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Abstract

The human appropriation of net primary production (HANPP) was developed to estimate
the intensity of human activities in natural ecosystems, which is still unclear in the Xinjiang
grasslands. Using the Biome-Biogeochemical Cycle (Biome-BGC) grazing model in combi-
nation with field data, we assessed the HANPP and explored its spatiotemporal patterns in
the Xinjiang grasslands. Our results showed that (1) the HANPP increased from 38 g C/m?/
yrin 1979 to 88 g C/m?/yrin 2012, with an average annual increase of 1.47%. The HANPP
was 80 g C/m?/yr, which represented 51% of the potential net primary production (NPPpo),
and the HANPP efficiency was 70% in this region. (2) The areas with high HANPP values
mainly occurred in northern Xinjiang and northwest of the Tianshan Mountains, while areas
with low HANPP values mainly occurred in southern Xinjiang and southwest of the Tianshan
Mountains. (3) Interannual variations in HANPP and NPP; were significantly positively
correlated (P<0.01). Interannual variations in HANPP efficiency and grazing intensity

were negatively correlated (P<0.01). These results can help identify the complex impacts
of human activities on grassland ecosystems and provide basic data for grassland
management.

Introduction

Humans have extensively altered global ecosystems [1,2]. Complex and highly dynamic inter-
relations exist between human activities and socioeconomic changes [3-5]. To better under-
stand these interrelations, the human appropriation of net primary production (HANPP) has
been widely used [6-11]. (The HANPP reflects how strongly humans affect net primary pro-
duction (NPP) and its availability in ecosystems and has proven to be a useful metric for
assessing the environmental impacts of land use at the regional or global scale [10,12].
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The HANPP indicator framework has been applied within empirical studies at various
spatial and temporal scales. Global estimates of the HANPP have shown an increasing correla-
tion with socioeconomic development, with a global HANPP of 25-30% calculated over the
last several decades [7,12-14]. Studies on the HANPP at the continental [11,15-17] and
national scales, such as those in Italy [4], New Zealand [18], Bangladesh [19], China [20,21]
and West Africa [10], have shown broad interest in quantifying land use and human biomass
extraction.

Xinjiang is located in Northwest China, an arid region with widely distributed grassland
ecosystems. The grassland area accounts for 34% of the total land area in Xinjiang, and grazing
is the main anthropogenic activity in the local grasslands. Due to the arid climate, the grassland
ecosystem in Xinjiang is extremely fragile and generally more sensitive to human activity [22].
In addition to the increasing grazing intensity in recent decades, grassland degradation has
become widespread in this region [23,24]. These changes have drastically altered the grassland
carbon cycling, ecosystem services, and sustainability of the region [10,17]. Quantification of
the HANPP can be conducive to further evaluating the effects of grazing on ecosystem produc-
tivity, biodiversity, and the capacity of the ecosystem to provide services [25,26]. However, pre-
vious studies have not provided clear knowledge in this field in this region, which goes against
the sustainable use of grassland resources in Xinjiang.

In this study, the HANPP in the Xinjiang grasslands was estimated using the Biome-Bio-
geochemical Cycle (Biome-BGC) grazing model in combination with large amounts of field
data. This model can effectively estimate total potential net primary production (NPP,,) and
total actual net primary production (NPP,.) in grazed grassland; then, HANPP can be esti-
mated. We focused on three objectives: (1) analyze the interannual variations in the HANPP,
(2) explore the spatial patterns of the HANPP, and (3) reveal the relationships between the sub-
components of the NPP and grazing intensity in the Xinjiang grasslands from 1979 to 2012.

Materials and methods
Study area

The Xinjiang Uyghur autonomous region in Northwest China is far from the ocean and covers
an area of 1.66x10° km?. The Altay Mountains are to the north, the Kunlun Mountains are to
the south, the Tianshan Mountains are in the middle, and the vast Junggar Basin and Tarim
Basin are almost completely surrounded by these three mountain ranges. Xinjiang has a typical
continental arid climate, with limited precipitation and a large daily temperature range. South
Xinjiang belongs to a warm temperate zone, and North Xinjiang belongs to a middle temper-
ate zone. The annual mean temperature is 9-12°C, and the mean annual precipitation is 100-
200 mm in North Xinjiang and 16-85 mm in South Xinjiang. The ecological environment in
Xinjiang is extremely sensitive to climate change and human activities. The total area of the
natural grassland is 5.7x10° km?, which accounts for 34% of Xinjiang’s land area (Fig 1). Most
grasslands in Xinjiang are used for grazing, and with the increase in grazing intensity in recent
decades, large areas of grasslands have suffered severe deterioration [27,28].

Methods

Most grasslands in Xinjiang were used for grazing, which is the most important human activity
in the region [17,29]. Thus, for simplicity, grazing can be assumed to be the only human activ-
ity when estimating HANPP in the Xinjiang grasslands [17,30,31]. The Biome-BGC grazing
model includes effective grazing processes; therefore, this model can estimate NPP in both
grazed and ungrazed conditions over large areas [23,30]. In the model, total NPP can be
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Fig 1. Distribution of elevation (a), grazing intensity (b), precipitation (c) and temperature (d) in the Xinjiang
grasslands during 1979-2012 (Republished from Huang et al (2018) under a CC BY license, with permission from
Journal of Arid Land, original copyright 2018.).

https://doi.org/10.1371/journal.pone.0242478.9001

estimated as follows [32]:

NPP = C:/eg + Clitter + Dr (1)

Where C'y, is the vegetative carbon difference between the end of the vegetation period
and the start of the vegetation period each year, Cy;., is the litter carbon, and D, (g C/(ha.d)) is
the carbon consumed by domestic animals (NPP harvest) [33].

Dr = Gesr(cleaf - (Cleaf)U) (0 < Dr < Ser) (2)

where G, is the grazing efficiency of the domestic livestock (ha/d per sheep unit) which means
grazing area in one day per sheep unit, S, is the grazing intensity (sheep/ha); Cje,¢is the C in
the leaf biomass (g C/ m?); (Ceap)u is the residual aboveground Ci.,r that is unavailable to
domestic livestock (g C/m?); and Dy is the consumption rate of the domestic livestock based
on satiation (g C/(d.sheep)). According to Luo et al. [32], the grazing efficiency of domestic
livestock is 0.011 ha/d per sheep unit, (Cieap)u is 6.75 g C/m? [33,34], and D, is 2.4 kg C/(d.
sheep). In this study, HANPP is calculated based on Haberl et al. [7]:

HANPP = NPP,,, — NPP,, + D, (3)
where NPP, is the total NPP in grazed conditions (g C/m?) and NPP,,. is the total NPP in

ungrazed conditions (g C/m?) (D, = 0). In this study, according to the HANPP efficiency defi-
nition by Fetzel et al. [18], the HANPP efficiency is calculated as follows:

HANPP efficiency = D,/ HANPP (4)
A high HANPP efficiency indicates a high ratio of consumption by domestic livestock to

the total HANPP and the bulk of the appropriated biomass that enters the socioecological sys-
tem [15].
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Data

In this study, the required data included the model input data and validated data. The model
input data included grazing data, meteorological data, and other auxiliary data. The model-val-
idated data included the observed NPP data. Grasslands in Xinjiang are public spaces open to
everyone; therefore, special permission was not required for access.

Grazing data. Grazing data at the regional scale were derived from the Food and Agricul-
ture Organization of the United Nations (FAO) (http://www.fao.org/docrep/010/a1259¢/
a1259¢00.htm) by converting the raster data to ASCII text using the R program. To ensure a
high degree of data precision, these grazing data were corrected in accordance with the statis-
tics from the Xinjiang yearbook [35]. These grazing data from the Xinjiang yearbook were col-
lected through actual investigations by the government. Grazing data at the model validation
points were collected through field investigations. The livestock included cattle, sheep, goats,
horses, camels, and yaks. According to the standards provided by the Ministry of Agriculture
of the People’s Republic of China, one goat equals 0.9 sheep, one cattle equals 6.0 sheep, one
horse equals 6.0 sheep, one yak equals 4.5 sheep, and one camel equals 8.0 sheep (http://www.
chinaforage.com/standard/zaixuliang.htm). We converted all livestock into sheep units
according to these standards.

Meteorological data. The meteorological data included the daily maximum and mini-
mum air temperatures, daily average air temperature, humidity, incident solar radiation, pre-
cipitation and day length. These data at the regional scale were derived from the China
Meteorological Forcing Data set (http://westdc.westgis.ac.cn/data/7a35329¢-c53f-
4267-aa07-e0037d913a-21) by converting NetCDF data to ASCII text using the R program.
These data sets can be used for ecological modeling. The meteorological data at the model vali-
dation points were obtained through actual observations.

Other auxiliary data. In this study, C3 grass (the default in the model) was used to deter-
mine the ecophysiological parameters, and some key parameters, including the yearday to
start new growth, yearday to end litterfall, new fine root C:new leaf C and average specific leaf
area of the canopy, were corrected according to previous studies in the Xinjiang grasslands
[17,32]. The elevation data were derived from the WorldClim database (https://www.
worldclim.org). The soil data included sand/silt/clay percentages and the effective soil depth.
These data were derived from the Harmonized World Soil Database (HWSD) (http://westdc.
westgis.ac.cn/data/611f7d50-b419-4d14-b4dd-4a944b141-175). The soil and elevation data at
the model validation points were obtained through field investigations.

Model validation data. The model validation data were collected from both field obser-
vations and previous publications by Han et al. [23]. There were 67 plots with annual NPP
data, including 23 plots under the ungrazed condition and 44 plots under the grazed condi-
tion. Due to the difficulty in measuring NPP intake by livestock, all the NPP data collected
from the grazed plots represented the NPP remaining in the grassland ecosystems after
grazing.

Results
Model validation

Previous studies have shown that the Biome-BGC grazing model can effectively estimate the
flux and storage of carbon in grassland ecosystems [17]. However, in this study, this model still
needs to be validated with respect to the NPP simulation results. We compared NPP estimates
of the model with NPP validation data. The results show that the model simulated NPP well
under both the grazed (R*=0.94) and ungrazed (R* = 0.87) conditions (Fig 2).
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Fig 2. Comparisons of the annual NPP based on simulated and observed field data under grazed (A) and ungrazed (B) conditions (NPP-net primary production).

https://doi.org/10.1371/journal.pone.0242478.9002

Temporal variation in the HANPP in the Xinjiang grasslands

Fig 3A shows the interannual variations in the NPP subcomponents (i.e., HANPP, NPP,o0
NPP,, and D,) in the Xinjiang grasslands. The HANPP increased from 38 g C/m2/yr in 1979
to 88 g C/m2/yr in 2012, with an average annual increase of 1.47%. From 1979 to 2005, with
increased grazing intensity, the HANPP fluctuated but increased from 38 to 126 g C/m?/yr,
with an average annual increase of 3.26 g C/m*/yr. A similar trend was observed for D,, which
increased slowly from 1979 to 2005. From 2005 to 2010, the grazing intensity decreased
remarkably, and the HANPP noticeably decreased, with an average annual decrease of 3.50 g
C/m’. In general, with the increase in grazing intensity, the difference between NPP,, and

NPP, increased.

Fig 3B shows the interannual variations in HANPP efficiency and HANPP%NPP,, in the
Xinjiang grasslands from 1979 to 2012. The HANPP efficiency showed frequent fluctuations
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Fig 3. Interannual variations in subcomponents of NPP in the Xinjiang grasslands from 1979 to 2012.
https://doi.org/10.1371/journal.pone.0242478.9003
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and an average annual decrease of 0.74% from 1979 to 2012. In general, D, was the major con-
tributor to the HANPP in the Xinjiang grasslands from 1979 to 2012. HANPP%NPP,,, gener-
ally showed an increase from 25% to 60%, and the average annual increase was 1.03% from
1979 to 2012. From 1979 to 2005, the changes in HANPP efficiency and HANPP%NPP,,; gen-
erally showed opposite trends with the increase in grazing intensity.

Spatial patterns of the HANPP in the Xinjiang grasslands

Fig 4 displays the spatial distribution of the HANPP in the Xinjiang grasslands. The areas with
high HANPP values mainly occurred in northern Xinjiang and northwest of the Tianshan
Mountains. The low HANPP values mainly occurred in southern Xinjiang and southwest of
the Tianshan Mountains. The map shows that negative HANPP values occurred in some
regions that were mainly distributed in the low mountainous areas of the Kunlun Mountains
and southwest of the Tianshan Mountains. Our results showed that the HANPP was 80 g C/
m?/yr, which accounted for 51% of the NPP,,. in the Xinjiang grasslands.

Relationships between the subcomponents of NPP and grazing intensity

Through a pairwise correlation analysis, we found that the correlation coefficient between the
interannual variations in HANPP and grazing intensity from 1979 to 2012 was 0.857, and the
correlation coefficient between the interannual variations in HANPP and NPP,,. from 1979 to
2012 was 0.591 (P<0.01); both correlations were significant according to Pearson’s correlation
analysis. The correlation coefficient of the interannual variations in the HANPP and HANPP
efficiency was -0.655 (P<0.01), indicating a significant negative correlation according to Pear-
son’s correlation analysis. The NPP, . and HANPP efficiency were both negatively correlated
with grazing intensity, and the correlation coefficients were -0.395 and -0.212, respectively
(Table 1). This result indicates that low grazing intensity is more likely to bring a high HANPP

HANPP
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Fig 4. Maps of the average annual HANPP in the Xinjiang grasslands from 1979 to 2012.
https://doi.org/10.1371/journal.pone.0242478.9004
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Table 1. Correlation coefficients between the subcomponents of NPP and the grazing intensity in the Xinjiang grasslands from 1979 to 2012.

Grazing intensity

(sheep/ha)
Grazing intensity 1
(sheep/ha)

HANPP (g C/m*/yr) 0.857"*

NPP,; (g C/m*/yr) 0.16
NPP, (g C/m?/yr) -0.395*
D, (g C/m?/yr) 1.000**
HANPP efficiency (%) -0.212
HANPP%NPP,o. (%) 0.951**

HANPP (g C/m*/ | NPP,, (g C/m*/ | NPP, (g C/m*/ | D, (g C/m’*/ | HANPP efficiency | HANPP%NPP,,,,

¥r) yr) yr) yr) (%) (%)
1
0.591** 1
-0.068 0.736"* 1
0.857** 0.16 -0.395* 1
-0.655"* -0.807** -0.340 -0.212 1
0.887** 0.159 -0.498** 0.951** -0.373* 1

*significant correlation at P<0.05 according to Pearson’s correlation analysis

“*Extremely significant correlation at P<0.01 according to Pearson’s correlation analysis.

https://doi.org/10.1371/journal.pone.0242478.t001

efficiency and NPP,, while high grazing intensity is more likely to result in a low HANPP effi-
ciency and NPP,..

Discussion
Spatiotemporal variations in the HANPP in the Xinjiang grasslands

With the increased grazing intensity from 1979 to 2005, the HANPP values in the Xinjiang
grasslands significantly increased, which indicates that the pressure of grazing on grassland
ecosystems has increased. During 2000-2005, the NPP,, values of the Xinjiang grasslands
were significantly lower than the NPP ., values, indicating that overgrazing occurred in the
Xinjiang grasslands during this period. From 2005 to 2010, the HANPP values decreased
mainly because of government policies to control the grazing intensity to improve the sustain-
able utilization of grasslands [36]; thus, there was a temporary decrease in grazing pressure on
the grassland ecosystem in Xinjiang. In general, the HANPP increased with the decrease in
NPP, as a result of unsustainable livestock grazing in the Xinjiang grasslands during 1979-
2012. Due to overgrazing intensity, widespread grassland degradation occurred in Xinjiang
[37-39], resulting in large differences between NPP ., and NPP,. These differences might
explain why high grazing intensity tended to result in low HANPP efficiency and NPP,,,
whereas low grazing intensity had the opposite effects [40,41].

The high HANPP values were mainly distributed in northern Xinjiang and northwest of
the Tianshan Mountains, which can mainly be attributed to the increased grazing intensity
and good vegetation growth in these grasslands. The regions with low HANPP values were
mainly distributed in southern Xinjiang and southwest of the Tianshan Mountains as a result
of the relatively low grazing intensity and poor vegetation growth in these regions. In particu-
lar, negative HANPP values occurred in some regions, indicating that moderate grazing obvi-
ously promoted plant growth in these regions [32]. The spatial distribution of the HANPP
values varied among regions due to differences in natural conditions (climate, vegetation
growth, etc.) and grazing management in the Xinjiang grasslands. Therefore, we should take
corresponding management measures according to the actual situations of the different areas
to achieve sustainable use of grassland resources.

Comparisons with previous studies

The HANPP framework provides a set of integrated socioecological indicators that assess how
human activities alter energy flows in ecosystems through land use, and there has been
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considerable quantitative research on the HANPP at global and regional scales [10-12,14,21].
However, due to the differences in study areas, research methods, etc., the results varied in the
different studies. Most of the previous studies did not thoroughly consider grazing processes
when estimating the HANPP for grazed grasslands, which resulted in biased results in their
studies. Huang et al. [17] estimated the HANPP in Central Asian grasslands using the Biome-
BGC grazing model, which included effective grazing processes. In their study, the HANPP
was 47 g C/m*/yr, which accounted for 34% of the NPP,, in Central Asian grasslands [17]. In
our research, we also used the Biome-BGC grazing model. The HANPP was 80 g C/m*/yr in
the Xinjiang grasslands, which was higher than the HANPP level in Central Asian grasslands,
and the value accounted for 51% of the NPP,,.;, which was significantly higher than that in the
Central Asian grasslands. A large difference occurred in the overall patterns of grassland
HANPP between Xinjiang and Central Asia because of the different national conditions.
Although the same method was used as in previous studies, two advantages were observed in
our study. First, compared with the results of Huang et al. [17], the results of our study were
calibrated and validated via more field data, enhancing the reliability of the results. Second, the
higher resolution (10 * 10 km) in our study than in the study by Huang [17] in Central Asian
grasslands (40 * 40 km) yielded more detailed information. This study provided a more
detailed and reliable theoretical reference to formulate reasonable grazing management prac-
tices in the Xinjiang grasslands. Moreover, as information to date remains limited, we encour-
age additional studies in this region to verify our results and identify a safe threshold of
HANPP.

Conclusions

The Biome-BGC grazing model was used in combination with field data to estimate the
HANPP and explore its spatiotemporal patterns in the Xinjiang grasslands. Our results showed
that HANPP generally increased from 1979 to 2012 due to increased grazing intensity in the
Xinjiang grasslands. The HANPP was 80 g C/m?/yr, which represented 51% of the NPP,, in
the Xinjiang grasslands, and the HANPP efficiency was 70% in this region. The HANPP and
HANPP%NPP,,,; were greatly affected by grazing intensity. The HANPP showed strong
regional differences due to the differences in natural conditions (climate, vegetation growth,
etc.) and grazing management in the Xinjiang grasslands. The high HANPP values mainly
occurred in northern Xinjiang and northwest of the Tianshan Mountains due to the high graz-
ing intensity and good plant growth in these regions. Low HANPP values mainly occurred in
southern Xinjiang and southwest of the Tianshan Mountains due to low grazing intensity and
poor plant growth. Negative HANPP values occurred in some regions, indicating that moder-
ate grazing promoted plant growth in these regions. This research provides a better under-
standing of the spatiotemporal patterns of the HANPP in the Xinjiang grasslands and offers a
more detailed and reliable theoretical reference to formulate reasonable grazing management
in different regions.
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