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Abstract: Grasslands in northern China serve the country as both an ecological barrier and a livestock production base. There, in-
stalling enclosures has been becoming the major grassland restoration measure adopted by many local governments. However, the ef-
fects of restoration on both ecological and production benefits of grassland remain unclear for implemented grassland restoration
policies. Therefore, a representative rangeland in northern China, the Maodeng pasture in Inner Mongolia Autonomous Region was se-
lected as the study area, and remote sensing monitoring analyses were carried out to quantify the ecological benefits and economic bene-
fits from 2015 to 2021. The results showed that: 1) in terms of ecological benefits, the grassland area with a grassland coverage rate of
more than 60% accounts for 32.3% of the regional area, and 86.4% of its grassland grew significantly better than the same period in
2015, showing a significant improvement in grassland growth. Using the average amount of carbon per unit area as the ecological bene-
fit evaluation index, it increased by 27.1% to 32.48Tg C/yr from 2015 to 2021. 2) In terms of economic benefits, both theoretical grass
production and livestock carrying capacity increased from 2015 to 2021. Compared to 2015, the theoretical grass production in 2021 in-
creased by 24.8% to 71 900 t. The livestock carrying capacity reached 52 100 sheep units in 2021, nearly 11 000 sheep units more than
that in 2015. During the study period, multiple economic indicators (on a per capita basis of permanent residents) for the pastoral area of
Xilinhot City to which the Maodeng pasture belongs, have grown steadily. Per capita total income rose from 29 630 yuan (RMB) in
2015 to 62 859 yuan (RMB) in 2021. Relying on grassland resources to develop the pastoral ecology also broadens the potential eco-
nomic development space. Overall, the establishment of the reserve and the experiment of implanting an enclosure policy have had a
significant and positive impact on Maodeng pasture’s development from both an ecological and economic perspective. With the support
of scientific evidence, enclosure policy can be extended to more than 110 000 km? of grasslands in northern China with similar precipit-
ation and temperature conditions, enhancing the productive and ecological potential of grasslands. The above research results will con-
tribute to the scientific formulation of grassland pasture quality improvement plans in northern China.
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1 Introduction

China is a country with abundant grassland resources,
with an area of approximately 392.8 million ha, ac-
counting for 40.9% of the country’s land area (https://
www.forestry.gov.cn/main/5462/20210311/1157017244
35306.html). Grassland plays an important role in ecolo-
gical protection, which is specifically reflected in as-
pects such as conserving water sources, maintaining soil
and water, preventing wind and sand, and protecting
biodiversity (Zhao et al., 2020). At the same time, grass-
land can provide forage and food, and is an important
livestock production base (Bai et al., 2020). How to
handle and coordinate the relationship between grass-
land protection and utilization is a difficult and urgent
issue in the near decades. Therefore, it is imperative to
find a feasible and cost-effective grassland protection
manner. In order to scientifically protect grassland, China
has implemented a variety of grassland protection
policies, including the establishment of national grass-
land natural parks and enclosures. Enclosure (Meissner
and Facelli, 1999) as a grassland management method is
a way for humans to consciously adjust the relationship
between herbivores and plants in the grassland ecosys-
tem and to better manage the grassland. Grassland en-
closures divide the grassland into several small areas, so
that the enclosed degraded grassland can recover natur-
ally due to the elimination of livestock pressure (Yan et
al., 2009). Enclosure mainly serves to artificially reduce
or completely eliminate the impact of livestock on the
grassland ecosystem (Zuo et al., 2009), so the latter can
recover and rebuild under its own elasticity (Li, 1995).
There is an urgent need for scientific evaluation of the
effectiveness of the enclosure policy.

Grassland is of great ecological importance. As a key
component of the ecosystem, it plays an important role
in water protection (Li et al., 2022), soil conservation
(Liu et al., 2022), carbon storage (Ni, 2002) and biod-
iversity maintenance. Research showed that an effect-
ive grassland management and conservation practices
can improve water quality, reduce soil profile (Li et al.,
2018), and promote plant and animal diversity in grass-
lands (Tilman and Downing, 1994). Due to the large ex-
tent of grasslands (Ali et al., 2016), understanding its
dynamics through field surveys requires a lot of man-
power and material resources. Accordingly, there has
been much research into remote sensing as an econom-

ical and convenient means of monitoring grassland
(Shen et al., 2016). These studies have focused on vari-
ous grassland parameters, such as biomass, habitat iden-
tification (Fazzini et al., 2021), leaf area moisture
(Sibanda et al., 2021) and grass production (Vallentin et
al., 2022). The role and value of grasslands in carbon
storage is often underestimated. Efforts to mitigate cli-
mate change tend to prioritize carbon stored in trees
over carbon stored in grasslands (Xu et al., 2007). Grass-
lands have great potential to increase carbon stocks
through improved grassland use or management (Wang
et al., 2021). Therefore, the assessment of grassland car-
bon storage is also very important.

Grasslands are also rich in economic benefits, such as
pasture production (Vuffray et al., 2017), animal hus-
bandry (Zhang et al., 2019), tourism (Parente and
Bovolenta, 2012) and bioenergy production (Machov-
ina and Feeley, 2017). With the rapid development of
China’s livestock industry, the shortfall in grass re-
sources is a very large amount (Qi, 2014) . In terms of
forage alone, it has been relying on imported high-qual-
ity forage from abroad for many years. China’s grass-
land area is vast, but the proportion of high-quality
grassland is actually low. The shortage of quality for-
age for grass-fed livestock in China is a pressing prob-
lem that needs to be solved soon, being a more urgent
one for the whole Inner Mongolia Autonomous Region.
Over the past few decades, agriculture and animal hus-
bandry have been important economic pillars in many
regions (Zhang and Zhang, 2022), and the sustainable
management and rational use of grasslands have played
a key role in the development of agriculture and animal
husbandry. In recent years, an increasing number of
studies have measured and evaluated the benefits of
grassland (Gorelick et al., 2017), with many evaluation
methods applied. But one problem is that most studies
have many indicators but a single research perspective.
In actual evaluation, it is necessary to conduct a mul-
tivariate analysis of the grassland economy from ecolo-
gical perspectives such as livestock carrying capacity
and grass production, as well as from statistical per-
spectives such as GDP (Gross Domestic Product) and
CDI (Capital Disposable Income).

The improvement of ecological benefits will promote
the realization of carbon neutrality and carbon peak
goals. The pastoral economy relying on grassland re-
sources will also expand the space for economic devel-
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opment. In order to achieve the goal of regional high-
quality development in which grassland ecology and
economy are coordinated, this paper selects the grass-
land enclosure of the Maodeng pasture, a representative
grassland in northern China, and conducts a multi-index
evaluation of the enclosure benefits from both ecologic-
al and economic benefits. Through comparative analys-
is before and after the implementation of the enclosure
policy, the benefits of the enclosure policy are quantitat-
ively clarified with empirical evidence. This research
will provide high-quality development methods for
more grasslands in northern China.

2 Study Area

Maodeng pasture is located in the central part of the Xil-
in Gol League and the northeastern part of Xilinhot
City, Inner Mongolia Autonomous Region in China
(Fig. 1). It is a typical representative grassland in north-
ern China. It has a temperate dry continental climate,
with annual average temperature of 0.5°C to 1.0°C, and
average annual precipitation of 300 to 360 mm which
mostly concentrated in June to August. It is dominated
by low hills and flat areas. This area is suitable for feed
crops such as wheat, with rich vegetation resources and
high nutritional value (Wang et al., 2022).

As an important livestock production base in China,
the Maodeng pasture is not only an excellent agricultur-
al demonstration area, but also an important natural eco-

logical barrier with a valuable ecological buffer func-
tion. In 2014, General Secretary Xi Jinping personally
visited the Maodeng pasture and put forward require-
ments to improve the pasture’s ecology and economic
level. To realize those requirements and expectations, in
recent years, Maodeng pasture has cleared the non-
herdsmen within the rangeland of this pasture, cleared it
for enclosure, initially built an ecological protection
area, and then managed and protected this restoration
area.

3 Data and Methods

3.1 Data sources and preprocessing

3.1.1 Remote sensing data

Landsat 8 satellite data were used to assess the interan-
nual grassland status of the Maodeng pasture. The Land-
sat 8 Level 2, Collection 2 dataset containing atmo-
spherically corrected surface reflectance were obtained
using GEE (Google Earth Engine) platform (Xu and
Tang, 2013). After cloud removal and other prepro-
cessing, the average NDVI (Normalized Difference Ve-
getation Index) of all the images in the annual peak
growth season (July—September) was calculated as the
annual NDVI from 2015 to 2021.

Sentinel-2 data were used to extract grassland areas
and conduct monthly grassland growth status monitor-
ing. The Sentinel-2 atmospheric apparent reflectance
product after orthorectification and sub-pixel level geo-
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Fig. 1 Location of Maodeng pasture in northern China (Remote sensing image data source: Sentinel-2; time: August 30, 2021)
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metric precision correction was downloaded from the
USGS (United States Geological Survey) platform (Tian
et al., 2019). Data preprocessing includes radiometric
calibration, atmospheric correction, cloud removal, spli-
cing, efc. The image on August 30, 2021 was used to
extract the grassland range. In order to obtain the peak
growing season of grassland, the average NDVI value of
each month was calculated based on the GEE platform
for all the preprocessed data in 2020.

3.1.2 Meteorological data

Temperature and precipitation data were obtained from
the National Meteorological Science Data Center (http://
www.nmic.cn/site/index.html). Data from the Xilinhot
site were selected to analyze the effects of temperature
and precipitation on the grass growth conditions of
Maodeng pasture. The Climatic Research Unit gridded
Time Series (CRU TS) climate dataset produced by Na-
tional Centre for Atmospheric Science (NCAS) were
used to determine the extent of areas with similar hydro-
thermal conditions to those at Maodeng pasture.

3.1.3 Statistical data

To analyze the economic impact of the enclosure poli-
cy on the Maodeng pasture, data indicators from 2015
to 2021 were obtained from Xilin Gol League Statistic-
al Yearbook (Xilin Gol League Statistical Bureau,
2016-2022). Statistics included the per capita total in-
come, disposable income and per capita total expendit-
ure of permanent residents in the pastoral area of Xilin-
hot City from 2015 to 2021. Among them, due to
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changes in yearbook statistics in 2020 and 2021, the val-
ues of permanent residents in agricultural and pastoral
areas are used.

3.1.4 Validation data

To verify the accuracy of the classification results, a
field visit to Maodeng pasture was conducted in Sep-
tember 2021. GVG software was used to record the
types of ground objects at 34 points in the study area.

3.2 Methodology

This study began with the identification of grassland
distribution areas in the Maodeng pasture, to obtain in-
formation where and how its grassland is used. The tem-
poral change in NDVI values was calculated by select-
ing images from different years; this time-series data
was also used to evaluate grassland growth status and
the occurrence of grassland degradation in the Maodeng
pasture. The time-series variation in the carbon sink was
estimated by combining meteorological data, ground
data, and data on the pasture’s plant and animal types.
Grassland yield estimation is the basis of grass-live-
stock balance accounting, and the level of grass yield is
a key indicator of grassland health. Based on the rela-
tionship between NDVI and grass production in differ-
ent areas, the theoretical grass production in the study
area was estimated. The calculated theoretical livestock
carrying capacity of the pasture was based on the theor-
etical livestock carrying capacity model. The research
framework of this study is as follows (Fig. 2).
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Fig. 2 Research framework diagram of this study (NDVI: Normalized Difference Vegetation Index)
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3.2.1 Grassland growth state assessment

The normalized vegetation index was used to character-
ize the growth state of grassland. First of all, it is neces-
sary to identify the grassland distribution area through
the classification of the land use types. According to the
actual situation of the study area, the decision tree mod-
el was used to divide the land use types in the study area
into four categories: grassland, cultivated land, water,
and building. The grassland distribution areas were ex-
tracted for subsequent research. NDVI is calculated as
follows:

B -B
NDV] = ZNIR™ 7R (1)
Bnir + Br

where Byjr and By denote the represent the Digital
Number (DN) value of the red and near infrared bands
of the image respectively.

3.2.2 Evaluating grassland growth improvement and
degradation

Applying a trend analysis at the pixel scale using long
time-series data can reveal a general trend of the data,
and this method has been used extensively in studies ad-
dressing similar management issues for grasslands (Yin
etal., 2020). A tendency rate > 0 means that a grassland’s
growth is improved, whereas a rate < 0 indicates its de-
gradation.

Comparing images from the same time period can
provide information on dynamics (changes in the
growth) of grassland vegetation over time, and also
whether the grass is growing well or not (degrading).
Data difference is a quick and easy way to evaluate
grassland degradation (Zhou et al., 2017). This is done
by arithmetically subtracting the NDVI values of two
images taken at the same time phase on different dates;
a resulting value > 0 indicates good growth whereas a
value < 0 implies degradation at a given time. We used
these thresholds to classify restoration levels into four
categories: difference < —0.15, severely degraded areas;
—0.15 < difference < 0, generally degraded areas; 0 <
difference < 0.15, generally improved areas; difference
> (.15, significantly improved areas.

3.2.3 Estimating theoretical carbon sinks

By establishing the relationship between NDVI and
aboveground biomass, the aboveground biomass and its
spatiotemporal changes were calculated (Fang etal.,2007)
Above-ground biomass of grassland (Y) can be calcu-
lated by the following formula:

Y = 179.71 x NDVL;S28 (R? = 0.71, P < 0.0001) )

NDVIyax refers to the maximum NDVI of this year at
each spatial location. Next, the resulting biomass estim-
ate was converted into carbon (conversion factor: 0.45)
based on the average grass production per unit area of
each grassland type in every province as recorded in the
Grassland Resource Data of China (http://www.forest-
data.cn/) and following the method proposed by Fang et
al. (2007).

3.2.4 Estimating theoretical grass production
Considering the geographical location of the Maodeng
pasture, along with the research by Cao et al. (2019),
grass production and NDVI in the Xilin Gol League
sample were related as follow:

Y = o(3:46-(0.539/NDVI) 3)

where Y is the empirical model simulation value of grass
yield, in 10 g/m’.

YiN = Dpixel> X ¥/10 4

In the above equation, Y1y is the fresh grass yield (g) for
each pixel range applicable to the local grassland area of
the Xilin Gol League; Dpixel is the spatial resolution of
the fresh grass yield raster data (m).

3.2.5 Estimating the theoretical livestock carrying
capacity of grassland

The theoretical livestock carrying capacity of the study
area was estimated using the Regional Grassland Total
Reasonable Year-Round Livestock Carrying Capacity
model (Xu, 2014). Accoriding to the NY/T 635-2015
Agricultural Industry Standard of the People’s Repub-
lic of China: Calculation of Reasonable Livestock Car-
rying Capacity of Natural Grassland, total reasonable
livestock carrying capacity of regional grassland in a
year and in different utilization periods was calculated.
The amount of available standard hay and the standard
hay conversion coefficient by grassland type; the reas-
onable utilization rate of grassland according to grass-
land type; and the edible forage yields. Below is the for-
mula for calculating the total reasonable annual live-
stock carrying capacity of grassland (in the push-back
area):
_(Yx8)x(1+G)xUxH
B 1x365

where A is the total reasonable yearly livestock carrying
capacity of all grassland areas (sheep units). Y is the

A

)

unit edible forage yield per unit (g/m?) at first bloom. S
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is the entire area of grassland (m?). G is the forage re-
generation rate (%), which is taken as 15% in this study.
U is the reasonable utilization rate of grassland (%),
which is taken as 50% here; H is the standard hay con-
version factor for grassland, which is taken as 1.00; / is
the daily diet of one sheep unit, the latter having a value
of 1800 g/d.

4 Results and Analyses

4.1 Changes in ecological benefits of Maodeng pas-
ture from 2015 to 2021

In 2021, grassland cover of the Maodeng pasture
amounted to 548.8 km® this accounting for 93.8% of
the total area of the site (Fig. 3). Totally, the grassland
area with a grassland coverage rate of more than 60%
accounts for 32.3% of the regional area. while for just
over two-thirds (67.2%) of the pasture the grassland
coverage rate was between 20% and 60%. Notably,
grassland coverage rate below 20% was limited to just
0.5% of the studied area.

Through monthly monitoring of grassland growth
conditions in the study area in 2020, it was determined
that the peak growing season of the grassland in
Maodeng pasture is from July to September. Using the
Landsat 8 data, based on the GEE platform, the annual
plot of NDVI average during peak growing season of

the Maodeng pasture from 2015 to 2021 was obtained
(Fig. 4). The results showed that the growth status of
grassland was changing with time. In the northwest,
grassland growth was worse than in the southeast be-
fore 2017, but has improved significantly since then.
The grassland in the northern part of the eastern reclam-
ation area showed obvious degradation from 2015 to
2017, and began to improve after 2020. The growth of
grassland in the western region is getting better and bet-
ter.

To scientifically reveal the changes in grassland
growth at the Maodeng pasture in recent years, two peri-
ods of highly comparable monitoring data were selec-
ted for comparison (i.e., two periods spanning six year
with identical monitoring dates on 28 July 2015 and 28
July 2021) (Fig. 5). The results of comparing the grass-
land’s dynamics between 2015 and 2021 were divided
into four categories: significantly degraded area, gener-
al degraded area, general improvement area, and signi-
ficant improvement area, using the thresholds of —0.15,
0, and 0.15.

The results showed a clear trend of improved growth
of grassland in the Maodeng pasture overall, with 86.4%
of the pasture area in 2021 was significantly improved
than that in 2015; the remaining 13.6% of grassland is in
a degraded state, of which 13.1% is general degraded.
This revealed that significantly improvement area in
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Fig.5 Change of grassland growth status in Maodeng pasture in northern China from 2015 to 2021

Maodeng pasture totaled 77.7 km?, accounting for
14.2% of the entire grassland area; general improve-
ment area totaled 396.4 km?® accounting for most
(72.2%) of the entire grassland area; the general de-
graded area totaled 72.3 km® and the significantly de-
graded area totaled 2.3 km?, respectively 13.2% and
0.4% of the entire grassland area.

The grassland biomass was calculated based on the
average NDVI value of the annual peak growing season

(July to September) of Maodeng pasture from 2015 to
2021. Then converted it to the annual average carbon
per unit of grassland area (Fig. 6). During the six years,
although the average changes in carbon per unit area
content fluctuated, it showed a steady increase in the
overall state. This value reached its maximum in 2020,
with 33.41 Tg C/yr. It in 2021 compared to the same
period in 2015 has an increase of 27.10%.

The differences in local carbon sink at each location
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within the Maodeng pasture for the same observation
time in 2015 and 2021was calculated (Fig. 7). Overall,
the average carbon sink in 2021 has increased by
27.10% compared to the same period in 2015. The loc-
alized analysis revealed a partial reduction in the car-
bon sink within the eastern part of the Maodeng pasture,

particularly those adjacent to built-up and cultivated
places, but this reduction is not significant. By contrast,
a significant and noticeable increase in the carbon sink
has occurred within the protected area in the northwest-
ern part of the Maodeng pasture. The significant in-
crease in the carbon sink of pasture contributes signific-
antly to the goals of carbon neutrality and carbon peaking.

4.2 Changes in economic benefits of Maodeng pas-
ture

Theoretical grass production was estimated for 2015 and
2021 by a theoretical grass production model (Fig. 8).
These results excluded areas of the Maodeng pasture
where grass vegetation could not grow (i.e., cultivated
land, water, and building).

Estimates show that average grass production in 2015
was about 105 g/m’, with a yield of about 57 600 t. In
2021 it will be 131 g/m?, with a yield of about 71 900 t.
Compared with 2015, the theoretical grass production of
the Maodeng pasture in 2021 increased by 14 300 t, an
increase of 24.83%. The shortage of quality forage for
grass-fed livestock in China is a pressing problem that
needs to be solved soon, being a more urgent one for the
whole Inner Mongolia Autonomous Region. The results
show that the amount of grass produced in enclosure
pastures can increase in just a few years, indicating that
its economic benefits are obvious and its social and eco-
nomic development potential is huge.

Theoretical livestock capacity of Maodeng pasture in
2015 and 2021 were 41 800 sheep units and 52 100
sheep units, respectively, with an increase of 24.64%.
More than 70% of the income of most herdsmen comes
from animal husbandry. The rapid increase in livestock
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capacity will help herders increase their income and be-
come rich.

Since there is no small-scale economic data for
Maodeng pasture, we consulted the annual yearbook
data published by the Xilin Gol League Statistics Bur-
eau where Maodeng pasture is located (Fig. 9). Statist-
ics obtained the per capita total income, disposable in-
come and total expenditure of permanent residents in
the pastoral area of Xilinhot City from 2015 to 2021.
Among them, due to changes in yearbook statistics in
2020 and 2021, the values of permanent residents in ag-
ricultural and pastoral areas are used.

These results show that, from 2015 to 2021, both per
capita total income and total expenditure of the perman-
ent pastoral residents of Xilinhot City, to which the
Maodeng pasture belongs, have steadily risen. The per
capita total income which has doubled from 29 630 to
62 859 yuan (RMB). Per capita disposable income can
be used to measure people’s living standards and pur-
chasing power. It has increased from 19 036 to 30 232
yuan (RMB) in six year. Per capita total expenditure is a
direct factor driving economic growth. It has increased
from 35 427 to 47 429 yuan (RMB). This is an import-
ant indicator that reflects the effective improvement of
residents’ living standards and quality. Evidently, their
lives have become better. This showed that enclosing
the Maodeng pasture has not only not impacted the eco-
nomic life of its herders but also brought about higher
economic growth.

5 Discussion

5.1 Significance of enclosures for grassland
Compared with other studies, we take the Maodeng pas-
ture, a typical pasture in northern China that has imple-
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Fig. 9 Changes in economic data on permanent residents in pas-
toralist areas in Xilinhot City from 2015 to 2021

mented the enclosure policy, as the research area, and it
is of great significance to carry out remote sensing mon-
itoring on an annual scale. In addition, the ecological
benefits and economic benefits are organically com-
bined, and the impact is evaluated in a comprehensive
and multi-level manner. Under the policy of enclosure,
the Maodeng pasture has generally developed well over
a 6-year span, with a high rate of development and huge
economic benefits. These ecological benefits have im-
proved and progressed significantly, also being a direct
outcome of enclosure and sealing off of degraded grass-
land, which is of great significance to grassland re-
source management. On the one hand, the carbon sink
of the pasture has also increased significantly, on aver-
age, which great contributes to the goal of carbon neut-
rality and attaining peak carbon. On the other hand, re-
lying on grassland resources to develop the pastoral eco-
nomy also has broadened the potential economic devel-
opment space.

With the rapid development of China’s livestock in-
dustry, the shortfall in grass resources is a very large
amount, from the forage alone an aspect, for many years
rely on the import of foreign high-quality forage. The
country has a large expanse of grassland, but its propor-
tion of high-quality grassland is actually low. There are
certain inherent limitations to their future development
and utilization. The shortage of quality forage for grass-
fed livestock in China is a pressing problem that needs
to be solved soon, being a more urgent one for the
whole Inner Mongolia Autonomous Region. Our results
show that the amount of grass produced in enclosure
pastures can increase in just a few years, with obvious
economic benefits and great potential for socioeconom-
ic development. Currently, the enclosure effect on the
Maodeng pasture is steadily improving. From the per-
spective of economic efficiency and the economic utiliz-
ation rate, multi-year grazing ban areas could be con-
sidered for light grazing with grass-fed livestock com-
bined production methods, so to improve the net eco-
nomic efficiency of grass resources and their utilization
rate.

5.2 Promotion of policies

It is valuable to summarize replicable models and exper-
iences for the ecological restoration and management of
typical grasslands via the transformation and use of sci-
entific and technological achievements and the active
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participation of herders, so that the ecological, econom-
ic, and social benefits of expanded grassland pastures
can be significantly improved. The CRU TS climate
dataset produced by the NCAS in the UK were used
here to analyze those areas with similar temperature and
precipitation conditions to the Maodeng pasture. From
that, Globeland30 (Global LandCover, GLC) product
with 30-m resolution were used to select areas of grass-
land where the Maodeng pasture enclosure policy could
be replicated, as shown in Fig. 10 below.

From the perspective of hydrothermal conditions,
there are more than 110 000 km* of grassland in the
northern and central regions of Inner Mongolia
Autonomous Region and conditions similar to Maodeng
pasture. Those pastures can learn from the more mature
enclosure model experiment of the Maodeng pasture,
starting from the current situation of natural grasslands,
with the following objectives: promoting the sustain-
able development of grassland ecology; protecting and
restoring grassland vegetation, as the core; improving
the grassland ecological environment; increasing the in-
come of farmers and herders, as the goal; and accelerat-
ing the degraded grassland The overarching aim is to
improve the grassland ecological environment while in-
creasing the income of farmers and herders, and to ac-
celerate the restoration and treatment of degraded grass-
land ecosystems.

0 100 200km
—_—

Legend

—— Maodeng pasture
City boundary
—— Provincial boundary
- Potential areas with the similar natural conditions

Fig. 10 Potential areas with the similar natural conditions to im-
prove grassland quality using the Maodeng pasture management
model

5.3 Deficiencies and limitations

Due to various practical factors, there are still some un-
certainties in the data and methods used in this paper.
Such as the uncertainty of the model, the uncertainty of
the selection of satellite remote sensing data, and the un-
certainty of the statistical yearbook data. These all have
more or less influence on the results. For example,
changes in grassland growth conditions are not solely
caused by the implementation of enclosure policies, but
also influenced by many factors, such as temperature
and precipitation.

In future large-scale research, the influence of mul-
tiple factors needs to be integrated. In terms of the value
and calculation of the carbon sink, although the method
we adopted a fitting algorithm commonly used in recent
years, it is only suitable for coarse estimation over a
small area like the Maodeng pasture. Therefore, it is
slightly inadequate in terms of accuracy and scalability.
Further, given the lack of continuous economic data
specific to the studied ranch site, the economic data of
permanent residents in the pastoral area of Xilinhot
City, to which the Maodeng pasture belongs, is the most
accurate economic indicator currently available. Ac-
cordingly, a unified comprehensive benefit evaluation
index system and model are essential for evaluating the
governance effect and to provide a robust reference for
the governance and sustainable development of grass-
lands’ animal husbandry.

6 Conclusions

In order to explore the impact of enclosure on achiev-
ing coordinated development of grassland ecology and
economy, this study took the enclosure situation of typ-
ical pastures in northern China as the object, and evalu-
ated the grassland enclosure policy in the study area
from both ecological and economic aspects. The main
findings are as follows. (1) Grassland enclosure is an
important way of protecting grassland resources and
plays a crucial role in the sustainable and efficient use
of grassland resources in local pasture areas. Enclosure
policy is effective and feasible in the short term. In
2021, the grassland area with a grassland coverage rate
of more than 60% accounts for 32.3% of the regional
area, grasslands with grassland coverage rate between
20% and 60% accounted for 67.2%, and only 0.5% had
grassland coverage rate less than 20%. By assessing
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overall grassland growth in the Maodeng pasture from
2015 to 2021, its positive trend is evident. By quantitat-
ively comparing the growth of grassland in 2015 with
that in 2021, significantly improvement area in Maodeng
pasture accounts for 14.2% of the entire grassland area;
general improvement area accounts for 72.2%; the gen-
eral degraded area and the significantly degraded area
account 13.2% and 0.4% of the entire grassland area, re-
spectively. The annual average carbon sink increased by
7.41 Tg C/yr per unit area compared to 2015, with wide
scale increase.

(2) Economic benefits had also been greatly im-
proved. Compared to 2015, theoretical grass production
of the Maodeng pasture in 2021 increased by 14 300 t,
while theoretical livestock capacity of Maodeng pasture
in 2021 reached 52 100 sheep units, respectively, with
an increase of 24.64%. Due to the implemented grass
protection policy, statistics obtained the per capita total
income, disposable income and total expenditure of per-
manent residents have steadily increased. The per cap-
ita total income even has doubled from 29 630 to 62 859
yuan (RMB).

(3) Overall, the study confirms that the establishment
of the reserve and the experiment of implanting an en-
closure policy have had a significant and positive im-
pact on the Maodeng pasture’s development. Therefore,
we recommend promoting enclosure in a wider area
with similar water and heat conditions as the presently
studied protected area, so as to achieve a high-quality
development path for grassland regions in northern
China.
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