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A B S T R A C T

An accurate quantitative assessment of the relative roles of climate change and human activities in
desertification is significant to understand the driving mechanisms deeply and control desertification
development. In this study, we selected net primary productivity (NPP) as an indicator to discriminate
the relative roles of climate and human factors in desertification during 2001–2010 in northwest China.
The potential NPP and the difference between potential and actual NPPs were used to represent the
impacts of climate change and human activities on desertification. Desertification expanded on 55.8% of
the study area, within which 70.3% of the desertification expansion was caused by human activities
compared with only 21.7% induced by climate change. On the contrary, 42.1% of desertification reversion
was caused by human activities and 48.4% resulted from climate changes. The NPP variation also could be
calculated to assess the relative roles and showed that 69% of NPP decrease was caused by human impacts
compared with 15.2% induced by climate change. By contrast, 23.9% of NPP increase was caused by
climate change, whereas 54% resulted from human activities. In addition, the relative roles of two factors
possessed great spatial heterogeneity in six provinces. We developed three propositions. First, the
desertification expansion was dominated by human activities, whereas desertification reversion was
dominated by climate change, as typified by Xinjiang, Qinghai, and Gansu. Second, both desertification
expansion and reversion were induced by human activities, as typified by the west of Inner Mongolia and
Shaanxi. Third, climate change dominated the desertification expansion in Ningxia province.
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1. Introduction

The determination of the driving cause of desertification has
become the focus of desertification research. A great deal of
disagreement about the driving factor of desertification remains
(Rasmussen et al., 2001; Reynolds and Stafford Smith, 2002; Wang
et al., 2006; Zheng et al., 2006). Many researchers have attributed
the desertification in northern China to long-term over-grazing,
extensive cutting, and widespread conversion of grassland to
cropland (Wang and Zhu, 2003; Yang et al., 2005; Wang et al.,
2006). Other studies have found that poor climate conditions, such
as drought, severe wind erosion, temperature fluctuation, and
winter precipitation, are the primary cause of desertification (Hai
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et al., 2002; Sun and Li, 2002). Nevertheless, some recent studies
have shown that human activities control the desertification
reversion (Xu et al., 2010; Wang et al., 2012) in selected study
regions of northern China.

Using an optimal quantitative assessment method is actually
crucial for assessing the relative role of climate and human factors
in desertification (Veron et al., 2006). Quantitative assessment
methods in previous studies primarily focus on statistical analysis,
including regression models (Zhang et al., 2003), correlation
analysis (Chang et al., 2003), and multiple variable analysis
technology (Ma et al., 2007). Some studies have selected
vegetation dynamic as an indicator to differentiate
human-induced desertification from climate change-induced
desertification (Evans and Geerken, 2004; Wessels et al., 2007;
Xu et al., 2010). Net primary productivity (NPP) is the net amount
of solar energy converted to chemical energy through photosyn-
thesis and a sensitive indicator to climatic changes and human
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impacts (Schimel, 1995). NPP has been adopted as an indicator to
discriminate the impacts of climate change from those of human
activities on ecosystem (Zheng et al., 2006; Wessels et al., 2008).
Some researchers have used human appropriation of net primary
production (HANPP) as an indicator to measure the impact of
human activities on ecosystem in recent years (Rojstaczer et al.,
2001; Haberl et al., 2002). Meanwhile, the relationship between
NPP and desertification has been widely studied. The change of
NPP has been a potential desertification evaluation indicator
(Mouat et al., 1997). Some research based on long-term site
observation has found that aboveground NPP is lower in
desertified shrub lands than in remnant grassland in Chihuahuan
desert of USA (Huenneke et al., 2002). Desertification leads to
fragmented ecosystem structure and decreased carbon storage
(Asner and Martin, 2004). Therefore, NPP can be a useful and
reliable indicator of desertification in long term (Prince et al., 1998;
Gonzalez, 2000). In this study, we select NPP as desertification
assessment indicator.

China is one of several countries severely affected by desertifi-
cation. The land desertification of China accounts for 27.3% of the
total land area according to the first national survey on
desertification land. Approximately 99.6% of this land is distributed
in 12 provinces or autonomous regions in north and northwest
China (CCICCD, 1996). Northwest China is located in regions
sensitive to climate change and human intervention, includes most
of China’s desert, and is the origin of sandstorm in China (Wang
et al., 2004a). A recent survey has shown that over 90% of grassland
in north China suffered different degree of degradation and that
degradation rate reached 6700 km2 per year (Yang, 2002).
Therefore, a deeper understanding of the driving cause of
desertification is fundamental and a key point in desertification
control. In this study, NPP was selected as an indicator to evaluate
desertification status, potential NPP, and HNPP (the difference
between potential NPP and actual NPP) for representing the
impacts of climate change and human activities on desertification.

The objectives of this study are to (1) explore the desertification
dynamics in northwest China, (2) distinguish the relative roles of
climate change and human activities in desertification, and (3)
determine the spatial distribution of the two driving factors that
induce desertification expansion or reversion and the dominant
factor for desertification.

2. Materials and methods

2.1. Study area

Northwest China is located in the innermost center (31�320N–
49�100N and 73�150E–111�500E) of the Eurasian continent. This area
covers an area of approximately 3.5 million km2 and accounts for
36% of China’s total land areas. Administratively, this area includes
Xinjiang Uygur autonomous region, Qinghai province, Gansu
province, Shaanxi province, Ningxia Hui autonomous region,
and the west of Inner Mongolia autonomous region (IM). Climate
belongs to arid and semi-arid, except Qinghai, which is character-
ized with rich solar–thermal resources, dry and rainless climate,
strong evaporation, as well as high temperature between day and
night. The high mountains with high precipitation, such as Altai,
Tianshan, Kunlun, and Qilian mountains, block atmosphere
circulation and create vast desert basin in rain shadow, such as
Tarim, Junggar, and Qaidam basins (Shi et al., 2007). Northwest
China also includes most of China’s desert and Gobi. The regional
difference of landform and climate is obvious, and vegetation
shows dramatic horizontal and vertical zonalities.

Desertification is a process that operates principally in arid,
semi-arid, and sub-humid areas and involves excessive pressure of
human use, changes in land use, or changes in natural process
(Mouat et al., 1997). This process leads to a general decrease in
productivity and soil erosion (both by wind and water), saliniza-
tion and alkalization of irrigated lands, or dryland salting. The
excessive loss of soil nutrients and sometimes the depletion of soil
seed bank affect the capacity of vegetation to recover and
constitute the principal mechanism of irreversible damage to
the environment (Squires, 2010). The impact of overgrazing on
grassland also leads to land degradation (Li, 2009). In China,
desertification has usually occurred in Gobi and deserts with
mobile sand. The resulting adverse changes have been defined as
land degradation characterized by wind erosion. Although other
land degradation processes, such as water erosion and salinization,
have also occurred in arid and semi-arid areas in China, their areas
account for no more than 16% of the total areas of degraded land
(SFAC, 2005); therefore, “sandy” desertification is the dominant
process responsible for land degradation in China.

Under global warming and human intervention, northwest
China’s land desertification is becoming serious, and dust and
sandstorms (DSSs) occur frequently and become severe. Therefore,
quantitative assessment of desertification is essential to control
and combat desertification and benefits the program to control
DSS.

In this study, we excluded the hyper-arid regions in northwest
of China based on the definition of desertification (UNCCD, 1994).
The hyper-arid region and study area are shown in Fig. 1.

2.2. Data source and processing

Remote sensing (normalized difference vegetation index
(NDVI) and land cover data), meteorological, and geographical
data were obtained to estimate NPP based on Carnegie–Ames–
Stanford approach (CASA) model. The 500 m 16-day moderate
resolution imaging spectroradiometer NDVI data and global land
cover product (MCD12Q1) were derived from http://ladsweb.
nascom.nasa.gov/data/search.html. Maximum-value compositing
procedure was used to merge the 16-day NDVI data and generate
monthly NDVI. These remote sensing data were reprojected from
the original integerized sinusoidal projection to an Albers equal
area and WGS-84 datum by using ArcGIS V9.3 (ESRI, California,
USA).

Meteorological data were obtained from China meteorological
science data-sharing service system. The data include the monthly
average temperature and total precipitation recorded by 210 mete-
orological stations, as well as the total solar radiation recorded by
45 stations in and around northwest China. Ordinary Kriging
interpolation was performed to interpolate the meteorological
data intended for producing raster images with 500 m spatial
resolution. These monthly meteorological data were used to drive
CASA model.

The meteorological data required for Thornthwaite memorial
model are annual average temperature and total precipitation.
These annual data were calculated from monthly meteorological
data. Raster meteorological data were also extracted using the
vector boundary of the study area. The images with the same
spatial resolution and coordinate system as those used in CASA
model were used for remote sensing.

2.3. Field measurement of NPP

To validate the accuracy of CASA model, field-measured NPP
was collected. For forest, 20 forest NPP databases created by a
previous research (Luo, 1996) were directly used in this study
because these datasets have been widely used to validate forest
NPP (Pan et al., 2004; Peng et al., 2009).

We also sampled 43 sites about shrub and grassland across
northwest China from April to August of 2008 and 2009. At each
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Fig. 1. Study area, which included six provinces, some of which enclose or border on the hyper-arid region, as demarcated by the P/ETP <0.05 boundary. P denotes
precipitation, and ETP denotes evapotranspiration.
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site (40 m � 40 m), we set four shrub quadrats (20 m � 20 m) and
marked them as S1, S2, S3, and S4. Four small plots (5 m � 5 m) for
grasslands in each shrub quadrat were sampled. For shrubs, to
conduct non-destructive measurements of biomass, the following
dimensions were measured in August: basal diameter, crown
diameter (including the maximum and minimum), canopy
diameter, and canopy height. We used existing shrub biomass
equations to estimate foliage, root, above, and total biomass in dry
weight (Li and Jia, 1998; Wang et al., 2004b; Zhao et al., 2004; He
et al., 2005; Lin and Bai, 2010). For species without available root
biomass equations, the average ratio of underground and
aboveground biomass was applied to estimate total biomass (Li
and Jia, 1998; Zhao et al., 2004; Huang et al., 2006). To calculate
shrub NPP, we investigated in the quadrates twice, i.e., in August of
2008 and August of 2009. The biomass increment was the
difference of the two years and was converted to carbon content
using a conversion factor of 0.45, which was the shrub NPP.

For grassland field measurements, eight plots in S1 and S3 were
investigated in early April, and another eight plots in S2 and
S4 were investigated in August. All plants in each quadrat
(5 m � 5 m) were harvested to determine aboveground biomass.
To determine underground biomass, nine soil cores (8 cm
diameter) were used to collect samples at 10 cm intervals. In the
laboratory, root samples were soaked in deionized water and
cleaned. Biomass samples were oven-dried at 65 �C to a constant
mass. The NPP of grassland was the difference between the
maximum (measured at the end of August) and the minimum
biomass carbon (in early April).

2.4. Calculation of actual NPP

Vegetation dynamic is important in desertification and can
reflect the complex interactions between climate change and
human activities (Hanafi and Jauffret, 2008). In this study, annual
NPP (gC m�2 yr�1) was used to represent vegetation conditions and
assess desertification dynamic.

Actual NPP was calculated using CASA model, which is a light
use efficiency model based on resource balance theory (Potter
et al., 1993; Field et al., 1995). In CASA model, NPP is the product of
absorbed photosynthetically active radiation (APAR) and light use
efficiency (e). The basic principle of the model is described as
follows:

NPPðx; tÞ ¼ APARðx; tÞ � eðx; tÞ; (1)

where x is the spatial location, t is time, APAR represents the
canopy-absorbed incident solar radiation integrated over a given
time period (MJ m�2), and e(x,t) represents the actual light use
efficiency (g C MJ�1). APAR(x, t) and e(x, t) are calculated using Eqs.
(2) and (3), respectively.

APARðx; tÞ ¼ SOLðx; tÞ � FPARðx; tÞ � 0:5 (2)

where SOL(x, t) is the total solar radiation (MJ m�2) of pixel x in
time t, and FPAR(x, t) is the fraction of the photosynthetically active
radiation absorbed by vegetation. FPAR(x, t) can be determined by
NDVI; 0.5 represents the proportion of the total solar radiation
available for vegetation.

eðx; tÞ ¼ Te1ðx; tÞ � Te2ðx; tÞ � Weðx; tÞ � emax (3)

where Te1(x, t) and Te2(x, t) denote the temperature stress
coefficients on light use efficiency, We(x, t) is the water stress
coefficient that indicates the reduction in light use efficiency
caused by moisture factor, and emax denotes the maximum light
use efficiency under ideal conditions set as different constant
parameters for various vegetation types (Zhu et al., 2006). A more
detailed description of this algorithm can be found in Yu et al.
(2011).
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2.5. Validation of CASA model

NPP determined from field sampling was compared with the
simulated values to verify the estimation accuracy of CASA model.
Fig. 2 illustrates the correlation between the observed NPP and
simulated NPP (R2 = 0.732, P < 0.001) and indicates that the
model’s estimation accuracy is satisfactory. However, the estimat-
ed data are slightly larger than the field-observed data, which may
be due to the differences in the scale of the observed and estimated
data. Nevertheless, this difference has no effect on the results of
trend analysis of NPP.

2.6. Estimation of potential NPP

Although researchers have developed several models for
estimating NPP, such models are based on different climatic
factors. The first widely used model, i.e., Miami model (Lieth,1975),
is derived from the least squares correlations between measured
NPP data and corresponding temperature and precipitation data.
Thornthwaite memorial model was established based on the data
used in Miami model but modified to include Thornthwaite’s
potential evaporation model (Lieth and Box,1972). In this study, we
simulated potential NPP using the Thornthwaite memorial model,
which is expressed as follows:

NPP ¼ 3000½1 � e�0:0009695ðn�20Þ�; (4)

where NPP is the annual NPP (g C m�2 yr�1), and v is the average
annual actual evapotranspiration (mm). The calculated equations
are expressed as

V ¼ 1:05rffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 þ ð1 þ 1:05r=LÞ2

q ; (5)

L ¼ 3000 þ 25t þ 0:05t3; (6)

where L is the annual average evapotranspiration (mm), r is the
annual total precipitation (mm), and t is the annual average
temperature (�C).
Fig. 2. Validation of CASA model in the northwest China through analyzing the
correlation between the simulated NPP (g C/m2) based on CASA model and field-
observed NPP.
2.7. Desertification dynamic analysis

Vegetation dynamics measured by NPP are the most intuitive
manifestation of land degradation and reflect the ecological
process involved in land degradation. Therefore, NPP was selected
to assess land degradation or restoration. The slope was deter-
mined by ordinary least squares regression. The formula is as
follows:

Slope ¼ 10 � S
10
i¼1i � NPPi � ðS10

i¼1iÞðS
10
i¼1NPPiÞ

10 � S
10
i¼1i

2 � S
10
i¼1i

2
; (7)

where i is 1 for year 2001, 2 for year 2002, and so on (i = 1, 2, . . . 10).
Ten years were considered because the study period was from
2001 to 2010. NPPi is the value of annual NPP in time of i year.

The total increment (or decrement) of NPP during the study
period can be estimated for each pixel using the following
equation:

NPPvariation ¼ 9 � slope (8).

2.8. Scenario design and quantitative assessment method

If the quantitative relation between the change of NPP induced
by climate change and human activities is identified, the relative
roles of climate change and human activities in desertification
progress may be quantitatively assessed. In this study, we defined
three kinds of NPP. The first kind is the actual NPP, which was
calculated by CASA model. The second kind is the potential NPP
that represents NPP change caused by climate change, which was
estimated by Thornthwaite memorial model. The third kind is the
NPP loss caused by human (HNPP, i.e., NPPpotential� NPPactual) and
reflects the impacts of human activities on vegetation productivity.

The effect of climate change and human activities on NPP can be
calculated based on the slope of potential NPP (Sp) and HNPP using
Eq. (7). A positive Sp indicates that climate change benefited
vegetation growth and desertification reversal. A negative SP
indicates that climate change promoted desertification expansion.
If SH is negative, human activities benefited vegetation growth and
desertification reversal. A positive SH shows that human dominat-
ed desertification expansion.

The slope of actual NPP (SA) represents desertification expan-
sion or reversion. A positive SA shows that desertification reversion
occurred, whereas a negative SA indicates that desertification
expansion occurred. Six possible scenarios are defined in Table 1.

3. Results

3.1. Desertification dynamic based on actual NPP change trend

The overall change trend of vegetation NPP was decreasing (i.e.,
degradation) throughout the study area, although slightly,
moderate, and significantly increasing occurred in some regions
(Fig. 3A). Vegetation degradation was wide spread and accounted
for 55.8% of the study area. Meanwhile, vegetation restoration area
accounted for 44.2%, and the moderate increase region was
scattered in the north of Shaanxi, south of Gansu, and the south
and north slopes of Tianshan Mountains.

The change trends of potential NPP (Sp) (Fig. 3B) showed that
climate was favorable to vegetation restoration in most regions of
the study area. Areas with NPP increase trend accounted for 64.8%
of the whole study area solely induced by climate change.
Moderate vegetation restoration occurred in the south of Shaanxi,
the central regions of Qinghai, northwest of Gansu, and southwest
of Xinjiang because of the rising precipitation and declining
temperature (Fig. 4). Regions with NPP decrease accounted for



Table 1
Six scenarios for assessing the relative roles of climate change and human activities in desertification.

SA SP SH Definition

Desertification reversal Scenario 1 >0 <0 <0 Human-induced desertification reversion
Scenario 2 >0 >0 >0 Climate-induced desertification reversion
Scenario 3 >0 >0 <0 Desertification reversion resulted from the interaction of climate change and human activities

Desertification expansion Scenario 1 <0 >0 >0 Human-induced desertification expansion
Scenario 2 <0 <0 <0 Climate-induced desertification expansion
Scenario 3 <0 <0 >0 Desertification expansion resulted from the interaction of climate change and human activities

SA: the slope value of actual NPP; SP: the slope value of potential NPP; SH: the slope value of HNPP (i.e., the difference between potential NPP and actual NPP).

564 W. Zhou et al. / Ecological Indicators 48 (2014) 560–569
35.2% of the study area (Fig. 3B) and mainly distributed in the west
of IM, Ningxia, north of Shaanxi, east of Gansu, and south and north
slopes of Tianshan Mountains. The decrease was due to the
declining precipitation and rising temperature (Fig. 4). Moderate
desertification distributed in the junction of three provinces, such
as the middle of Ningxia, west of Shaanxi, and east of Gansu, where
precipitation decreased and temperature increased (Fig. 4).

The impacts of human activities on vegetation NPP were
represented as the slope of HNPP (SH). Under the influence of
human, the area was a negative SH mainly distributed in Ningxia,
Shaanxi, and Gansu, a fraction of Gansu, and the south and north
slopes of Tianshan Mountains.

3.2. Relative roles of inter-annual climate change and human activities
in desertification based on areas

Desertification and the relative role of two factors showed
obvious spatial heterogeneity (Fig. 5). Desertification expansion
was wide spread in northwest China and accounted for 55.8% of the
study area (Fig. 5A), whereas desertification reversion area only
Fig. 3. Spatial distribution of slope values for (a) actual NPP estimated by CASA model, (b
difference between potential NPP and actual NPP).
accounted for 44.2%. Climate-induced desertification expansion
accounted for 21.7% of the total expansion areas (Table 2),
including Tianshan Mountains, Tengger Desert, and Mu Us Sandy
Land (Fig. 5B), which may be resulted from declining precipitation
and rising temperature (Fig. 4). Human-induced expansion was
widely distributed in the study area and accounted for 70.3%.
Desertification reversion induced by climate accounted for 48.4%
compared with the 42.1% caused by human activities (Fig. 5C). The
contribution of the combination of climate and human to
desertification expansion was 7.9%, and that to desertification
reversal was 9.5%.

The relative role of two factors in desertification in different
provinces was different. Three propositions were given. First, the
desertification expansion was dominated by human activities,
whereas desertification reversal was induced by climate. This
proposition was common in Xinjiang, Qinghai, and Gansu,
especially in Qinghai, where 98.0% (345,744.5 km2) of degradation
was caused by human activities, and 92.4% (216,016 km2) of
vegetation restoration was caused by climate change (Fig. 6,
Table 2). Second, both the desertification expansion and reversal
) potential NPP estimated by Thornthwaite memorial model, and (c) HNPP (i.e., the



Fig. 4. Spatial distribution of slope values for the (a) annual total precipitation and (b) average temperature during 1981–2010.

Fig. 5. Spatial distribution of (a) desertification expansion and reversal and (b) relative roles of climate change, human activities, and the combination of these two factors on
desertification expansion and (c) desertification reversal.
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were dominated by human activities in Shaanxi because it
effectively implemented the Grain to Green Program and the
Natural Forest Conversion Program, which benefit vegetation
restoration. Third, climate dominated desertification expansion,
and human activities dominated desertification reversal in the
west of IM and Ningxia, especially in the latter. In Ningxia, 97.4%
(20,749 km2) of desertification expansion was caused by climate
change, and 100% of desertification reversal was dominated by
human activities (Fig. 6, Table 2) because of the declining
precipitation and rising temperature trend in this area (Fig. 4).
3.3. Relative roles of inter-annual climate change and human activities
in desertification based on NPP variation

To further assess the relative roles of the two factors, we
calculated the desertification expansion and reversal based on NPP
variation (Figs. 6C,D). NPP variation was estimated based on Eq. (8).
Total NPP decreased by 286.8 Gg C (Gg = 109 g) from 2001 to
2010 because the degradation area is larger than the restoration
area, and the mean NPP variation of the study area was
�0.12 gC m�2 yr�1. The 69% of NPP decrease was caused by human



Table 2
Areas (km2) and percentage (%) of desertification expansion and reversal caused by climate change, human activities, and a combination of the two factors.

Region

Northwest Xinjiang Gansu Qinghai Inner Mongolia Shaanxi Ningxia

CE Area 290,188 130,102 43,034 889 82,206.8 13,235.5 20,748.8
Percent 21.7 23.6 33.9 0.3 47.7 12 97.4

HE Area 939,416 365,242 71,058 345,744.5 65,495 91,190 0
Percent 70.3 66.2 55.9 98 38 82.8 0

BE Area 105,943 56,003 12,918 5996.5 24,686.8 5724.3 543.8
Percent 8.0 10.2 10.2 1.7 14.3 5.2 2.6

CR Area 513,008 162,501 90,167 216,016 20,833 23,183.5 0
Percent 48.4 48 45.4 92.4 12.6 24.9 0

HR Area 446,560 141,778 81,759 1864.8 136,594.5 53,949.3 30,590.8
Percent 42.1 41.9 41.2 0.8 82.8 58 100

BR Area 100,144 34,074 26,627 15,844.3 7614 15,921.8 0
Percent 9.5 10.1 13.4 6.8 4.6 17.1 0

CE: the region that experienced desertification expansion dominated by climate change; HE: desertification expansion dominated by human activities; BE: desertification
expansion dominated by the combination of climate and human factors; CR: desertification reversion dominated by climate change; HE: desertification reversion dominated
by human activities; BR: desertification reversion dominated by the combination of the two factors.
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activities, whereas 15.2% was caused by climate change. The
proportion of the combination of climate change and human
activities to desertificaiton expansion was 15.8%. Nevertheless, the
increase of NPP caused by climate change and human activities was
Fig. 6. Contributions of climate change and human activities to (a) desertification expa
activities to (c) desertification expansion and (d) reversal based on NPP variation in di
23.9% and 54%, respectively. The contribution of the two factors to
desertification reversion reached 22.1%. In all, human activities
were the dominant factor for desertification expansion and
reversal.
nsion, and (b) reversal based on area; contributions of climate change and human
fferent provinces.



W. Zhou et al. / Ecological Indicators 48 (2014) 560–569 567
Whether based on the desertification areas or NPP variation
from 2001 to 2010, human activities were the dominant factors for
desertification expansion. Nevertheless, climate change dominat-
ed desertification reversal based on desertification areas, whereas
human activities dominated vegetation restoration based on NPP
variation. Therefore, the effect of human activities was larger than
that of climate change on carbon sequestration, which resulted
from the implemention of environment protect programs.

4. Discussion

4.1. Methodology

An accurate assessment of land degradation-driving factors has
theoretical and practical significances for preventing desertifica-
tion development. Distinguishing the human impacts on deserti-
fication from those of climate change has traditionally been
difficult. However, the methodology to assess their relative roles
remains lacking. Statistical methods, such as regression and
principal component analysis, are the predominant methods
(Ma et al., 2007; Millington et al., 2007); however, they are always
criticized for ignoring the ecological process of desertification and
the driving mechanism involved in desertification (Wrbka et al.,
2004). Several studies have been conducted recently to distinguish
human-induced desertification from climate-induced desertifica-
tion by comparing actual vegetation condition with potential one
(Evans and Geerken, 2004; Herrmann et al., 2005; Wessels et al.,
2007). This method has made it possible to analyze the
desertification-driving factors. Therefore, in this study, we selected
NPP as an indicator to assess desertification. Potential NPP and
HNPP were used to assess the relative roles of climate change and
human activities in desertification.

We also assessed the relative roles of climate and human factors
in desertification based on the NPP variation, except on the
desertification areas. Although the potential NPP and HANPP have
successfully detected land degradation in previous research (Zika
and Erb, 2009; Xu et al., 2010; Zhang et al., 2011), the relative role
has been solely derived by statistical analysis based on desertifi-
cation area. Desertification areas only reflect the desertification
scope, whereas NPP variation reflects the desertification intensity
or ecosystem carbon sequestration function. Therefore, the
synthesized statistical analysis based on NPP variation and
desertification areas may be useful to explore the driving
mechanism of desertification.

4.2. Driving factors

Climate change may benefit vegetation growth (Zheng et al.,
2006). Recent studies have suggested climate change from warm-
dry to warm-wet in northwest China since the late 1980s, and
some regions belong to significant conversion region, including the
north of Xinjiang, Tianshan Mountains, west of Tarim Basin, and
Qilian Mountains (Shi et al., 2007). Wang et al. (2004c) found that
precipitation had a slight decline trend from 1951 to 2000 across
China, but northwest China’s precipitation significantly increased
since 1986. Zhai et al. (2005) analyzed the precipitation change of
China during 1950–2008 and found that precipitation increased
significantly in the regions of Tianshan Mountains, southeast of
Tibet, and west of Tarim Basin. In the current study, the annual
precipitation showed an increase trend during 1981–2010 in these
above-mentioned regions, as shown in Fig. 4. These findings were
consistent with the previous report, and the actual NPP and
potential NPP also increased in the above-mentioned regions
(Fig. 3) because the rising of rainfall benefited the growth of
vegetation, especially in dry land (Herrmann et al., 2005).
Human activities, such as overgrazing, conversion of grassland
to cropland, overcutting of woody plants, and overexploitation of
water resources, will lead to the degradation of natural vegetation.
Some studies have concluded that human activities are the
dominant factor in desertification development (Ma et al., 2007;
Wang et al., 2006, 2012; Zhang et al., 2011). Our study confirmed
this conclusion and found that 70.3% of desertification expansion
was induced by human activities, whereas 48.4% of desertification
reversion was caused by climate change. Especially in Qinghai,
98.0% of desertification expansion was induced by human
activities, and 92.4% of desertification reversion was caused by
climate changes. The precipitation indeed showed an increase
trend in Qinghai, Xinjiang, and Gansu (Fig. 3), which would benefit
the desertification reversal, as reported by Herrmann et al. (2005)
and Zheng et al. (2006).

However, human activities such as forbidden grazing and
conversion of cropland to grassland also promoted desertification
reversal (Xu et al., 2010; Wang et al., 2012). The current total
desertified land in China was less than that in the late 1990s, and
some typical desertification regions, such as Horqin Sandyland and
Mu Us Sandyland, experienced an obvious desertification rever-
sion under the Chinese government’s restoration programs (Wang
et al., 2004d). Our study also found that human-induced
desertification reversal accounted for 42.1%, mainly including
IM, Shaanxi, and Ningxia. In Ningxia, 100% of desertification
reversal was induced by human activities. The aforementioned
three provinces effectively implemented ecosystem programs to
mitigate land degradation, such as the Grain to Green Program,
Grazing Withdrawal Program, and Natural Forest Conversation
Program, in the past decades (Ouyang, 2007). The desertification
reversal in Mu Us Sandyland and the zone along the Great Wall and
Tengger Desert was induced by human activities (Fig. 5) because
desertification control in these provinces has been enhanced since
the 1990s (Wu, 2001; Wang et al., 2007, 2012). However, declining
precipitation and rising temperature occurred in these regions
(Fig. 4), and such climate change led to desertification expansion
(Hai et al., 2002; Sun and Li, 2002).

In our study, the contribution of human activities to desertifi-
cation reversal based on NPP variation was 54%, which was larger
than its contribution based on areal extent (42.1%). This result
demonstrated the dramatic positive impact of human activities on
carbon sequestration or desertification reversal. Therefore, we
should enhance the effectiveness of environment protect pro-
grams.

5. Conclusions

The relative roles of climate and human factors in desertifica-
tion were assessed. The results showed that 55.8% of northwest
China area experienced desertification expansion, whereas 44.2%
of the area experienced desertification reversal. The relative roles
of human activities and climate change in desertification expan-
sion were 70.3% and 21.7%, respectively. On the contrary, 42.1% of
desertification reversal was caused by human activities, and 48.4%
resulted from climate changes. Additionally, the relative roles of
the two factors in desertification based on NPP variation were
calculated. The result revealed that 69% of vegetation deterioration
was caused by human, whereas 15.2% was induced by climate
change. By contrast, 54% of vegetation restoration was caused by
human activities, whereas 23.9% resulted from climate changes.
Therefore, whether the quantitative assessemnt was based on
desertification expansion area or NPP variation, human activities
dominated the desertification expansion.

The relative roles of the two factors varied greatly in the studied
six provinces. We derived three propositions to explain the
situation. First, climate changes dominated desertification
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reversal, whereas human activities dominated desertification
expansion. Second, both desertification expansion and reversal
were induced by human activities. Third, climate changes
dominated desertification expansion, whereas human activities
dominated desertification reversal. The difference between
climate change and human activities, especially the effectiveness
of environmental protection policies, determined the driving force
of desertification. Therefore, we should enhance the effectiveness
of ecological restoration programs. This enhancement would not
only benefit the control of desertification and DSS (dust and
sandstorms) but also increase carbon sequestration.

The methodology and synthesized analysis based on areal
extent and NPP variations in this study can be ultilized in other
regions to evaluate the driving causes of desertification.
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