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Abstract Grassland degradation received considerable

concern because of its adverse impact on agronomic pro-

ductivity and its capacity to provide goods and service.

Climate change and human activities are commonly recog-

nized as the two broad underlying drivers that lead to

grassland degradation. In this study, a comprehensive

method based on net primary productivity (NPP) was

introduced to assess quantitatively the relative roles of cli-

mate change and human perturbations on worldwide grass-

land degradation from 2000 to 2010. The results revealed

that at a global scale, 49.25 % of grassland ecosystems

experienced degradation. Nearly 5 % of these grasslands

experienced strong to extreme significant degradation. Cli-

mate change was the dominant cause that resulted in 45.51 %

of degradation compared with 32.53 % caused by human

activities. On the contrary, 39.40 % of grassland restoration

was induced by human interferences, and 30.6 % was driven

by climate change. The largest area of degradation and res-

toration both occurred in Asia. NPP losses ranged between

1.40 Tg C year-1 (in North America) and 13.61 Tg C year-1

(in Oceania) because of grassland degradation. Maximum

NPP increase caused by restoration was 17.57 Tg C year-1

(in North America). Minimum NPP was estimated at 1.59 Tg

C year-1 (in Europe). The roles of climate change and

human activities on degradation and restoration were not

consistent at continental level. Grassland ecosystems in the

southern hemisphere were more vulnerable and sensitive to

climate change. Therefore, climate change issues should be

gradually integrated into future policies and plans for

domestic grassland management and administration.
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Introduction

Grassland is one of the world’s largest vegetation types,

which accounts for nearly 25 % of the world’s land surface

and provides a significant contribution to food security by

providing a portion of the feed requirements of ruminants

used for meat and milk production (Scurlock and Hall 1998;

O’Mara 2012). Grassland ecosystem plays a key role in

balancing greenhouse gas, particularly in terms of global

carbon storage and further carbon sequestration (French

1979). Considerable research on this area reveals that

grassland ecosystems are under degradation, which is

becoming worse, especially in arid and semi-arid places

(UNCCD 1994; Conant et al. 2001; Safriel et al. 2005; Veron

et al. 2006). According to the United Nations Convention to
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Combat Desertification, grassland degradation may be

broadly associated with two underlying drivers, namely,

climate change and human activities. Given the sustained

growth in population worldwide, numerous signs show that

we draw on the grassland ecosystems and degrade them more

than ever. The most common instance is domestic over-

grazing, particularly in the developing countries (Liu and

Diamond 2005; Aguilar et al. 1988; Bai et al. 2002; Shan

et al. 1996). Similarly, climate change also exerts great

influence on grassland degradation because of increased

global temperature and altered precipitation patterns.

Increasing chances of fires and drought brought about by

climatic events were frequently recorded, which have fun-

damentally reduced the capacity of grassland ecosystems to

provide goods and services (Ravi et al. 2010; Meehl et al.

2000; Zhou et al. 2005). To date, numerous studies have been

conducted to analyze grassland degradation worldwide.

However, few studies distinguished the relative roles and

effects of the two factors. Quantitative assessments of the

relative roles of climate and human factors in regional deg-

radation have been reported recently (Xu et al. 2010; Zhang

et al. 2011; Zhou et al. 2013a, b, 2014), but limited studies tell

us where and to what extent global grassland degradation

occurs and the respective contribution of climate change and

human activities because of lack of comprehensive and

quantitative assessment methods.

The information available today is more comprehensive

than the information provided in the past, but it still fails to

present a complete picture of the state of the global grassland

ecosystem degradation and falls short of management and

policy needs. Recent methods that utilize remote sensing and

modeling techniques to distinguish between human and

climate-induced degradation, such as factor analysis (Li et al.

2007; Ma et al. 2007), principal components analysis (Jiang

et al. 2008) and correlation analysis (Chang et al. 2003), were

criticized as improper identification methods of the funda-

mental drivers involved in the degradation process (Wrbka

et al. 2004). Simultaneously, a residual analysis method,

which is conducted by comparing actual with potential

vegetation productivity, has begun to gain considerable

attention (Zhou et al. 2014; Evans and Geerken 2004;

Wessels et al. 2007). Net primary productivity (NPP), which

refers to carbon fixed by plants after assimilation through

photosynthetic and autotrophic respiration, was selected as

the indicator to discriminate the impacts of climate change

and human activities on degradation (Zhou et al. 2013a, b,

2014; Xu et al. 2010; Prince et al. 2009). This methodology

has been extensively used and successfully detected land

degradation. The difference between this method and

regression techniques lies in the former’s capability of dis-

tinguishing and evaluating contributions of climate change

and human activities in degradation compared with the

individual factor of climate change or human activities.

A critical step in improving the management of grass-

land ecosystem is to take stock of the status of degradation

and to identify the extent induced by various driving fac-

tors. To clarify this problem better, the degraded situation

of global grassland ecosystems and the relative contribu-

tion of climate change and human activities were quanti-

tatively evaluated based on NPP, which was selected as an

indicator in the period of 2000–2010. This analysis docu-

mented the extent of degradation caused by climate vari-

ations or human activities at global and continental scales,

and identified corresponding NPP variations induced by

climate and human factors over time. The outcomes of this

study do not only provide an overall picture of global

grassland degradation, but also may serve as a firmer basis

for policy and decision making in the course of pasture

production and grazing management practices.

Materials and methods

Data source and processing

The global grassland map was derived from the Global

Land Cover 2000 (GLC2000), which was generated by an

international partnership of 30 research groups coordinated

by the European Commission’s Joint Research Centre

(Bartholomé and Belward 2005). The dataset was based

primarily on SPOT (Satellite Pour l’Observation de la

Terre) VEGETATION daily 1-km data (Giri et al. 2005),

which were obtained from http://www.bioval.jrc.ec.europa.

eu/products/glc2000/glc2000.php. The GLC2000 global-

scale legend documents 22 general land cover types. Class

numbers 13–15, with herbaceous cover and sparse herba-

ceous or shrub cover, were selected as a single grassland

land cover type in this study.

Meteorological data, including global monthly temper-

ature and precipitation data used in potential NPP estima-

tion, were obtained from UDel_AirT_Precip (University of

Delaware Air Temperature and Precipitation). The data

provided by NOAA/OAR/ESRL PSD, Boulder, Colorado,

USA, were obtained from their Web site at http://www.esrl.

noaa.gov/psd/. The annual temperature and precipitation

data were incorporated from the monthly data using Arc-

GIS v9.3 software (ESRI, Redlands, CA, USA). All of the

related databases were resized to 1-km resolution and

transformed to the Mollweide projection with WGS_1984

spheroid to calculate the area.

Estimation of potential of NPP

The Miami model based on Liebig’s ‘‘Law of minimum’’

was the first proposed and widely used NPP estimation

model (Lieth 1975). The model is mainly the function of
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mean annual temperature (MAT) and mean annual pre-

cipitation (MAP). The MAT function is based on the Van’t

Hoff rule, which states that productivity doubles every

10 �C, between 10 and 20 �C. The MAP function, which

indicates that the productivity in arid regions increases by

1.0 g C m2 for each millimeter of precipitation, was

derived from the Walter ratio (Lieth 1973; Zaks et al.

2007). Simple parameters were involved, but the Miami

model reasonably estimates global patterns of productivity,

and had been integrated into advanced and currently

developed NPP estimation models (Adams et al. 2004).

NPP ¼ min
3; 000

1þ expð1:315� 0:119tÞ

� �
;

�

3; 000 1� expð�0:000664rÞ½ �ð Þ
� ð1Þ

where t is mean annual temperature (�C) and r is mean

annual precipitation (mm). NPP is calculated in units of g

DW m-2 year-1.

Estimation of the actual NPP

The global NPP product MOD17A3 (*1 km spatial res-

olution) was used in this study to estimate the actual NPP

from 2000 to 2010. The data were obtained from the NASA

MODIS Land Science team website (http://landval.gsfc.

nasa.gov). MOD17A3 NPP was computed using the

amount of photosynthetically active radiation (PAR) mea-

sured by the MODIS instrument. In the production of

MOD17A3, NPP was calculated based on the BIOME-

BGC model and presented as follows:

PsnNet ¼ GPP� Rml � Rmr

NPP ¼
X365

t

PsnNet� Rmo þ Rg

� � ð2Þ

where PsnNet is the net photosynthesis and Rml and Rmr are

the energy consumed by leaves and roots respiration,

respectively. Rmo and Ro refer to the energy consumed by

other parts of plant and its growth respiration, respectively.

Each pixel of the MODIS NPP product is expressed as

grams of g C m-2 year-1. The NPP images were repro-

jected and spliced using MRT (MODIS Reprojection Tool)

to match other data.

Grassland dynamic assessment

Pearson correlation coefficient was employed to reflect the

long-term dynamic of global grassland NPP. The function

mainly described the relationship between grassland NPP

and its corresponding year followed by the natural

sequence of 1, 2, 3,…, n (Piao and Fang 2002; Gao et al.

2009).

rxt ¼
Pn

i¼1 xi � xð Þ i� tð ÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPn
i¼1 xi � xð Þ2

q Pn
i¼1 i� tð Þ2

ð3Þ

where n is the sequential year, which is 11 in this present

study, xi refers to the grassland NPP in the year i, whereas x

is the mean value of grassland NPP in 11 years denoted by

t = (n ? 1)/2. A positive value indicates a linear increase

of grassland NPP, whereas a negative value predicts a

decreasing trend. If the correlation coefficient passes

through the significance test (P \ 0.01 or P \ 0.05), it

indicates an ‘‘extremely significant’’ or ‘‘significant’’

increasing or decreasing trend.

Vegetation dynamics is an important ecological process

in land degradation, the productivity of vegetation com-

munity is supposed to change simultaneously. As a fun-

damental indicator of vegetation productivity, NPP is

capable of reflecting vegetation dynamics. Grassland NPP

variations can presumably cause degradation/restoration

brought about by climate and human factors. Therefore,

identifying the relationship between NPP dynamic and the

degraded situation enables the relative roles of climate

change and human activities in this process to be quanti-

fied. Ordinary least-squares method was utilized to esti-

mate the linear trend of NPP over time, which could reflect

the changing trend of grassland NPP more reasonably and

precisely (Ma and Frank 2006). The formula is expressed

as follows:

Slope ¼
n�

Pn
i¼1 i� NPPi �

Pn
i¼1 i

� � Pn
i¼1 NPPi

� �
n�

Pn
i¼1 i2 �

Pn
i¼1 i

� �2
ð4Þ

where i is 1 for the year 2000, 2 for the year 2001, and so

on; n is 11 in this paper because the study period is from

2000 to 2010; NPPi is the value of annual NPP in time of

i year. Compared with the negative value that connotes the

occurrence of degradation, the positive value of the slope

of actual NPP (SA) indicates a restoration trend.

Establishing the scenarios

Three types of NPP are calculated to distinguish the con-

tribution of climate change and human activities on

grassland degradation and restoration. First is potential

NPP, which is a hypothetical state of vegetation NPP and

determined by climate condition only, excluding human

activities. The effect of climate change on grassland NPP

can be represented using the slope of potential NPP (SP)

according to Eq. 4. A positive value of SP indicates that the

climate change during this period is beneficial to grass

growth, whereas a negative value demonstrates that climate

change is harmful to grass growth.

The second is actual NPP, which is a real state of veg-

etation productivity determined by climate and human
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factors. The MOD17A3 dataset is employed in this study to

represent the actual NPP. A positive changing trend of

actual NPP means that restoration occurs in grassland. By

contrast, a negatively changing trend of the actual NPP

represents degradation expansion. The third type is the

human-induced NPP (HNPP), which is estimated by the

difference between potential and actual NPP. The effect of

human activities on grass growth can be assessed based on

the slope of HNPP (SH). Negative SH indicates that human

activities during this period are beneficial to vegetation

growth, which implies that human interventions promote

grassland restoration. Conversely, a positive SH indicates

decline in vegetation and the occurrence of human-domi-

nated degradation (the correlation coefficient between

potential and human-induced NPP at different scales is

supplied as an online supplementary table).

Accordingly, six possible scenarios are defined by the

slopes of the actual NPP, potential NPP, and HNPP

(Table 1). These scenarios are mainly based on the

changing directions of three NPPs. Established scenarios

have been reported to distinguish the role of climate and

human factors in the Shiyanghe (Zhang et al. 2011; Zhou

et al. 2013a) and Heihe Basin (Zhou et al. 2013b).

However, an error scenario may occur under a condition

when SA \ 0, SP \ 0 and SH [ 0, or SA [ 0, SP [ 0 and

SH \ 0. The former indicates that land degradation

occurs, but the climate change and human activities pro-

mote grass growth. The latter describes an opposite

scenario, which indicates that restoration occurred but

climate and human factors lead to degradation expansion.

According to Xu et al. (2010) and Zhou et al. (2014),

these situations may take place when transferring scales

between different dataset, or in some regions where NPP

is decreasing as a result of land use and cover change but

experience degradation revision.

Results

Dynamic analysis of grassland

The spatial distribution of global grassland NPP dynamic

over time was calculated using Eq. 3 (Fig. 1). Nearly half

of the global grassland ecosystems had undergone degra-

dation during the study period, to the extent of

1,401.01 9 104 km2 (49.25 %). Regions with the largest

distribution presented a slight increase in NPP, which

account for 40.42 % of total grassland ecosystems, com-

pared with the areas with slight NPP decrease of 36.94 %.

Grasslands that experienced extremely significant decrease

in NPP amounted to 4.99 % of total grasslands. Figure 1

shows that the changing trends of grassland NPP did not

occur evenly at continental level. For example, the area of

grasslands in Asia and North America that presented slight

increase in NPP accounted for up to 41.31 and 59.27 % of

total grassland covers, respectively. By contrast, the

regions which showed slight decrease in NPP dominated

the grassland ecosystems in other continents, which include

Africa (41.54 %), Oceania (45.09 %), South America

(41.31 %), and Europe (47.74 %). The largest area that

demonstrated an extremely significant decrease of NPP was

in South America, which accounts for 11.36 % of grass-

lands in this continent. The total area of degraded grassland

(290.95 9 104 km2) in Oceania amounted to more than

twice of the restored grassland (121.39 9 104 km2), which

was mainly localized in Western Australia. The least

grassland degradation was estimated (73.05 9 104 km2) in

Europe, but overall degradation trend was still observed.

Relative roles of climate change and human activities

in grassland degradation

Grassland degradation contributed by climate change and

human activities was assessed (Fig. 2). Our findings show

that alarming grassland degradation has reached a truly

global scale. In addition, climate change exerted the

greatest influence, inducing 45.51 % of grassland degra-

dation worldwide. Human-dominated and the combined

effects resulted in 32.53 and 21.96 % degradation,

respectively. Figure 3a shows that grassland ecosystems in

Oceania, especially in West Australia, were mostly

Table 1 The six scenarios for assessing the relative roles of climate

change and human activities on grassland degradation/restoration

SP SH Relative roles of climate change and human

activities

Degradation (SA \ 0)

Scenario 1 [0 [0 Land degradation is mainly caused by

human activities such as overgrazing,

over-reclamation, and land abandonment

Scenario 2 \0 \0 Climate plays a dominant role in land

degradation

Scenario 3 [0 \0 Climate and human activities are both

responsible for land degradation

Restoration (SA [ 0)

Scenario 1 \0 \0 Human activity is the dominant factor

responsible for vegetation restoration

Scenario 2 [0 [0 Climate is the dominant factor that controls

the vegetation restoration

Scenario 3 \0 [0 Climate and human activities act together to

promote vegetation restoration

For scenario 3, in both degradation and restoration, the relative roles

of climate change and human activities were calculated as the per-

centage of absolute value of the change of NPP induced by climate

change or human activities, respectively, to the sum of both

SA the slope value of actual NPP, SP the slope value of potential NPP,

SH the slope value of human-induced NPP
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influenced by climate change, which accounts for up to

85.66 % of total degraded grassland. Climate change also

caused the largest area of degradation (43.92 %) in South

America, compared with 27.40 % human-dominated and

28.68 % combined effects. Human activities played a

dominant role in driving degradation in other continents. In

Fig. 1 The spatial trends of global grassland NPP at different

significance levels during 2000–2010. The grassland NPP dynamic

was calculated using Eq. 3. If rxt is positive, it means that grassland

NPP increased in this period, while a negative value of rxt indicates a

linear decreasing trend of grassland NPP. If the correlation coefficient

passes through the significance test (P \ 0.01 or P \ 0.05), it

represents an ‘‘extremely significant’’ or ‘‘significant’’ increasing or

decreasing trend

Fig. 2 The spatial distribution of global grassland degradation induced by climate change, human activities, and the combination of the two

factors
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Africa for example, grassland degradation induced by

human intervention amounted to more than half of all

degraded areas (52.37 %), whereas climate change and

joint effects contributed to 26.68 and 20.95 %, respec-

tively. In North America and Asia, human activities

induced 63.11 and 38.94 % of grassland degradation,

respectively. Apart from the dominated role of human

activities in Asia, the contribution of climate change and

combined effects were quite similar at 30.67 and 30.38 %,

respectively.

Figure 3b shows that NPP losses occur because of

grassland degradation caused by the climate and human

factors. Global grassland NPP decreased by 58.84 Tg

C year-1 during the study period. The roles of climate and

human factors on area changes were not consistent with

NPP dynamics. For example, the largest degradation

occurred in Asia, but the maximum NPP losses were esti-

mated in South America at 17.23 Tg C year-1, wherein

combined effects played a dominant role. Combined effects

also predominated NPP losses in Asia (49.94 %) and

Europe (47.5 %), whereas climate change controlled NPP

losses in Africa (58.7 %) and North America (46.0 %),

respectively. NPP decrease was also observed in Oceania.

Human interference, which is the main driving force, had

led to 11.84 Tg C year-1 losses, whereas climate change

that induced NPP decrease seemed negligible (0.34 Tg

C year-1).

Relative roles of climate change and human activities

in grassland restoration

Grassland restoration caused by either singular or com-

bined effects of climate change and human activities were

also analyzed (Fig. 4). Our results show that the area of

grassland that presented restoration was slightly larger than

the area that showed degradation (1443.90 9 104 km2).

Human activities contributed mostly to the restoration

(39.4 %), whereas climate change and combined effects

resulted in 30.6 and 30.0 % of restoration, respectively.

Figure 5a shows that the maximum estimation of grassland

restoration was in Asia (335.55 9 104 km2, 32.2 %).

Oceania was the only continent where climate change

predominated grassland restoration (60.07 9 104 km2,

50.2 %). In Asia, restoration induced by human activities

amounted to 36.12 % of all restored grassland, whereas

combined effects and climate change contributed to 35.12

and 28.76 %, respectively. A similar pattern was found in

North America, South America, and Europe. However,

besides human-dominated restoration, climate change

outweighed the joint effects in Africa, with 36.47 % res-

toration compared with 22.08 % caused by joint effects.

NPP increased by 56.66 Tg C year-1 globally because

of grassland restoration. Combined effect was the primary

driving force (43.18 %), and the human and climate-

dominated restoration contributed to 39.55 and 17.27 %,

respectively. Figure 5b shows that the largest NPP increase

was found in North America (31.0 %), where the impacts

of combined effects were marked with 45.9 %. The joint

effects also dominated grassland NPP increase in Asia

(53.1 %). Human interference played a key role in the NPP

increase in Africa, South America, and Europe, which

contributed to 48.0, 51.7, and 51.8 %, respectively. In

Oceania, climate change induced the maximum NPP

increase (50.8 %), whereas combined effects and human

activities contributed to 38.8 and 10.3 %, respectively.

Discussion

Grassland ecosystem has long been modified by climate

change and human activities, which fundamentally altered

regional biogeochemical cycles and ecosystem productiv-

ities (Horion et al. 2013; Mu et al. 2013; Trnka et al. 2011).

This paper presents a general picture of the status of global

Fig. 3 Changes of grasslands area (a) and NPP (b) as a result of degradation induced by climate and human factors at continental level
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grassland degradation through readily accessible global

datasets, and quantitatively assessed the respective contri-

bution of climate change and human activities.

NPP has been extensively used as an ecological indi-

cator for monitoring climate change and anthropogenic

alteration of terrestrial ecosystem (Ma et al. 2012; Erb et al.

2009; Wessels et al. 2004). Our results show that nearly

half (49.25 %) of global grassland experienced degrada-

tion, and climate change was the intrinsic controlling

driving force that led to 45.51 %. Human activities and

joint effects contributed to 32.53 and 21.96 %, respec-

tively. Climate change affected terrestrial vegetation

mainly through temperature and precipitation changes,

which further regulated photosynthesis, soil respiration,

and growing status and distribution (Foley et al. 2000). The

most significant grassland degradation induced by climate

change occurred in Western Australia. The climate extreme

El Niño-Southern Oscillation (ENSO), which brought

warmer and drier conditions, was frequently recorded in

eastern and southwestern Australia (Power et al. 1998;

Nicholls and Collins 2006). In South America, climate-

dominated degradation was mainly distributed in Patagonia

Plateau, which was in agreement with previous studies on

rangeland degradation in Patagonia, Argentina caused by

Fig. 4 The spatial distribution of global grassland restoration induced by climate change, human activities, and the combination of the two

factors

Fig. 5 Changes of grasslands area (a) and NPP (b) as a result of restoration induced by climate and human factors at continental level
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altered precipitation pattern and a general warming trend

(Bertiller et al. 2002; Santibáñez and Santibáñez 2007;

Ares et al. 1990). By contrast, climate change was rele-

gated to secondary status, which only worsened the deg-

radation in other continents. For example, human activities

had induced 52.37 % of grassland degradation in Africa.

Land degradation was believed to be one of the most severe

and widespread environmental problems in Africa, and

human interventions were an undeniable leading cause

(Wessels et al. 2004, 2007). Addressing rural poverty and

sustaining the demands of population increases were

accorded with primary importance in most African regions.

Thus, agricultural land expanded at the expense of grass-

lands and forests, and the most important biogeochemical

cycles on grassland ecosystems, namely, water, carbon, and

nitrogen cycles, had been adversely altered by human

activities (Jordan 1986; Barbier 2000; Symeonakis and

Drake 2004).

The global grassland that presented restoration amoun-

ted to 50.75 % of total grassland ecosystems. Human

activities topped the driving factors. The maximum

restored grassland was found in Asia (139.39 9 104 km2).

The effects of human modification in Qinghai–Tibet Pla-

teau and Inner Mongolia in China were highlighted. Sev-

eral effective projects had been implemented by the

Chinese government since the beginning of the century to

reverse the degradation situation of grassland in the main

pastoral areas. These projects include, ‘‘Converting of

Farmlands Back to Forests or Grasslands’’ and ‘‘Convert-

ing farmland to grassplot,’’ which received significant

positive effects (Su et al. 2005; Akiyama and Kawamura

2007; Han et al. 2008; Yeh 2005). A similar pattern was

also observed in North America, South America, and

Europe. Climate change also contributed to grassland res-

toration in Africa. Restored grassland was mainly distrib-

uted in sub-Sahara regions and the Ethiopian Highland.

These areas reported grassland restoration under rising

temperature and redistributed rainfall pattern (Batjes 2004;

Asefa et al. 2003; Gashaw et al. 2002). The largest area of

grassland restoration induced by climate change in Oceania

was mainly distributed in the eastern Australia, whereas

human-dominated restoration was localized in central

Australia (Cole and Lunt 2005; Ruiz Jaen and Mitchell

Aide 2005).

However, vegetation succession, which presented an

increase or insignificant change in NPP, may have expe-

rienced degradation, which may cause errors (Verdoodt

and Van Ranst 2006). Huenneke et al. (2002) reported the

occurrence of server degradation in the Chihuahuan Desert

in the US, where grasslands were replaced by desert scrub.

This change only led to small decreases in the average

aboveground biomass. Errors may exist in the assessment

at the local or regional scale, but the methodology

introduced in this study provides a novel method of

quantitatively evaluating the spatial distribution of the

relative roles of climate change and human activities at a

global scale.

Conclusions

The relative roles of climate change and human activities

on grassland degradation and restoration from 2000 to

2010 were evaluated in this paper. Nearly half (49.25 %)

of the grassland ecosystems experienced degradation at a

global scale. Climate change was the principal influence,

which resulted in 45.51 % of degradation. About 39.40 %

of grassland restoration was induced by human interfer-

ence, and 30.6 % was caused by climate change. The

largest area of degraded and restored grassland was found

in Asia. Grassland ecosystems in the southern hemisphere

were more sensitive to climate change, especially in

Australia. The overall restoration trend is dominated by

far, but the capacity for grassland ecosystems to continue

providing goods and services is declining. Simulta-

neously, human activities positively contributed to NPP

increases, however, intensive management regimes and

infrastructure development also contributed to grassland

degradation.

Global-scale analysis of grassland degradation is further

complicated by our limited ability to conduct a timely and

precise quantitative assessment of the roles of climate and

human factors on grassland degradation. We detected a

general loss of plant productivity through a combination of

satellite data and meteorology data, but the degraded sit-

uation may have become irreversible. This analysis pro-

vides basis for establishing indicators that can be used to

detect grassland degradations to implement effective

measurements before degradation becomes irreversible.

Climate change issues should be gradually mainstreamed

into policies, plans, and strategies for grassland develop-

ment and management.
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