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Abstract

Context Understanding the ecology and sustainabil-

ity of the Inner Mongolian Grassland is crucial for

improving land management policies in the Mongo-

lian Plateau and beyond. However, a systematic and

comprehensive review of the relevant literature is still

lacking.

Objectives This review was intended to: (1) assess

the current state of the ecological and sustainability

research of the Inner Mongolian Grassland region, and

(2) identify critical research topics and challenges for

understanding pathways to sustainability of the region.

Methods We conducted a bibliometric analysis of

2571 English articles indexed in the Web of Science

during 1998–2019. Multiple methods, including

descriptive statistics, principal component analysis,

change point detection, theme mining, and association

strength analysis, were combined to analyze the

sampled literature.
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Results All reviewed studies can be grouped into

four types: description of ecological and biogeochem-

ical characteristics of degraded grasslands (type I), the

impacts of climate change and human activities on

aboveground (type II) and belowground grassland

ecosystem functioning (type III), and the impacts of

different management strategies on grassland ecosys-

tem services and human well-being (type IV). The

number of publications in all four themes has rapidly

increased after 2007–2009. The four types of articles

were related to each other in terms of the interannual

publication consistency. Keyword co-occurrence net-

work analysis showed that climate change and grazing

were the major research topics, which are closely

related to all other topics.

Conclusions Three perspectives have persisted in

the ecology and sustainability research of the Inner

Mongolian Grassland: Ecology in the Grassland,

Ecology of the Grassland, and Sustainability of the

Grassland. Based on the emerging landscape sustain-

ability science framework, the transdisciplinary

approach to landscape sustainability diagnostics and

landscape planning and design should become a

priority in advancing sustainability research of the

region.

Keywords Inner Mongolian Grassland � Landscape

sustainability science � Climate change � Grazing

Introduction

Drylands account for 40% of the world’s terrestrial

area and serve home to one-third of the world’s

population while maintaining multiple ecosystem

services (Reynolds et al. 2007). Grasslands are the

most widespread ecosystem type in drylands, which

play an important role in sustaining animal husbandry

and maintaining crucial ecosystem functions in arid

and semi-arid regions (Suttie et al. 2005; Wu et al.

2015). The Eurasian grassland is the largest continu-

ous grassland and one of the major animal husbandry

production areas in the world (Suttie et al. 2005). As an

important part of the Eurasian grassland, the Inner

Mongolian Grassland occupies 866,700 km2 and

provides home for 25.34 million people as of 2018.

Despite the relatively low population density in the

Inner Mongolian Grassland, it has long played a key

role in sustaining large groups of nomadic people and

supporting their livelihood and culture, as well as

traditional ecological knowledge, thus allowing to

preserve environmental sustainability and continuous

supply of renewable resources (Wu et al. 2015).

The Inner Mongolian Grassland is characterized by

a temperate continental climate, with distinct east–

west precipitation and temperature gradients. Domi-

nant zonal ecosystems of the area include meadow

steppe, typical steppe, and desert steppe. Non-zonal

ecosystems (e.g., wetland and sandy land) are inter-

spersed in this area reflecting changes in topography

(Fig. 1) (Wu and Loucks 1992; Wu et al. 2015). The

Inner Mongolian Grassland is home to 2781 species of

plants (7.7% of Chinese plants), 467 species of birds

(31% of Chinese birds), and 149 species of mammals

(25.3% of Chinese mammals) (Feng et al. 2019). Such

high regional biodiversity has produced important

ecological services, including the provision of a total

carbon sink of about 152 million tons, accounting for

17% of China’s total carbon sink (Zhao 2015).

Windbreaker tree planting and sand fixation are

widely practiced here to allow the region to maintain

its ecological integrity. The total area of amelioration

here has reached 4.4 million km2, or 46% of the

China’s total (Inner Mongolia-Ningxia Joint Inspec-

tion Group of Chinese Sciences of Academy 1985). As

such, the Inner Mongolian Grassland is generally

viewed as the important ecological frontier in North-

ern China. However, climate change, overgrazing, and

mineral overexploitation (Ma et al. 2018; Wang et al.

2017) have all resulted in severe environmental

degradation leading to biodiversity loss (Bai et al.

2007; Yan et al. 2020), productivity reduction (Zhang

et al. 2017b), land degradation (Mao et al. 2018),

ecosystem function decline (Shang et al. 2019), and

increased poverty in pastoral areas (Li and Huntsinger

2011). Large-scale grassland degradation has been

occurring since 1960s with about 90% of the area

being affected by degradation (Li 1997; Wu et al.

2015).

Environmental issues in the Inner Mongolian

Grassland have caused widespread concerns among

the public and academics. Chinese scientists have

embarked on extensive research on these issues (Jiang

et al. 2006; Wu et al. 2015) with a particular focus on

the assessment of biodiversity patterns (Zhang et al.

2016), community stability (Bai et al. 2004), soil

characteristics (Zhao et al. 2007), lake disappearance
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(Tao et al. 2015), ecosystem services (Zhao et al.

2017), and human well-being (Yuan et al. 2015).

Important summaries and analyses have also been

conducted by international scholars and research

teams (Schoenbach et al. 2009; Bryan et al. 2018).

Most of these studies have focused on three major

types of social-ecological systems in this region,

including agricultural (Yin et al. 2012), pastoral (Li

et al. 2018), and the agro-pastoral ecotone (Liu et al.

2018). The region has been studied at a variety of

Fig. 1 Vegetation zones (a), land use and land cover in 2000 (b), and examples of dryland and wetland ecosystems (c–h) in Inner

Mongolia, northern China (based on Wu et al. 2015)

123

Landscape Ecol (2020) 35:2413–2432 2415



scales from the broad scale of the whole area (Bai et al.

2007) to the county (banner) level (Li et al. 2014) and

the individual herdsman household level (Zhao et al.

2019). Heavy involvement of government in environ-

mental restoration and mitigation is also noteworthy.

In particular, since 2000 many ecological restoration

programs have been launched by government agen-

cies, including the Grain for Green Project (Jia et al.

2014), the Three North Shelter Forest Program (Ji

et al. 2018), and Grassland Ecological Compensation

Policy (Hu et al. 2019). Although some programs have

caused adverse environmental outcomes, the overall

effect is quite positive - many ecosystem functions

have been restored and environmental degradation has

slowed down (Bryan et al. 2018; Cao et al. 2019; Liu

et al. 2020a).

Sustainability and sustainable development con-

cepts emerged in response to such problems as

biodiversity loss, ecosystem services reduction, envi-

ronmental pollution, and global climate change

(WCED 1987). Sustainability science was proposed

as a scientific basis for sustainable development

(Kates et al. 2001), and ever since has been developing

rapidly (Bettencourt and Kaur 2011; Wu 2013; Fang

et al. 2018). Wu (2013) argued that regional land-

scapes represent the most operational spatial scale

domain for sustainability research and practice and

proposed the landscape sustainability science frame-

work, which promotes the integration between natural

and social sciences, particularly, among landscape

ecology, sustainability research, and landscape plan-

ning and design (Liao et al. 2020; Opdam et al. 2018;

Wu 2019). With sustainability science emerging as a

new paradigm relevant for many disciplines (Wu

2014), several studies have been carried out to better

understand the ecology and sustainability of the Inner

Mongolian Grassland (Wu et al. 2015; Chen et al.

2018). However, a systematic and comprehensive

bibliometric-based review of those research problems

is still lacking.

Therefore, applying a bibliometric analysis, here

we explored the trends and research themes in

ecological and sustainability-related studies published

in the last two decades to answer the following two

questions: (1) What is the current state of the art of

ecological and sustainability research of the region?

(2) What are critical research topics and challenges

that need to be addressed to promote the sustainability

of the region?

Methods

Literature search

Bibliometrix is the comprehensive bibliometric anal-

ysis package based on R programming language. It

conveniently assists in performing literature collec-

tion, analysis and visualizations (Aria and Cuccurullo

2017), and became a useful tool for revealing the

development of concepts and trends in a scientific field

(Vargas et al. 2019; Zhou et al. 2019). Bibliometrix

currently supports literature search from four data-

bases: Clarivate Analytics Web of Science (WoS),

SCOPUS, Cochrane Database of Systematic Reviews,

and PubMed. Considering that the WoS Core Collec-

tion is widely recognized and cited in the academic

world, we conducted the literature analysis by search-

ing for such words as ‘grassland’ or ‘grasslands’,

‘steppe’ or ‘steppes’, ‘rangeland’ or ‘rangelands’,

‘and’, ‘Inner Mongolia’ or ‘Inner Mongolian’ in titles,

abstracts, or keywords of English WoS papers pub-

lished before December 31, 2019. The total number of

articles obtained was 2571.

Descriptive analysis

Co-word analysis is one kind of a technique to build

the science map, which displays structural and

dynamic aspects of scientific research (Callon et al.

1983). Keywords (authors’ keywords, journals’ key-

words, etc.) are most commonly selected for the co-

word analysis (Cobo et al. 2011), but it is not limited to

those. The analysis is capable of extracting phrases

from titles, abstracts and keywords as well (Zhou et al.

2019). Considering these capabilities and based on the

premise that keywords proposed by the authors reflect

explicitly their views of the research problem and

structure of those studies (Zhou et al. 2019), we

conducted a series of analyses of 2571 articles by

focusing on authors’ keywords.

Principal component analysis (PCA) is a powerful

method of reducing data dimensions and providing an

overview of complex multivariate data. It can be used

to visualize the clustering of samples and reveal

relations between them. A scatter plot is more readily

seen if there are certain groupings between samples.

Samples that are close in this transformed dimensions

are similar (Bro and Smilde 2014). We first performed

a PCA on 2571 papers based on keywords and
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clustered them into four types. Then, we obtained the

following descriptive statistics for all articles and for

each type of article individually: number of papers,

number of journals, the average citations per paper, the

number of authors, the top ten most productive

institutions, the top ten journals in terms of the

number of publications, and the collaboration index.

Collaboration index is calculated as the total number

of authors of multi-authored articles divided by the

total number of multi-authored articles. PCA analysis

was completed using the vegan package in R pro-

gramming language.

Trend and change point detection

Based on the number of papers published each year,

the Mann–Kendall test was used to determine trends

for all papers and for each individual type of paper

(Fang et al. 2018). Pettitt’s test method was further

applied to find potential change points in those trends

(Pettitt 1979). Both tests were performed using the

trend package in R programming language.

Theme mining

To determine the structure and evolution of research

themes in each type of papers, we drew the conceptual

structure and produced thematic maps based on the

analysis of keywords. The conceptual structure map

showed the clustering and linkages of research themes

of each type of papers. The thematic evolution map is

based on the keywords and builds the evolutionary

relationship of themes through two measurement

indicators: Callon’s centrality and Collon’s density

(Cobo et al. 2011). The horizontal axis is the Callon’s

centrality, which represents the degree of connection

between a certain theme and other themes. It can be

interpreted as the importance of this theme in the

entire field development. The vertical axis is the

Collon’s density, which represents the degree of

connection within a certain theme. It can be inter-

preted as the development status of the theme. Both

the conceptual structure and thematic maps were

drawn using the bibliometrix package in R program-

ming language.

Association strength analysis

To determine the correlation among types of papers,

Spearman’s correlation analysis of the number of

annual publications of each type of paper was first

used (Zhou et al. 2019). Then, the Sørensen similarity

coefficient based on keywords between every two

types of papers was calculated:

Ssim ¼ 2a

2aþ bþ c

where a refers to the number of co-occurrence

keywords in both types of papers, b and c represent

the number of keywords that appear only in each type.

High values of Sørensen coefficient correspond to high

similarity (Sørensen 1948). Furthermore, we recorded

the co-occurrence of keywords of four types of papers

and constructed a word cloud. Co-word network

analysis was used to reveal the network graph of

these co-occurrence keywords from 2571 papers.

Spearman’s correlation analysis and Sørensen simi-

larity coefficient were performed using the vegan

package in R programming language. A word cloud

was drawn using the wordcloud 2 package in R

programming language. Network analysis was con-

ducted using the bibliometrix package in R program-

ming language.

Results

Descriptive statistics for all articles

Among the 2571 articles, 60 were single-author and

2511 were multi-author articles (Table 1). The number

of annual publications showed an exponential growth

pattern during 1998–2019, with an annual growth rate

of 20.83%. The year of 2008 was a change point, the

number of articles increased significantly after that

year (Table 1, Fig. 2a). All articles were cited on an

average of 17.52 times. Article citations also showed

an exponential increase with an acceleration since

2008 (Table 1, Fig. 2b). The articles came from 523

journals, with Plant and Soil being the most published

journal (89 articles), followed by the Journal of Arid

Environment (79 articles), and PLOS One (75 articles)

(Table 1, Fig. 2c). There was a total of 4807 authors

with an average of 1.86 authors per article and the

collaboration index of 1.89. Most of the top ten
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institutions came from the Chinese Academy of

Sciences (CAS), with the Institute of Botany CAS,

the Institute of Geography Sciences and Natural

Resources Research CAS, and Beijing Normal

University being the top three (Fig. 2d).

Descriptive statistics of the four types of articles

PCA analysis of keywords clustered all articles into

four types (Fig. 3). The number of articles and the

annual growth rate between the types were different.

The number of type II articles was the highest (2227).

The type had also the highest annual growth rate

(20.38%). There were only 36 of type IV articles; they

showed the lowest annual growth rate (5.08%)

(Table 1). Type I and II exhibited the change point

of publication trajectory in 2008, while type III change

point was in 2009 and type IV change point was in

2007 (Fig. 4).

Fig. 2 Descriptive statistics for all articles. a Temporal trend

and change point of all papers in terms of annual publications;

b Temporal trend and change point of all papers in terms of sum

of times cited per year; c Top ten journals in terms of the number

of publications; d Top ten institutes in terms of the number of

publications

Table 1 Basic statistics for

all articles and the four

types of articles

Type I Type II Type III Type IV All

Number of articles 172 2227 136 36 2571

Annual percentage growth rate 11.57 20.38 12.88 5.08 20.83

Number of journals 104 491 80 31 523

Average documents per journal 1.65 4.54 1.7 1.16 4.92

Number of authors 626 4470 528 155 4807

Average citations per article 20.69 16.73 25.74 20.08 17.52

Average authors per article 3.64 2.01 3.88 4.31 1.87

Authors of single authored articles 7 43 4 0 52

Authors of multi authored articles 619 4427 524 155 4755

Single-authored articles 7 49 4 0 60

Multi-authored articles 165 2178 132 36 2511

Collaboration Index 3.75 2.03 3.97 4.31 1.89
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Major differences were found in journals publish-

ing these four types of articles (Fig. 5). Type I articles

were published in 104 journals with most appearing in

Journal of Arid Land. Type II articles were published

in 491 journals, most articles published by Plant and

Soil. Type III articles were published in 80 journals,

with most appearing in Agriculture Ecosystems &

Environment, Journal of Soils and Sediments, and

Plant and soil. Type IV articles were published in a

wider range of 31 journals with an average of 1.16

articles per journal. With an average of 4.54 articles

per journal type II articles tended to be most focused

on each journal’s scope (Table 1).

Average number of authors per article was quite

different between the types. Type II articles had the

lowest (only 2) and type IV articles had the highest

(4.31) average number of authors (Table 1). In terms

of article citations, type II articles had the lowest
Fig. 3 Four clusters of research types identified by PCA

Fig. 4 Temporal trends and change points of four types of articles based on Mann–Kendall and Pettitt’s tests. All tests are significant at

p\ 0.01. Type I (a), type II (b), type III (c) and type IV (d)
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citation rate (an average of 16.73 times cited per

article), and type III articles had the highest citation

rate (25.74 times cited per article) (Table 1).

Theme mining

Thematic composition derived from keywords was

quite different for different types of articles (Fig. 6).

Type I articles mainly involved two themes. The first

theme was centered on plant community structure,

species diversity, and soil wind erosion in the context

of grassland degradation. The second theme focused

on the differences in precipitation, temperature, soil,

and vegetation in meadow steppe, typical steppe, and

desert steppe. Type II articles had three themes. The

first focused on impacts of climate change and human

activities (e.g., grazing, land use, etc.) on grassland

community diversity, community structure, and

ecosystem function in aboveground vegetation. The

second theme discussed the relationship between

community composition and ecological stoichiome-

try. The third theme was closely related to greenhouse

gas emissions, such as carbon dioxide, nitrous oxide,

and methane. Type III articles also had three main

themes. The first was mainly centered on impacts of

climate change and human activities on soil charac-

teristics, soil organic carbon content, and microbial

diversity in underground ecosystems. The second

focused on impacts of land use on soil organic carbon

and nitrogen in the agro-pastoral ecotone. The third

was centered on the spatial pattern of soil and

vegetation under overgrazing. Likewise, type IV

articles had three themes. The first focused on the

response of grassland communities, soil microorgan-

isms, ecosystem services, and human well-being to

adaptive management. The second analyzed the

regulation of ecosystems by grazing management

through a negative feedback mechanism. The third

theme discussed functional traits (e.g., leaf life, and

leaf N content) under the coupling of water and

fertilizer.

The thematic map revealed the evolution of themes

by classifying them into four quadrants, in which

density and centrality are plotted in a two-dimensional

diagram (Fig. 7). Themes in the first quadrant devel-

oped well and were closely related to other themes.

These themes, termed motor-themes, included graz-

ing, species diversity, nitrogen deposition, productiv-

ity, plant communities, and ecological stoichiometry.

Themes in the second quadrant were often well

developed but not closely related to other themes.

These themes, termed very specialized themes,

included land use and management, ecosystem func-

tions and services, ecosystem restoration and environ-

mental sustainability, policies, and pasture

management. Themes in the third quadrant developed

Fig. 5 Top ten journals publishing articles of four types, type I (a), type II (b), type III (c), type IV (d)
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weakly and were very isolated. These themes were

termed emerging or disappearing themes and included

warming, nutrition, precipitation, drought, phosphorus

and community construction. Themes in the fourth

quadrant developed weakly but were closely related to

other themes. These themes were termed basic themes

and included desertification, grassland degradation,

soil organic carbon, overgrazing, and plant functional

groups.

Relationships between the four types of articles

The relationship between the annual publication rate

of different types of articles can reflect their consis-

tency (Zhou et al. 2019). The Spearman’s correlation

analysis revealed consistency among the four types of

articles (Fig. 8a). Sørensen similarity coefficients

were all higher than 0.10, except for the similarity

between types II and IV (0.03), indicating that they

Fig. 6 Cluster analysis of research themes in four types of

articles, type I (a), type II (b), type III (c), type IV (d). Orange,

green, and blue represent first, second, and third themes in each

type of articles, respectively. Circles, triangles, and squares

represent keywords of first, second, and third themes
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were closely related (Fig. 8b). Fifteen co-occurrence

keywords were found among the four types of articles

(Fig. 8c). Climate change, grazing, and grazing

intensity were the keywords with the highest occur-

rence. They were also closely related to other

keywords (Fig. 8c, d).

Discussion

Three perspectives in the ecology

and sustainability of the Inner Mongolian

Grassland

Due to differences in concepts, research approaches,

and scales, different perspectives may be often formed

in the same research field (Ramanathan and Feng

2009; Wu 2014). Wu (2014) summarized three

perspectives developed in the field of urban ecology:

the ‘‘ecology in cities’’, ‘‘ecology of cities’’, and

‘‘sustainability of cities’’. Analogous to these, we

propose that research on ecology and sustainability of

the Inner Mongolian Grassland can also be viewed

through the lenses of such perspectives: ‘‘Ecology in

the Grassland’’, ‘‘Ecology of the Grassland’’, and

‘‘Sustainability of the Grassland’’. The ‘‘Ecology in

the Grassland’’ perspective regards grassland as a

habitat of soil-grassland system. It is consistent with

the research themes of type I, which focus on plant

community structure, diversity, and soil erosion.

Therefore, we can relate type I research theme to the

‘‘Ecology in the Grassland’’ perspective. The ‘‘Ecol-

ogy of the Grassland’’ perspective regards grassland as

a natural ecosystem of soil-grassland-animal system.

It is closely related to the research themes of type II

and III, which are centered on effects of grazing and

Fig. 7 Thematic evolution map based on keywords. The

thematic evolution map builds the evolutionary relationship of

themes based on two indicators: the connection degree between

themes (centrality) and within a certain theme (density). The

solid circle represents a document containing a series of

keywords. The area of the solid circle is proportional to the

total number of keywords corresponding to each document. The

abscissa and ordinate numbers are rank values based on the

median
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climate change on aboveground and underground

parts of grassland ecosystems, respectively. As such,

types II and III research themes fit into the ‘‘Ecology of

the Grassland’’ perspective. The ‘‘Sustainability of the

Grassland’’ perspective regards grassland as a soil-

grassland-animal-human social-ecological system. It

fits the research themes of type IV, which mainly

explore ecosystem services and human well-being

with adaptive management. Therefore, type IV

research theme can be identified as the ‘‘Sustainability

of the Grassland’’. Unlike the three perspectives of

urban ecology, which reflect the historical evolution of

the field and the influence of different schools of

thought (Wu 2014), the three perspectives in the

ecology and sustainability of the Inner Mongolian

Grassland were practiced over a shorter period of time

and arose almost simultaneously (Fig. 4). Compared

to urban ecology, which has developed over about a

hundred years in different parts of the world, most

notably Europe, North America, and Australia (Wu

2014), the grassland research specific to the Inner

Mongolian Plateau is more focused and has mostly

flourished in the past two decades (Fig. 2a). Differ-

ences in those three perspectives of the Inner Mongo-

lian Grassland research can be analyzed with respect

to several key aspects (Fig. 9).

The ‘‘Ecology in the Grassland’’ perspective treats

grassland as ‘‘habitat’’. ‘‘Soil’’ and ‘‘grass’’ are often

deemed as isolated research objects in those studies.

Plant community structure, species diversity, soil wind

erosion, and soil physical and chemical properties are

the typical themes in this traditional perspective in

grassland research. Yet, some studies have also looked

at human and nature interactions and analyzed human

activities (Fig. 6a). The focus of this perspective is on

community ecology, which is usually analyzed by

conducting surveys and regional censuses following

the methods and theory of community ecology (Bai

et al. 2004; Zhao et al. 2007). When the perspective is

viewed in terms of the three pillars of sustainability—

environmental integrity, social equity, and economic

viability (Wu 2013)—it does only emphasize the

environmental integrity and lacks a comprehensive

view of sustainability.

Fig. 8 Theme association analysis. a Spearman’s correlation

analysis based on the annual publication of four types of articles;

b Sørensen similarity coefficients of four types of articles;

c Word cloud of co-occurrence keywords among the four types

of articles; d Network analysis of co-occurrence keywords

among the four types of articles
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The ‘‘Ecology of the Grassland’’ perspective

focuses on grassland ecosystems and highlights the

‘‘soil-grass-animal’’ systems (Ren et al. 2016). This

perspective emphasizes the relationship between veg-

etation and soil, as well as impacts of human activities,

especially grazing and anthropogenic climate change,

on grasslands. Research here mainly focuses on

aboveground components (e.g., grassland community

diversity, ecosystem functions and services) (Fig. 6b)

and below ground components of ecosystems (e.g.,

soil characteristics, soil organic, carbon content, and

microbial diversity) (Fig. 6c). In this perspective,

humans in these systems are viewed as a type of

disturbance (Robinson et al. 2017; Liu et al. 2020a).

Such studies draw from the theory of ecosystem

ecology and widely employ such research approaches

as long-term observations and experimentation (Guo

et al. 2016). The perspective involves all three pillars

of sustainability—-environmental integrity, social

equity, and economic viability. For the sake of

survival and development, human society exploits

resources made available by grasslands, which leads to

the degradation of grassland ecosystems. This imbal-

ance between human activities and grassland

ecosystems is defined as weak sustainability, which

postulates that, if needed, the natural capital can be

easily substituted (Wu 2013; Fang et al. 2018).

The ‘‘Sustainability of the Grassland’’ perspective

combines social-ecological systems with grassland

ecosystems and emphasizes the more inclusive ‘‘soil-

grass-animal-human’’ systems (Ren et al. 2016).

Grasslands provide a variety of ecosystem services

for the human society (Zhao et al. 2020). People, as

part of the social-ecological system, not only affect the

grasslands in the form of disturbances but also achieve

their goal of improving human well-being through

adaptive management (Fig. 6d). Sustainability is the

focus of this perspective. Social-ecological systems

are studied with a variety of methods including both

traditional ecological methods of research and ques-

tionnaires surveys, computer simulations, and sce-

nario evaluations (Zhao et al. 2019). Unlike the

‘‘Ecology of the Grassland’’, this perspective empha-

sizes not only human well-being but also the mainte-

nance of ecosystem services. Most now realize that

economic growth is highly dependent on natural

capital, such as land resources, but pursuing only the

economic value of natural capital would be incorrect.

Fig. 9 Characteristics of the three perspectives in ecology and sustainability of the Inner Mongolian Grassland
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Human capital and natural capital cannot be fully

substituted, and any development can only endure if it

is based on sustainability principles. This perspective

follows the idea of strong sustainability (Wu 2013;

Fang et al. 2018).

Although the three perspectives were discussed

separately, they are not isolated but instead are closely

related to each other (Fig. 8) and can be arranged

hierarchically to elucidate the sustainability of the

Inner Mongolian Grassland (Fig. 10). Complexity of

systems being the focus of each perspective tends to

increase with levels of this nested hierarchy. Those

systems change from soil-grass to soil-grass-animal

and soil-grass-animal-human, respectively. What also

increase are the degrees of transdisciplinarity and the

emphasis on human wellbeing up the levels of

hierarchy. The ‘‘Ecology in the Grassland’’ perspec-

tive emphasizes multidisciplinary research with

relatively loose connections between disciplines. The

interdisciplinary emphasis of the ‘‘Ecology of the

Grassland’’ perspective unites multiple disciplines by

pursuing a clearly defined common goal. The ‘‘Sus-

tainability of the Grassland’’ perspective emphasizes

transdisciplinary research, which, in addition to close

interactions of multiple disciplines and the common

research goal, is characterized by the involvement of

not only academics, but also non-academic stakehold-

ers and government agencies (Wu 2006). The ‘‘Ecol-

ogy in the Grassland’’ perspective is largely

committed to explaining the ‘‘pattern’’, that is, grass-

land community and soil characteristics, which is

more conducive to the diagnosis of grassland degra-

dation. The ‘‘Ecology of the Grassland’’ focuses on the

‘‘impact’’, that is, the effects of climate change and

human activities on the grassland ecosystem, which is

instrumental for the restoration of degraded

Fig. 10 A hierarchical perspective on the relationship among the three research perspectives, as well as the four research themes (based

on Wu 2006)
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grasslands. The ‘‘Sustainability of the Grassland’’

addresses the ‘‘adaptation’’, or mitigation of adverse

effects and improvement of ecosystem services and

human well-being with the overall goal of developing

strategies for sustainable grassland spatial design and

planning on a regional scale. The three perspectives

are linked together in the pursuit of multi-level

research of coupled natural and social-economic

systems. The ultimate goal is the sustainability of the

Inner Mongolian Grasslands.

Future research topics for the ecology

and sustainability of the Inner Mongolian

Grassland

Our analysis revealed ample evidence of research

conducted to understand the ecology and sustainabil-

ity of the Inner Mongolian Grassland. Those studies

can be further grouped into the three perspectives, for

which we would now like to identify key research

priorities. The ‘‘Ecology in the Grassland’’ perspective

focuses on the changes in soil and plants in the

grassland (Fig. 6a). One main theme that emerged in

this perspective is centered on biodiversity patterns.

While many biodiversity studies are focused on broad

scales of the entire area (Zhang et al. 2014), research

projects analyzing biodiversity patterns at the com-

munity level and finer scales are relatively rare (Jones

et al. 2019). However, understanding community

assembly mechanisms based on functional traits is

useful for revealing the formation and maintenance of

diversity at the community scale (Kattge et al. 2020).

Studies of community assembly, as an emerging

theme, are relatively lacking in the Inner Mongolian

Grassland (Fig. 7). Intraspecific variation of func-

tional traits, which has important effects on commu-

nity assembly, also requires further research

(Anderegg et al. 2018). Thus, future studies should

attempt to explain the impacts and maintenance

mechanisms of intraspecific variation on community

assembly based on functional traits. On the other hand,

previous studies mainly focused on biogeochemistry,

including soil water content, soil carbon and soil

nitrogen content, and soil phosphorus (Bai et al.

2008, 2010). Soil phosphorus has become an emerging

theme in the Inner Mongolian Grassland (Fig. 7). In

recent years, soil phosphorus was found to affect soil

microorganisms, the interspecific interactions and

plant community composition, and it eventually plays

an essential role in regulating interactions between

above- and belowground components of ecosystems

(Guo et al. 2016; Chen et al. 2019). Therefore, soil

phosphorus should be become a research priority of

future studies.

The ‘‘Ecology of the Grassland’’ perspective

emphasizes the coupled ‘‘soil-grass-animal’’ system

(Fig. 6b, c). Biodiversity and ecosystem function

relationships have been an important research problem

in ecology (Fig. 7). Future studies in this direction are

expected to focus on two issues. First, with most

previous studies being limited to the relationship

between aboveground plant diversity and a single

ecosystem function of interest (Bai et al. 2007; Zhang

et al. 2017a), future projects should focus on simul-

taneous analysis of aboveground and belowground

components of ecosystems. This will help in revealing

adaptation mechanisms of biodiversity and multiple

ecosystem functions to global changes and human

impacts at different trophic levels (e.g., plants, soil

animals, and soil microorganisms) (Wang et al.

2019, 2020). Second, interaction mechanisms between

the above- and belowground ecosystem components

should receive close attention. Specifically, we need to

learn how aboveground parts (herbivores and plants)

regulate the belowground ones (soil animals and

microorganisms), and understand top-down flows and

bottom-up feedbacks (Yang et al. 2014; Ye et al.

2018). We should also recognize the urgent need for

multi-scale studies, which could help in deriving

scaling relations between fine-scale controlled exper-

iments and regional scale field surveys (Yuan et al.

2015).

The ‘‘Sustainability of the Grassland’’ perspective

has emerged very recently. Therefore, only a limited

number of studies focus on ecosystem services and

human well-being (Figs. 4d, 6d), but these two themes

have high potential for development in the future

(Fig. 7). We identify four topics that should advance

our understanding of sustainability in the area. First,

the evaluation of ecosystem services should expand to

all parts of the Inner Mongolian Grassland. The region

as a whole offers unique ecosystem services for

Mongolians allowing them to preserve and maintain

their lifestyles and nomadic culture, while more

studies are needed to fully evaluate cultural services

of grassland landscapes (Chen et al. 2018; Shang et al.

2019). There are critical needs for developing a more

unified system of indicators and methods of
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assessment in order to enhance comparability of

studies and integration of assessments of different

grassland regions (Bennett et al. 2015). Second, to

examine the relationship between ecosystem services

and human well-being we need to develop a better

understanding of human well-being in this grassland

area. A unified evaluation system is yet to be available

to researchers (King et al. 2014). The other important

problem in understanding those relationships is that

they may be nonlinear at multiple levels and scales

(Jordan et al. 2010; Wu 2013). In recent years, the

cascading framework of ‘‘biodiversity—ecosystem

function—ecosystem services—human well-being’’

has received widespread attention due to its promise

to elucidate the formation of ecosystem services and

their effects on human well-being (Wu 2013; Bennett

et al. 2015). Third, sustainably minded land planning

and design based on grassland ecosystem services is

needed. The purpose of land planning and design is to

improve human well-being. However, a difficult

question yet to be answered is how to balance various

factors within a specific region and implement optimal

planning and design (Wu 2013, 2019). Research and

engineering related to land planning and land man-

agement in the Inner Mongolian Grassland are scarce

and need to be strengthened (Dong et al. 2017; Wang

et al. 2017). Fourth, the recognition of different

livelihood strategies in the area requires adaptive

approaches to sustainability. Over history the Inner

Mongolian Grassland has experienced nomadism,

semi-sedentary, and full sedentary grassland manage-

ment practices (Wu et al. 2015). With the implemen-

tation of the ‘Double Power and One System Policy’

different livelihood strategies have been formed in the

Inner Mongolian Grassland (Robinson et al. 2017;

Zhang et al. 2019). Those have been studied by

analyzing the income, household characteristics, and

livestock structure (Jiang et al. 2019; Liu et al. 2020b),

but such issues as poverty and education have been

overlooked. The critical research task is to assess the

most successful livelihood strategy to meet the goal of

achieving regional sustainability.

Coal mining, grassland reclamation, and urban

expansion have modified grassland landscape patterns

in many ways (Wu et al. 2015). Most notable changes

occurred in the past decade, especially the fast spread

of fencing and roads, which have further exacerbated

grassland health (Deng et al. 2011). Recent studies

have proposed measures for improving regional

sustainability by optimizing grassland management

(Kemp et al. 2013, 2018). In our view such efforts

should benefit greatly from bringing the landscape

ecological perspective since landscape scale is the

most appropriate for addressing sustainability prob-

lems (Opdam et al. 2018; Wu 2019). Furthermore, we

believe that adopting the recently proposed landscape

sustainability science can help in combining the three

perspectives and building a transdisciplinary research

agenda for understanding the sustainability of these

social-ecological systems (Fig. 11). The ultimate goal

of landscape sustainability research in the Inner

Mongolian Grassland is to optimize landscape patterns

and improve ecosystem services and human well-

being in the region. The framework can be used to

couple the ‘‘soil-grass-animal-human’’ systems and

study them as social-ecological systems from a strong

sustainability perspective. This framework empha-

sizes the impacts of climate change, grazing, and other

socio-economic factors on landscape patterns. More-

over, it integrates biodiversity and ecosystem pro-

cesses to further explore the interrelationships among

landscape patterns, biodiversity, ecosystem services,

and human well-being. Finally, it is useful to optimize

land planning and further enhance regional sustain-

ability. Although the Inner Mongolian Grassland can

be viewed as relatively homogeneous on a broad scale,

we argue that landscape heterogeneity is abundant

when viewed across multiples scales and spatial

extents. Studies have found heterogeneity in topogra-

phy, precipitation, soils, vegetation, as well as spa-

tially and temporally variable utilization of landscapes

across different scales, from household level to county

or even to the entire region (Zhou et al. 2008; Wu et al.

2015; Zhang et al. 2019). Such heterogeneity should

be considered in future research of sustainability of the

Inner Mongolian Grassland.

Conclusions

We employed bibliometric analysis and reviewed

research themes important for achieving sustainability

goals in the Inner Mongolian Grassland. Although

interest in adopting principles of regional sustainabil-

ity of the area has gradually increased, it accelerated

only after 2007–2009. The four types of previous

studies identified included characteristics of degraded

grasslands, the impacts of climate change and human
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activities on the aboveground and belowground com-

ponents of grassland ecosystems, and the management

of ecosystem services and human well-being. These

studies are mainly based on three perspectives:

‘‘Ecology in the Grassland’’, ‘‘Ecology of the Grass-

land’’, and ‘‘Sustainability of the Grassland’’. The first

perspective focuses on changes in grassland ecosys-

tem characteristics. The second is centered on impacts

of climate change and human activities on grassland

ecosystems. The third perspective, which combines

ideas of ecosystem services and human well-being, is

crucial for advancing sustainability of the region, but it

has received little attention until very recently. The

bias in current research priorities indicates a gap

between our knowledge and the changing landscape,

especially in studies related to landscape planning and

design. In the future, research based on principles and

the framework of landscape sustainability science

should become a priority. Doing so, we can eliminate

narrow views of individual disciplinary perspectives,

understand the functioning of grassland socio-ecolog-

ical systems across scales, and identify pathways

toward sustainability of the Inner Mongolian

Grassland.
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