) [90]. Similar to the BEPS model,
the BIOME-BGC model also underestimated the NPP (1.5-1.65 Pg C-year~!) because the vegetation
system was divided into only seven types, including deciduous broad-leaved forest, evergreen
broad-leaved forest, evergreen coniferous forest, shrub, deciduous coniferous forest, and C3 and
C4 plants. However, other eco-physiological parameters only modified the existing ecosystem type
parameters [96]. Additionally, some studies have shown that percent errors of total NPP estimates
from the Biome-BGC model varied from 35.2% to 43.3%, and especially for belowground NPP (BNPP),
the range of percent errors was 58.9-77.3% [97].

The NPP derived from the CEVSA model was significantly overestimated in most areas of China
and had a large systematic error. This model relies on climate input data, with underestimation
in some mountainous areas [27]. The simulated NPP proposed by Gu et al. ranged from 3.53 to
3.96 Pg C-year~!, which is 6% to 12% higher than the reference value over the entire landmass of
China, as the input climate datasets overestimated the 25-year mean annual temperature by 7.66-12.25%
and the precipitation by 2.83-8.43%, respectively [27].

The TEM model, which has been used to examine patterns of NPP in South America [98], North
America [99], and at the global scale [100], overestimated the Chinese annual NPP of 3.65 Pg C~year_1,
and confirmed that the temperate broadleaf evergreen forest is the most productive biome and accounts
for the largest portion of annual NPP in China [95], which was similar to this study. However, the
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spatial pattern of NPP was also closely correlated to the spatial distributions of precipitation and
temperature [95]. Additionally, the main limitation for simulation of TEM is the vegetation-specific
parameters, which are mostly defined from published references, but only for the 18 vegetation types
of the global vegetation classification [98-100]. This limitation accounts for the difference between
field observation-derived NPP and simulated NPP.

Our study showed results similar to the derived from the IBIS model. Total NPP from China’s
combined ecosystems varied from 3.61 Pg C-year~! to 4.24 Pg C-year~! from 1961 to 2005, which
was higher than that seen in this study for the same time period. These results, in addition to the
previously-mentioned limitations in existing observations, likely stem from the simulation merely
approximating the NPP dynamics of a natural ecosystem while ignoring the very large influence of
human activities [93].

4.2.2. Comparison with Results Derived by Remote Sensing Estimations

Remote sensing models (e.g., CASA, EC-LUE, GLO-PEM, MOD17) have shown the uncertainty in
estimating NPP in major ecosystem types [22,101-104] where the lowest global NPP (39.9 Pg C-year™ 1)
was almost 50% smaller than the maximum estimate (80.5 Pg C-year~') [81,103,104]. Except for the
MOD17 model, these remote sensing models have comparable consistency and correctly estimate
spatiotemporal NPP [22]. In addition, Nemani et al. [11] reported that NPP increased globally by 6.17%
(3.4 Pg C-year!) over the past 18 years, while this value was 10% during the 1980s, based on work by
Malmstrom et al. [105], and Ichii et al. [106].

Our results also suggested that field NPP in China was higher [13,88,107]. For example, Piao [13]
underestimated the Chinese annual NPP by 1.43 Pg C-year !, corresponding to a total increase of
18.5% from 1982 to 1999, using a satellite-derived NDVI, CASA model [13], which was 20.79% lower
than the estimate in this study. Such NPP results calculated from CASA can also be evidenced from
nationwide forest inventory surveys [108] and the well-documented food yield statistics [88]. The
underestimated NPP by the NDVI product is due to satellite drift or change over time, and incomplete
corrections for calibration loss and atmospheric effects (clouds, aerosols, etc.). At the same time, in the
case of dense leaf canopies in humid tropical forests and old growth forests [109,110], NPP also may
be underestimated.

4.2.3. Comparison with Vegetation Types

Except for the differences in approaches and data sources, the distribution of vegetation types
was also the main reason for errors in NPP estimation. The mapped area of different vegetation types
is, itself, an estimate, that may contain inherent error, affecting the estimation of total and mean NPP.

In this study, the areas obtained from the spatial distribution of vegetation types in
China (the 1960s, 1980s, and 2000s) were different from other studies and secondary surveys.
The farmland area (119.31 x 10* km?) used in this study was slightly smaller than that of the
farmland area (135.39 x 110* km?) cited in the Second National Land Survey. For grassland,
the area (281.98 x 10* km?) in the 2000s was essentially the same as that of the grassland area
(287.31 x 110* km?) in the Second National Land Survey, but smaller than that estimated by Fang
(331 x 10* km?) [111]. In addition, the field total grassland NPP (0.73 Pg C-year~!) in the 1980s was
significantly lower than that (1.04Pg C-year~!) estimated by Piao (2004) based on the NDVI model [70],
as the latter area is larger (331.41 x 10* km?) than the former (271.76 x 10* km?).

The forest area (170.14 x 10* km?) in the 2000s was slightly larger than that estimated by Fang
(142.8 x 10* km?), which is far lower than that of the second-order forest area (253.95 x 10* km?).
However, the increasing trend in the area from the 1980s to the 2000s was consistent with the results
cited by Fang. At the same time, Forest NPP (1129 gC-m~2-year~!) was close to that calculated by Luo
(1205 gC-m~2-year~!), which is higher than that (984 gC-m2-year~!) estimated based on the average
volume of forest in China by Fang from 1982 to 1989 [88], but with smaller areas (116.5 x 10* km?)
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than that of this study (151.38 x 10* km?), Thus, the NPP (1.00 Pg C-year’l) calculated according to
the third forest resource inventory data was lower than that of our study (1.71 Pg C-year™1).

4.3. Impact of Climate Change on NPP

Many studies have suggested that climate change is probably a major controller in the overall
response of NPP [13,94,95,112,113]. Based on the complex processes (Figure S2), and the significant
climate changes in China [114,115], these factors may have resulted in large variations in China’s
terrestrial ecosystem production. The distribution of NPP and historical trends in this study indicated
a high degree of spatial heterogeneity and large regional variations, coupled with regional climate
variations, including temperature, precipitation, and solar radiation. The effect of temperature on
NPP changes was stronger than that of precipitation, such as in the Hengduan Mountains area of
China [112], while other areas may show opposite effects. The effect of climate variations also had
regional differences.

Taking grassland NPP as an example (Table 3), there was a significant positive correlation between
NPP, precipitation, and solar radiation, and a significant negative correlation with temperature.
The effects of precipitation and solar radiation on grassland NPP were greater than that of temperature.

In terms of the specific types of grassland, the average coefficient of the partial correlation of
precipitation to desert steppe, typical steppe, and meadow steppe was higher than that of meadow type (typical
meadow, swamp meadow, and salinized meadow). However, the NPP of alpine meadow was significantly
negatively correlated with precipitation, and positively correlated with temperature, whose influence
is greater than precipitation. Temperature and desert grassland, temperate grasslands, subtropical and
tropical grasslands, marsh meadow, and salinized meadow have significant negative correlations, which is
largest for Grasslands. In addition, there is a significant positive correlation among meadow grassland,
typical grassland, typical meadow, and alpine meadow. The average coefficient of partial correlation of
solar radiation to meadow steppe (grass, Carex and forb swamp meadows, grass and forb halophytic
meadows), temperate tufted low grass, nano-semi-shrub desert steppes, and temperate grasslands
was higher. At the same time, the solar radiation and grass, Carex spp. high-cold steppes had a small
negative correlation.

Furthermore, the trends of NPP was in line with the trend of climate factors. The average annual
temperatures increased significantly in most areas, and precipitation also increased in South and
Northeastern China, whereas the north and northwest regions were relatively reduced. This is in
line with the decreasing trend of the southern vegetation (mainly forested) NPP and the trend of
growth of northern vegetation (mainly grassland) NPP. In Southern China, the temperature is the
main factor affecting NPP [11], and water is not closely related to temperature. In Northern China,
precipitation was the main factor affecting vegetation NPP [116], but vegetation NPP is also affected
by human irrigation in some areas, and precipitation may be less than the effect of temperature, such
as the eastern part of North China and in Northeast China [11]. There was also a significant positive
correlation between the time variation of vegetation NPP and the average annual solar radiation. Both
were decreased significantly overall, but rose slightly in the later period in most areas. In all, the trends
of NPP may be the result of the combined effects of temperature, precipitation, solar radiation, and
human irrigation, rather than a single factor.

Table 3. The partial correlation coefficients between grassland NPP and climate factors.

Climatic Factors 31 32 33 34 35 36 37 38 39 40
Precipitation 0.41 0.62 0.65 0.62 0.44 —0.15 0.49 0.51 0.32 —0.31
Temperature 0.62 0.38 —0.35 0.26 —0.81 —0.73 0.26 —0.54 —0.87 0.71

Solar radiation 0.42 0.51 0.93 —0.20 0.90 0.74 0.22 0.93 1.00 0.35

Note: The meaning of the id number for grassland (31-40) can be seen in Table S1.
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5. Conclusions

In this study, Chinese vegetation, including forest, grassland, and farmland NPP, were firstly
estimated with field data for long-term time series. Then, the temporal and spatial variation and drivers
in vegetation NPP and individual vegetation NPP from the 1960s to the 2000s were analyzed. The
values of other relevant NPP models, as well as process-based simulation and remote sensing models,
were compared. Lastly, the uncertainties of field NPP of this study were discussed. Our research
provides valuable information and a basis for validation analyses by remote sensing models, as well
as a robust quantification of carbon estimation to anticipate future development at the national and
global scale.

Generally, Chinese vegetation NPP ranged from 3 to 12,407 gC-m~2-year~! with a mean value
of 571 gC-m~2-year~!. Forest, farmland, and grassland NPP were 1152, 518, and 294 gC-m~2.year~!,
respectively. However, total NPP in grassland was higher than farmland.

The distribution of vegetation NPP in China had large spatial heterogeneity and large regional
variations. It gradually decreases from the southeast to the northwest. The relatively higher value is

Land

mainly in tropical forest types and swamp meadows, with a mean value of 2642 gC-m~2-year
455 gC-m~2-year !, respectively, which is distributed primarily in the southern Chinese provinces
of Hainan, Fujian, Guangxi, and the southeast margin of Tibet province. The lower NPP is mainly in
desert grassland types, with a mean NPP of 214 gC-m~2-year~!, which distributed in the Hexi Corridor,
the extremely arid desert areas in the northwest part of the Alashan area, and the Mazongshan-Nuo
Min Gobi shrubs.

The total vegetation NPP fell from 3.58 to 3.41 Pg C-year~! from the 1960s to 2000s, with a decrease
of 4.7%. The trends in forest and grassland were similar, with a decrease of 0.46 Pg C-year !
0.16 Pg C-year™!, nearly —4.5% and —0.8% per year, respectively, whereas farmland NPP was in the
opposite direction, with the growth of 0.45 Pg C-year ! and 18 gC-m2-year~!. Chinese vegetation
NPP decreased in the 1960s-1980s and increased the 1980s—2000s, but the reduction of the former period
(—0.76 Pg C-year~!) was higher than the increase in the latter period (0.59 Pg C-year~1). In addition,
forest and grassland NPP showed similar trends, but farmland NPP showed an increasing trend.

Precipitation, temperature, and solar radiation were the dominant factors affecting the spatial
variability of NPP in the north and south of China, respectively. In addition, the effect of precipitation
on grassland NPP was higher than temperature and solar radiation, especially for deserts, followed by
steppes and meadows.

and
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