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Abstract

In order to explore the grassland ecosystem productivity and landscape ecological patterns of
main pastoral grasslands in China, it provides a theoretical basis for the efficient implementation
of ecological engineering and rational management of grassland resources in the region. This
study analyzed the changes in grassland area, landscape index (LSI), and net primary productivity
(NPP) in seven major pastoral areas in China in 1985, 1995, 2005, and 2015. Results showed that
(1) the sizes of the grassland study area in 1985, 1995, 2005, and 2015 were 248.34, 243.93,
245.80, and 244.660 km? respectively. (2) The dominance of grassland in the landscape pattern
increased from 2005 to 2015 as compared with that in 1985-1995 and 1995-2005. The degrees of
spatial heterogeneity were reduced. (3) The grassland NPP showed spatial and temporal
differences. The average NPP of grassland increased by 21.30%, 16.47%, and 36.17% during
1985-1995, 2005-2015, and 19852015, respectively. From 1995 to 2005, the average NPP
decreased by 5.05 gC/m?, which is equivalent to -3.61% of the average NPP in 1995. The total
amount of grassland NPP in the study area was the greatest in 2015, showing increments of
36.37% and 16.61% compared with those in 1985 and 2005, respectively.
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Introduction

As one of the most widely distributed land cover types on land, grassland accounts for
approximately 20% of the global terrestrial surface area (Scurlock & Hall 2010). Its net primary
productivity (NPP) accounts for 16% of the total global terrestrial ecosystem NPP. (Conant et al
2001; Zhou et al 2010) China's grassland area is approximately 4 million km?, accounting for
41.7% of China's total land area and 6%—8% of the global grassland area. (Ren et al 2008) The
grassland carbon reserves in China account accounts for 9%—16% (Ni 2002) of the global
grassland carbon stocks. Grassland resources play an important role in China's ecological and
environmental protection and socio-economic development and are considered one of the
important renewable natural resources (Han et al 2008; Nan 2005; H14& N\ R LA [E £ b 45
1996). Grassland provides vital materials, such as fodder, meat, milk, skin, wool and other
livestock products, for the economic development of animal husbandry (Kang et al 2007). This
land type also serves as significant habitat and evolution site for animals and plants in grassland
ecosystems (Kang et al 2007; Zhou, J. W et al 2004). Sexual protection, wind and sand fixation,
conservation of water resources, and carbon recycling are some of the important ecological
functions of grassland, which is also the material carrier of China's multi-ethnic culture (Han, Y.
W et al 2004; Yang, Y. J & Jing, G. C 2003).

China's grassland ecosystem and ecological environment have changed due to the intensification
of global climate change with the main features of global warming, the adverse effects of extreme
climate events, and the unreasonable and prolonged use of grassland resources by humans (Han, Y.
W & Gao, J. X 2005). Desertification occurred, salinization accelerated, and the grassland
ecological function decreased. Some studies have found that 90% of China's available natural
grassland has experienced various degrees of degradation. Approximately 27.3% of China's
natural grassland is affected by desertification, and about 400 million production and livelihood
are affected by desertification. Furthermore, the economic loss caused by sandstorms can reach 54
billion yuan (Akiyama & Kawamura 2007).

Grassland degradation has a serious impact on ecological and environmental protection and
socio-economic development (Cao 2011; Liu et al 2008). The degeneration of grassland in

northern China and the frequent severe dust storms have received extensive attention from the
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international community. Since 1999, the Chinese government has implemented ecological
restoration measures. This program has led to changes in land use and cover(LUC) and grassland
coverage and ecological functions. In addition, climate change also affects the global ecological
environment at an unprecedented rate. In some parts of eastern Asia, the frequency of extreme
climatic events has increased by 5% (Qi et al 2012) during the past 30 years compared with that
during 1961-2000. The temperature in China increased from 1950 to 2010 at the speed of

0.17 °C/10 year (Zhai et al 2005), which is 0.13 °C/10 year higher than the rate of global
temperature rise (Al & Paasche 2007).

Affected by global climate change and human activities, China's grassland ecosystem has
undergone significant changes. The main distribution areas of grasslands are found in the arid and
semi-arid regions of northern China and the alpine grassland on the Tibetan Plateau. These
locations are particularly sensitive to climate change and human disturbance. Therefore, studying
the response of grassland dynamics to humans and climate change in these regions is important to
understand global changes. The changes in grassland ecological environment have important
theoretical significance. The change in landscape pattern and productivity in grassland coverage
area is the most intuitive response of grassland ecosystem to climate change and land use and
cover change (LUCC). By using LUCC data, remote sensing, climate data, and nature, society and
economy data, this paper analyzed the changes in the grassland cover area, land-scape index (LSI),
and NPP of the study area from 1985 to 2015. The effect of climate and human activities on
grassland ecosystem changes will provide a theoretical basis for the sustainable development of

China's grassland ecosystem in the context of global change.

Study area

The study area in this paper is China's main pastoral area (26°50'-53°23'N ,73°40'~126°04'E),
which includes there provinces (Gansu Province, Shaanxi Province, Qinghai Province) and four
autonomous regions (Inner Mongolia Autonomous Region, Ningxia Hui Autonomous Region, Xinjiang
Uygur Autonomous Region, Tibet).

The study area has a total area of 5.5 million km? and the climate is mainly arid and semi-arid,

Accounting for 57.21% of the total land area of China, the grassland here has been used for a long
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period of time for grazing, but it has been destroyed in recent years, the dual effects of human and
climate have resulted in the improvement of grassland destruction, and the implementation of
projects such as returning grazing land to forests and grasslands has also been continuously

reduced.

Data and methods

Land-use data

To characterise the spatial and temporal patterns of land-use changes across China, the Chinese
Academy of Sciences built a data platform supported by the National Resources and

Environment Database (NRED) in the late 1990s. Land-use datasets for 1985, 1995, 2005 and
2015 with a mapping scale of 1:100 000 were originally derived from Landsat images of
corresponding years, and then a 1km raster database was generated. According to the land-use
classification system for the NRED dataset, the land use was categorised into six types: cropland,
forest, grassland, water bodies, built-up land and bare land including desert. In this study, the
land-use data for 1985, 1995, 2005 and 2015 with a 1-km resolution were downloaded from Data
Sharing Infrastructure of Earth System Science (http:// wdcrre.geodata.cn/, accessed 20 May 2017)

(Liu, J. Y et al 2003).

Landscape metrics

This article uses the Patch Analyst extension module in ArcGIS to calculate the landscape index
of grassland in seven major pastoral areas in four periods. This module embeds some Fragstate
functions into ArcGIS software to facilitate the implementation of patches and types in ArcGIS
and calculate the landscape indices of type and landscape scales (Yu et al 2011).. The definition
and detailed description of various landscape indices are similar to those in Fragstate (Wang et al
2008). The following six indices were selected on the type scale: number of patches (NP), mean
patch size (MPS), edge density (ED), area weighted mean shape index (AWMSI), area weighted
mean fractal dimension (AWMFD), and interspersion juxtaposition index (1JI). The following two
indices were selected on landscape scale: Shannon's diversity index (SHDI) and Shannon's

evenness index (SHEI). The calculation process is implemented in ArcGIS 10.2.
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Model to estimate NPP

Three models, namely, parameter, statistical, and process models, are used to estimate terrestrial
ecosystem NPP. Basing on the existing CASA model(Zhu, W. Q et al 2007) and the land use/land
cover classification standard of the Chinese Academy of Sciences, this paper examines the
grassland NPP in the study area. This model mainly uses meteorological data and vegetation
NDVI data as basic parameters. Effective radiation, temperature stress coefficient, water stress
coefficient, and maximum light energy utilization efficiency of photosynthesis for vegetation were
combined to account for vegetation NPP (Han, Y. W et al 2004; Pu, S. L et al 2001; Zhong, H. P
et al 2005). The vegetation NPP is mainly determined by the photosynthetically active radiation

(APAR) and light energy utilization (E) absorbed by the vegetation.

NPP(x,t) = APAR(x,t) X E(x,t), @)
whereNPP(x,t) represents the photosynthetically active radiation (PAR) absorbed by pixel x in

month t, in units of MJ/m*/month; and E(x,t) represents the actual light energy utilization of
pixel x in month t, in units :g C/M1J.
APAR(X,t) = SOL(x,t) x FPAR(x,t) x 0.5 2)

In the formula, the amount of total solar radiation absorbed by the pixel x in month t is expressed
in units of MJ/m?*/month. The ratio of the absorption of the effective photosynthetically active
radiation by the vegetation layer; the constant value of 0.5 indicates that the solar radiation
available to the vegetation accounts for the total solar radiation (proportion of radiation).

Light energy utilization refers to the efficiency of the vegetation to convert the absorbed PAR into
organic carbon. Under ideal conditions, vegetation has the maximum light energy utilization rate.
However, in actual conditions, the true maximum light energy utilization rate (E) is also affected

by temperature and precipitation. The specific formula is as follows.

E(x,t) = Tg; (0,0) X Tgo (%, 1) X Wg(%,t) X Eppay ©)

where T, (X t)refers to the stress effect of high temperature on light utilization (no unit),
Tg,(x,t) refers to the effect of low temperature on the utilization of light energy (no unit),

Ws(x,t) is the moisture Coercion coefficient (no unit) that mainly indicates the degree of
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influence of the calculated NPP on water status, and E,,,, refers to the maximum light energy

utilization under ideal conditions (unit: g C/MJ).

Temperature, moisture, and other stress factors are calculated according to previous methods. The
maximum light energy utilization rate varies with vegetation types. This paper refers to the
maximum light energy utilization rate of typical vegetation in China as simulated by Zhu (Zhu, W.
Q 2005a). Vegetation types include cropland, grassland, water-bodies, built-up land, and bare land,
and the light energy utilization rate is 0.542 g C/MJ. The globally recognized value of 0.389 g

C/M1 is selected as the maximum light energy utilization rate of the forest land.

Model accuracy verification

In this paper, 51 grassland biomass samples measured in the main pastoral areas of China in July
and August of 2008 were used to translate the above-ground and underground biomass allocation
ratios of Inner Mongolia grassland into grassland and underground vegetation according to Ma
Wenhong et al. Productivity, which was evaluated from the NPP data measured in the grass, was
used to verify the accuracy of the model. The following figure (Fig 1) shows the correlation
analysis between simulated and measured values of grassland NPP model in 2005, R? = 0.7103
(P<0.001). The results show that the CASA model has high simulation accuracy and can be

applied to the simulation of grassland NPP in the study area.
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Fig.1. Relationship between estimated Net Primary Productivity (NPP) and observed NPP for

grasslands in August of 2008
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Analysis of Spatial and Temporal Dynamic Changes of Grassland

The land cover of the seven pastoral areas in 1985, 1995, 2005, and 2015 is shown in Fig 2, and
the dynamic changes in the grassland study area are shown in Table 1,Table 2. The sizes of the
grassland study area in 1985, 1995, 2005, and 2015 were 248.34, 243.93, 245.80 and 2.4466
million km?, respectively. The grassland areas in different pastoral areas changed differently. The
grassland area in Tibet Autonomous Region was the largest in 1985 and accounted for 70.05% of
the total land area in the region. The grassland in Xinjiang Uygur Autonomous Region accounted
for 29.61% of the total land area in 1985 and 1995. The grassland areas in Inner Mongolia
Autonomous Region, Qinghai, and Shaanxi were the largest in 1995 and accounted for 50.03%,
52.96%, and 38.72% of the total land areas, respectively. The grassland area in Gansu reached the

maximum in 2015 and accounted for 34.61% of the whole land area.

Legend
[ Cropland W0 Grassland M Built-up land 650 1300 2600
I Forest Water bodies Il Bare land km

Fig.2. The spatial distribution of grassland areas changes during 1985-2015

From 1985 to 1995, the grassland in the study area decreased by 18.92% (468,829 km?). The
reduction in grassland is mainly due to the mutual transformation of grassland to bare land or to
forest, resulting in a decrease of 215888 or 108343 km?, respectively. The conversion of bare land
to grassland led to a net increase of 320,574 km? in grassland. In the spatial distribution, the area
of grassland reduction is mainly distributed in Tibet, Gansu, and Ningxia. For these regions, the

transfer of grassland to bare land is the main reason for the decrease in grassland area. The net
7
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conversion of grassland to bare land in the three provinces reached to 56161, 14211, and 1705 km?,

respectively. By contrast, the increase in grassland area was distributed in the other three

provinces, of which the highest was in Qinghai grassland area at 90794 km?. In these regions,

66377 km? of grassland was transformed from bare land and 14,562 km? was from forests. The

grassland area in Inner Mongolia increased by 72846 km?, of which the net area transformed from

bare land to grasslands reached by 23607 km?. In Xinjiang, the transfer was only 13 km? from

1985 to 1995.
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Fig 4: The conversion between grassland and other land cover types during 1995-2005
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Fig 5: The conversion between grassland and other land cover types during 2005-2015

From 1995 to 2005, the grassland in the study area increased by 18694km?, equivalent to 0.77% in
1995. The increase of grassland is mainly from the bare land to grassland, covering an 338709km?,
while the reduction of grassland is mainly converted to bare land and forest 291758 and
1133956km?. In the spatial distribution, newly-added grassland is concentrated in Tibet and Gansu,
10.63% and 0.70% of the grassland area in 1995. According to the statistical analysis, there were
80586km? bare land transferred to grassland in Tibet, while the number converted to bare land was
105,028 and finally the net increase of grassland area was 83,862 km?. There were 23307km?>
grassland transferred from the cropland in Gansu Province. It is widely distributed in the other 5
provinces, among which, the conversion of grassland and bare land, farmland and forest in Inner

Mongolia leads to the largest reduction of grassland, which is 65570, 26379 and 25350km?
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respectively. There was 50834km?(in Xinjiang) and 76285km?(in Qinghai) grassland caused by
the conversion to the bare land. The conversion of Ningxia grassland to cropland; and bare land
led to a net loss of 5977 and 1570km? respectively, but at the same time, 5265km? of cropland was
transferred to grassland. Meanwhile, the net reduction of grassland to forest and bare land in
Shaanxi was 1016 and 648 km?.

From 2005 to 2015, the grassland area in the study area decreased by 11,414km?, equivalent to
0.46% of the grassland in 2005. The decrease of grassland is mainly the mutual transfer of
grassland and cropland, with a total reduction of 9,150km?. The increase of grassland was mainly
from cropland and bare land, resulting in 5845km?. For pastoral areas, the decrease of grassland
area concentrated in Xinjiang, Shaanxi and Ningxia, and the reduction rates were 17.37%, 1.797%
and 1.92% respectively. The conversion of grassland to bare land in Xinjiang and Tibet was 153
km? and 264 km? respectively, while the net increase of 245 and 221 km? in Gansu and Ningxia Hui
Autonomous Region was from bare land. Since the conversion from grassland to cropland and bare
land happened, more pastoral grassland has reduced, and it was 821km? in Inner Mongolia,

209km? in Ningxia, 115km? in Shaanxi Province, and 265km? to grassland at the same time.

Changes in pattern of grassland landscapes

The SHDI and SHEI in the whole study area increased slowly, whereas the landscape
heterogeneity increased. Among the seven pastoral areas, the SHDI and SHEI in Xinjiang, Gansu,
Shaanxi and Ningxia were decreased. However, the SHDI in Qinghai Province increased from
2005 to 2015, whereas the SHEI was relatively flat. This finding showed that the landscape
pattern in Qinghai Province was complex, and the spatial distribution of land cover/land use types
was uneven. The SHDI and SHEI in Tibet show an increasing trend from 1985 to 1995 but a
decreasing trend from 1995 to 2015. This result showed that the landscape pattern in Tibet was
simple, and the space of each land cover type was evenly distributed.

In the study area, the number of patches was the smallest in 1985 and 1995, whereas the mean
patch size value was the largest. The change indicated that the degree of fragmentation and spatial
heterogeneity of grassland was low in 1995. The NP and MPS variations in different provinces
were inconsistent. In 2015, the NP in Inner Mongolia and Gansu was the lowest, whereas the MPS

was the highest, indicating that the pasture fragmentation and spatial heterogeneity of the two
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pastoral areas were the lowest in 1995. Inner Mongolia, Gansu, Qinghai and Ningxia reached the
minimum NP and maximum MPS in 2015. However, Xinjiang had the smallest NP and highest
MPS in 1985 and 1995, revealing that grass fragmentation and spatial heterogeneity were the

lowest during these years.
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Fig. 6: Changes in landscape index for the whole study area and the 7 provinces during 1985-2015
Note: AWMFD::area weighted mean fractal dimension, AWMSI::area weighted mean shape index, ED::edge
density, IJI: interspersion juxtaposition index, MPS: mean patch size, NP: number of patches, SHDI: Shannon's

diversity index, SHEI: Shannon's evenness index

Except for Ningxia, no significant difference in the ED of grassland vegetation was found between
2005 and 2015, indicating no significant change in grass fragmentation and marginal effect. The
AWMSI at the regional scale was high in 1985 and 1995, but low in 2005 and 2015. Hence, the
grass patch shape in the whole area was simplified and regularized from 1995 to 2005. The
AWMSI in Qinghai, Inner Mongolia and Gansu showed basically the same rules of variation with
the whole study area. However, the AWMSI increased sharply in Ningxia in 2005-2015, which
indicates that the patch shape of grassland in the province was complicated, and the edge effect
increased.

The AWMED in the entire study area did not change in many years. The grassland landscape

pattern was not affected by human activities. The trends of AWMFD in Inner Mongolia, Tibet,
11
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and Qinghai are similar to those in the entire study area. However, Tibet has the largest AWMFD,
which indirectly reflects that the grassland landscape pattern in this province is less affected by
human activities. This phenomenon is also caused by the unique geographical location of Tibet.
The AWMEFD in Gansu and Shaanxi was the highest in 1995 and 2005 but was low in 1985 and
2015, indicating that the effect of human interference on grassland landscape pattern was less in
1985-1995 but increased in 2005-2015 and 1995. In 2005, less interference was observed from
humans. In Xinjiang, AWMFD remained unchanged from 1995 to 2005 but increased sharply
from 2005 to 2015, indicating that grassland in Xinjiang was reduced by human interference. In
addition, 1JI increased throughout the study area and in the seven provinces and regions between
2005 and 2015. The connectivity and cohesion of grass patches decreased, but IJI declined
significantly in Tibet during 1985-1995 and in Ningxia during 1995-2005. This finding shows

that the patch connectivity and cohesion of grassland are greatly improved.

Changes in NPP of grassland

The spatial distribution of average grassland NPP shows evident heterogeneity. The areas with
high NPP values are distributed in the northeastern Inner Mongolia, Xinjiang Tianshan, and the Al
Taishan region southern Shaanxi, southern Gansu, the source of three rivers, Qilian Mountains,
the southeast of Tibet, northwest of Tibet, and the southern of Xinjiang the grassland NPP values
are the lowest. The average NPP of grassland in the entire study area increased by 25.99%,
14.35%, and 41.46% from 1985 to 1995, 2005 to 2015, and 1985 to 2015, respectively. The
average NPP in 1995-2005 was reduced by 2.98 gC/m?, which is equivalent to 1.81% of the
average NPP in 1995. The changes in various provinces are as follows. The average NPP of
grassland in Xinjiang slightly changed from 1995 to 2005 and then increased by 32.03 and 9.24
gC/m? in 1985-1995 and 2005-2015, respectively. The average NPP in Tibet was obtained in
1995-2005. The value was reduced by 34.89 gC/m? but increased by 30.80 and 35.96 gC/m? in
1985-1995 and 2005-2015, respectively. The average NPP change of grassland in Qinghai
province increased by 15.44 and 18.24 gC/m? frame 1985 to 1995 and 1995 to 2005. The increase
from 2005 to 2015 was 26.50 gC/m?. The average NPP in Inner Mongolia grassland decreased by
34.89 gC/m? from 1995 to 2005, which is equivalent to the value in 1995 that is 17.51% of

grassland NPP. The grassland NPP in Gansu Province changed slightly from 1985 to 2005 but
12
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increased by 57.63gC/m? from 2000 to 2010. Shaanxi Province showed an increasing trend of
NPP from 1985 to 2015 with a total increase in 30 years. At 133.95 gC/m?, NPP in grassland
decreased from 1995 to 2005, with a decrease of -24.72 gC/m?, and an increase of 45.43 gC/m2

from 2005 to 2015, which was equivalent to 38.24% of NPP in 2005.

w816
o

0 500 1,000 2,000
——— e Kilometers

Fig 7: The spatial distribution of grassland mean NPP during 1985-2015

Table 1: The grassland annual mean NPP changes during 1985-2015/(g C/m?)

Sections study area Tibet Innner Xinjiang  Qinghai Gansu Shanxi  Ningxia
Mongolia

1985 130.45 90.34 168.46 105.26 178.12 159.85 23438 12441

1995 164.35 119.56  199.26 137.29 193.56 217.71 281.00  143.53

2005 161.37 135.63  164.37 127.49 211.80 218.59 29244  118.81

2015 184.53 145.89  200.32 136.73 238.30 276.22 368.33  164.24

Percentage change (%)

1985-1995 25.99 32.34 18.28 30.43 8.67 36.19 19.89 15.37
1995-2005 -1.81 13.44 -17.51 -7.14 9.42 0.40 4.07 -17.22
2005-2015 14.35 7.57 21.88 7.25 12.51 26.36 25.95 38.24
1985-2015 41.46 61.49 18.91 29.90 33.79 72.80 57.15 32.01
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Table 2: The grassland total NPP variations during 1985-2015/(Tg C)

study area  Tibet Innner Xinjiang ~ Qinghai Gansu Shanxi  Ningxia
Sections
Mongolia
1985 322.34 75.717 90.10 50.65 24.65 60.19 17.77 3.21
1995 398.95 90.64 113.34 66.06 73.34 30.01 22.05 3.47
2005 395.08 113.65 86.16 60.02 79.63 30.31 22.50 2.84
2015 452.16 122.40 105.20 64.36 89.56 38.36 28.34 3.95

Percentage change (%)

1985-1995 23.77 19.63 25.80 30.44 197.54 -50.15 24.09 23.77
1995-2005 -0.97 25.40 -23.98 -9.14 8.57 1.00 2.04 -0.97
2005-2015 14.45 7.69 22.10 7.22 12.48 26.59 25.95 14.45
1985-2015 40.28 61.55 16.76 27.07 263.34 -36.26 59.48 40.28

The total NPP in grassland in the study area was the highest in 2015, which was 452.16 Tg C. This
value was 40.28%, 13.24%, and 14.45% higher than that in 1985, 1995, and 2005, respectively.
The changes in different provinces and regions are quite different. The total grassland NPP in
Xinjiang increased by 30.44% from 1985 to 1995 but decreased by 9.14% in 2005. The total
grassland NPP in Tibet showed an increasing trend at each stage from 1985 to 2015. When the
average NPP value increased by 61.49% in 2015, the total NPP value increased by 61.55%,
though the grassland area in Tibet decreased by 0.17% in 1985-2015. The total NPP in grassland
in Qinghai Province has increased from 1985 to 2015, especially in 1985-1995 with an increase of
197.54%. When the average NPP of grassland increased from 2005 to 2015, the total NPP also
increased. The total amount of NPP in Inner Mongolia in 2005 was -23.98% lower than that in
1995 because the grassland area and average NPP were reduced by -8.05% and 17.51%
respectively, whereas the total amount of NPP increased by 22.10% from 2005 to 2015. The total
amount of grassland NPP in Gansu Province decreased by -50.15% between 1985 and 1995 but
increased by 26.59% between 2005 and 2015. The change rule of total NPP in Shaanxi grassland
is consistent with the change in average NPP. The value showed an increasing trend from

19852015 with a total increase of 10.57 Tg C. The total NPP in Ningxia grassland was the
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highest in 2015 with an increase of 38.73% compared with that in 2005.

Conclusion

The conclusion shows (1) The sizes of the grassland study area in 1985, 1995, 2005, and 2015
were 248.34, 243.93, 245.80, and 244.66 million km?, respectively. From 1985 to 2015, the
grassland was reduced by 36,800 km?.(2) The heterogeneity of the landscape pattern increased
during 1985-2015. The degrees of fragmentation and spatial heterogeneity of grassland were both
low in 1985 and 1995. The shape of grass patches was simplistic and regular in 2005-2015. (3)
The average NPP of grassland has significant regional differences in spatial distribution. The total

size of grassland NPP in the study area was the lowest in 2005 but reached the greatest in 2015.

Discussion

Influence of climate change on landscape pattern and grassland productivity

Climate change is the main factor for the inter-annual change of terrestrial vegetation activity
(Keeling et al 1996; Weltzin et al 2003).,it mainly affects the growth of grassland vegetation by
the changes in temperature and precipitation. The increasing precipitation in arid regions is
conducive to the growth of forage grass (Yang et al 2008). By contrast, the increase in temperature
also increases vegetation and soil evapotranspiration but reduces available soil moisture. This
phenomenon makes the environment arid and not conducive to forage growth (Shen et al 2012). In
the context of global climate change, China's climate has also undergone corresponding changes.
To analyze the climate change patterns in the study area, this paper collected temperature and
precipitation data from 1961 to 2010. The trend of changes and the regularity of anomalies were
also evaluated.

The annual temperature in the study area has gradually increased from 1961 to 2010, with an
increase rate of 0.39 °C/10 year, which is higher than the rate of annual temperature increment of
0.17 °C/10 year from 1951 to 2000 in China. The inter-annual rate in annual precipitation is 5.2
mm/10 year,. The annual fluctuation of precipitation is relatively large, especially in 1998, due to
the increment in flood water (Zhu, W. Q 2005b). The precipitation is abnormally high and was

affected by strong El Nifio in 1982. With the drought in north and south of China, the precipitation
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is lower than the annual average. Some studies reported that China's precipitation did not change
significantly during 1951 to 2000. However, the precipitation in different regions was different
(Shi et al 2007). The regions where precipitation increased significantly were located in northern
China, the northwestern arid regions, and the Tibetan Plateau. A previous report is basically
consistent with the conclusions in the current paper that the temperature in the study area has
continued to increase during the past 50 years, and the precipitation has not changed significantly.
However, since 1980s, the climate in the arid northwestern China has transformed from warm to
warm and humid. Significant differences, such as the trend of warming and drying in Inner
Mongolia from 1951 to 2010, are observed in the precipitation changes in different regions (Liu &
Wang 2012; Lu et al 2009).

During 1981-2010, precipitation increased, and in 20 years, the 20-year precipitation anomaly
was positive. The precipitation increased from 318 mm in 1980s to 324 mm in 2000-2010, an
increase of 2%. However, the temperature continued to increase from 5.5 °C in 1980s to 6.75 °C
in 2000-2010, an increase of 1.25°C. Some studies have suggested that with a temperature
increase of 1°C, the annual potential evapotranspiration (PET) increases by 5.25% +1.55% (Le
1996). Therefore, the increase in precipitation is not sufficient to offset the increase in temperature,
resulting in increased drought, vegetation, and evapotranspiration. The reduction on soil moisture
and such climatic conditions are the basis for desertification. Coupled with the interference of
human activities, such as overgrazing and indiscriminate digging, these phenomena lead to
grassland desertification and ultimately to the original vulnerability of grassland to desert
transformation. During 1985—-1995 and 2005-2015, large areas of grassland were migrated to the
desert. A small portion of deserts shifted to grassland during 1995-2005. This migration was
mainly due to the 10.75% increase in grassland area in Tibet during the period and was the reason
for the increase in grassland area in the district (Akiyama & Kawamura 2007; Teague &
Dowhower 2003; Zha 2004). Although human activities have always been considered as the
dominant driving factor in grassland degradation, climate aridity accelerates the development of
grassland degradation to a certain extent, especially in the arid-semi-arid regions of northwestern
China. The continuous increase in temperature from 1961 to 2010 promotes the conversion of

grassland to desert at some extent (Han et al 2008). In addition, studies in the Hun shandake

16


http://dx.doi.org/10.20944/preprints201809.0324.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 17 September 2018 d0i:10.20944/preprints201809.0324.v1

Sandy Land have also confirmed that climate change plays an important role in desertification

(Yang 2010).
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Fig 8: The inter-annual changes of the mean temperature, precipitation and anomaly during
1961-2010

Effects of human factors on grassland coverage area and productivity

Effect of overgrazing

Overloaded grazing is the main driving force for grassland degradation in China and is particularly
prominent in grassland degradation in northern China (Akiyama & Kawamura 2007). The
degradation of grassland in China began in the 1960s. Since then, the degraded area of grassland
in China has increased at a rate of 15%/10 year (Wang et al 2005). In the past 10 years, the
degradation rate of grassland in China has increased from 55% to 90% (Du, Q. L 2006). The rapid
increase in population and economic development has led to a sharp increase in the demand for
animal husbandry products and eventually to a rapid increase in the number of grazing animals.
The number of grazing animals in China increased from 11.9 million in 1950s to 61.3 million in
2001 based on the statistics found in China. The total number of livestock showed a rapid increase
from 1978 to 2011 (Fig 10.), though the number of livestock has decreased since 2003.
Overgrazing occurs on a large area of grassland, and the grassland can no longer recuperated
under the constant stamping and feeding disturbances . In some arid areas, grassland overloading
rate has reached 50%—120% or even 300%. As shown in Figure 9., overloaded grazing occurred in
all six provinces in Northwest China, except for Shaanxi Province. The number of livestock in

Xilin Gol League in Inner Mongolia increased from 2 million in 1977 to 18 million in 2000,
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causing about one-third of grassland degradation. As of 1995, China's degraded grassland area
accounted for 50.2% (Lv, Z. J et al 2005) of China's available grassland area. As of 1999, 32% of
grassland in Inner Mongolia was overloaded with grazing, whereas 60% had varying degrees of
degradation (Du, Q. L 2000).

Under continuous overgrazing, animal feeding and stamping will reduce grassland vegetation,
coverage, and productivity. At the same time, animal stamping will change the soil structure,
increase soil hardness, reduce the effective soil moisture, and expose patches on the surface. This
phenomenon provides conditions for wind erosion desertification (Zhu, Z. D 1997). The results
indicate that, except for the increase in grassland area between 1995 and 2005, the grassland area
showed a decreasing trend that is mainly due to the shift of grassland to desert and farmland.
Approximately 468,800 km?2 of grassland was converted to other lands during 1985-2015. For the
utilization types, 46.05% were converted to desert, and 23.42% were converted to farmland, which

ultimately led to a net decrease of 1.48% in grassland area.
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Influence of grassland reclamation

Rapid population growth has rapidly increased food demand, and grassland has been reclaimed as
farmland on a large scale (Jiang & Wu 2006). Under the guidance of the “grain as the key” policy,
a large area of grassland has rapidly undergone sandy desertification. From 1949 to 1999, 193,000
km? of grassland was reclaimed as farmland, and 18.2% of China's increased farmland area

originated from grassland reclamation. Between 1958 and 1976, 20,000 km2 of grassland was
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reclaimed into farmland in Inner Mongolia (Chuluun & Ojima 2002). This shift took place mainly
in the agro-pastoral ecotone. During urbanization, grasslands around the city were reclaimed to
meet the food demand. This study finds that from 1985 to 2015, 109,800 km2 of grassland was
reclaimed as farmland, whereas 85,700 km? of farmland was converted into grassland. This
mutual conversion between farmland and grassland did not significantly reduce the total grass area.
However, the overall quality of the grassland was reduced during conversion. Considering that
most of the grasslands that were reclaimed as farmland belong to high-quality pasture grasslands,
the grasslands transformed from farmland are mostly abandoned lands or land with low
productivity (Qi et al 2012). This kind of grassland reclamation often ends in failure, especially in
the dry grassland area. Approximately 30%—-80% of the reclamation farmland gradually
degenerates and is finally abandoned. After the grassland has been reclaimed, especially in a
continuous arid environment, it will be degraded into desertified land with lost productivity and
destroyed land resources after 30 years. Xinjiang had a net reduction of 97,428 km2 in grassland
from 1985 to 2015, which was equivalent to 20.20% in 1985. This phenomenon was mainly due to
the continuous increase in temperature and glacial meltwater, which led to a drastic increase in
grassland land reclamation and a large area of grassland degradation to desertification. The joint
action of the people led to the reduction of grassland area.

The direct consequence of grassland degradation is the decline in grassland productivity.
According to statistics, the current grass yield per unit area decreased by 30% to 50% compared
with that in 1960s. Inner Mongolia grassland surveys showed that the above-ground NPP in Inner
Mongolia grassland decreased by 53% (Qi et al 2012) from 1961 to 2010. This decrease is mainly
due to overgrazing and climate change. The changes in temperature and precipitation over the past
30 years are shown in Figure 6.10. The trend of aridity development in central and eastern Inner
Mongolia and Shaanxi Province is clear. Therefore, the combination of overloaded grazing and
climate drought reduced NPP in Inner Mongolia and Shaanxi Province during 1995-2005. The
average NPP of grassland in the year was significantly low with a decrease of 20.04% and 2.03%.
However, for the entire study area, the grassland NPP showed an increasing trend due to the
significant increase in NPP in the grasslands of Xinjiang, Tibet, Qinghai, Gansu, and Ningxia.

This increase may be due to increased precipitation in most parts of Xinjiang. In particular, the
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precipitation in Tianshan, Altai Mountains, southern Xinjiang oasis, southwestern Tibet, most
parts of Qinghai, and northwestern Gansu generally increased. This phenomenon promoted the

growth of pasture, improved grassland quality, and consequently increased NPP.
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Fig 11: The inter-annual changing trend of temperature and precipitation in China during

1982-2010

Effects of ecological restoration measures on grassland productivity

The Chinese government's protection of grassland ecosystems began with the enactment of the
Grassland Law in 1985. Later, the government established a series of laws and regulations
concerning the protection of grassland resources and desertification. However, the deterioration of
grassland in the north and the frequent occurrence of dust storms have recently pushed the
Chinese government to put importance to the protection of grassland ecosystems and the
restoration of degraded ecosystems(Zhang et al 2012). Since 1999, the Chinese government has
successively issued the project of returning farmland to forests and returning grazing land to
grassland. The implementation of ecological restoration projects has played a positive role in the
restoration of degraded grassland and the protection of grassland resources (Liu et al 2008; Tong
et al 2004).

The project of returning farmland to forests and grass that began in 1999 was piloted in Gansu,
Shaanxi, and Sichuan. By 2002, the project was expanded to 25 provinces and autonomous

regions. This project mainly included the following restoration measures: conversion of degraded
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sloping farmlands into forests or grasslands, and closure of mountains and forests, and planting of
artificial grass. This study found that the mutual transformation between farmland and grassland
from 1985 to 2015 was conducive to an increase in the area of grassland, resulting in a net
increase of 87,600 km2 of grassland. The newly added grassland is distributed around the original
grassland, which is beneficial to the improvement of the structure and function of the ecosystem.
This procedure is also conducive to the conservation of biodiversity and the improvement of the
stability of the ecosystem. Therefore, the conversion of farmland to grassland or forest is
beneficial to ecosystem restoration.

The project of returning farmland to forests and grasslands may positively affect the reversal of
desert to grassland in the study area from 2000 to 2010. As shown in Figure 6.11.a, the data show
that the artificial grass planting in the study area increased rapidly from 2001 to 2003, reaching
1.72 million hectares in 2003 and accounting for 80% of the total area of artificial grass planted in
China. Aircraft sowing and grass seed also showed improvement The large increase in acreage
and the combined effect of the three measures have increased the annual fluctuations in the area of
newly added grass (Figure 6.11.b), reaching a maximum of 4.81 million hectares in 2006 and
accounting for 60% of the national total; The former and newly added grass areas accounted for
the largest proportion (50% and 58%) in the study area and dictated the trend of the two indicators.
The artificial planting of grass and aircraft sowing will gradually expand the grassland area into
the desert to achieve the purpose of “people entering the sand and receding.” On the one hand,
improved planting of grass species will make planting pasture suitable for the arid ecological
environment. On the other hand, the excellent pasture can improve the pasture production. With
the increase in grassland coverage, scattered grassland grows in patches, the degree of
fragmentation decreases and the dominance increases. Ultimately, the stability of grassland
ecosystems increases, and productivity increases.

To further promote the restoration of degraded grassland and the protection of grassland resources
and improve the frequency of dust storms, the Chinese government began implementing the
project of returning grazing to grassland in 2003. The grazing pressure was attenuated through
measures, such as grazing bans, grazing and rotational grazing, and degrading. The grass is then

restored. From 2001 to 2010, the grazing prohibition area increased yearly in all provinces and
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regions in the northwestern province. In 2010, the grazing prohibition area in the seven provinces
and regions accounted for 78% of the country's area. The prohibition of grazing area in Inner
Mongolia accounted for 38% of the grazing prohibited area in the country. A relatively high ban
was placed on grazing in Shaanxi and Gansu Province (12.5%, 10%). The area of fenced
enclosures has increased significantly (Figure 6.11.d). The area enclosed by fences in the seven
provinces and autonomous regions accounts for 85% of the total fenced area, and the fenced area
in Inner Mongolia accounts for 40% of the country's total.

Grazing and fencing greatly reduce the pressure on grassland grazing. Without external
interference, the biodiversity, stability and productivity of grassland ecosystems can be recovered
quickly (Bai et al 2004), and long-term enclosed fences with large areas will increase the coverage
of grassland. For a piece of degraded desert grassland in Alxa, the vegetation coverage has
increased by 50%, and biomass has increased by 56% (Pei et al 2008) after 6 years of prohibiting
grazing. The number of years of closure increased, and grassland biomass and soil carbon density
continued to increase (Jia, H. T et al 2009; Huo, W. L et al 2004). After the implementation of
ecological restoration measures in Maqu County, Gansu Province, the grassland was significantly
improved (Wang, J et al 2009).

This study also found that the project of returning farmland to forests and grassland has the
highest intensity in Inner Mongolia with evident ecological effects. This finding can be verified
from the above-mentioned changes in artificial grass, fence enclosure and grazing prohibition
areas, and grassland landscape index. From 1995 to 2005, SHDI and SHEI decreased, whereas ED,
1JI, and AWMSI decreased. The change of landscape index showed that the dominance of Inner
Mongolia grassland increased, the degree of fragmentation decreased, the cohesion of spatial
distribution increased, and the shape of plaque became regular. The reason was as follows: the
arid climate in 1995-2010 and the opening and overgrazing of grassland were still serious (Wang
et al 2004). After the implementation of the national ecological restoration measures, some
desertification areas, such as Horqin Sandy Land and Mao Usu Sandy Land, have undergone a
significant reversal of desertification. However, overall desertification is continuously intensifying.
From 1986 to 2000, human activities played a decisive role in the development and reversal of

desertification in Yulin, Shaanxi. In Xinjiang, Tibet and Qinghai, the relative proportion of
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grazing bans and fenced areas is relatively low (Sun et al 2012). Therefore, the intensity of

returning livestock to grassland, not just typical and severely degraded areas, must be increased.
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