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Abstract
The vegetation in desert/grassland biome transition zones is part of a fragile ecosystem that is sensitive to climate change. Thus, in
recent decades, studying vegetation activity in desert/grassland biome transition zones has become important. Here, vegetation
activity and the evolutionary tendencies of the temporal and spatial differentiation of the phenology of the desert/grassland biome
transition zones were analyzed based on the Normalized Difference Vegetation Index (NDVI) of the third-generation Global
Inventory Modeling and Mapping Studies (GIMMS3g) dataset. Additionally, the relationship between vegetation activity and
climatic factors was analyzed based on NDVI and global meteorological reanalysis data. The results showed that the vegetation
phenology of desert/grassland biome transition zones exhibits sharply contrasting characteristics between the Northern and
Southern hemispheres, particularly when comparing differences before and after the breakpoint in global climate change
(1998). The length of the growing season (LOS) of the Northern Hemisphere was shorter after 1998 than before it, and the
integral of the growing season (IOS) of the NDVI decreased correspondingly. By contrast, the LOS in the Southern Hemisphere
was longer, and after 1998, the IOS of the NDVI increased compared to its previous value. The vegetation activity trend and the
fluctuation of the desert/grassland biome transition zones in the last 30 years can be divided into nine combinedmodes. However,
these features also have an obvious turning point in 1998. The effects of evapotranspiration and precipitation on vegetation
activity were most obvious, and these climatic factors drove the phenology changes in the different regions. Global warming
limited the vegetation activity in low-latitude areas, but promoted it in middle-latitude areas.

1 Introduction

Climate is an important determinant of land surface character-
istics such as biome distributions and vegetation phenology,
especially in arid and semi-arid areas (Weiss et al. 2004). As a
key component of the terrestrial ecosystem, vegetation plays a
key role in the interactions between the atmosphere and land
surface. In recent years, the response of vegetation to climate
change has become an active research field because inter-

annual and seasonal variations in vegetation can be a sensitive
indicator of global climate change (Qian et al. 2010). The
Normalized Difference Vegetation Index (NDVI) is an impor-
tant parameter that reflects changes in vegetation cover and its
growth status (Myneni et al. 1997). Long-term NDVI data can
be used to monitor the characteristics of annual growth, phe-
nology changes, spatial evolution, and drought impacts on
vegetation and reflects the response of vegetation activity to
climate change by using the relationship between the NDVI
and climatic factors (Bao et al. 2015; Du et al. 2013, 2017;
Martínez and Gilabert 2009; Rogier et al. 2011). Statistical
methods have been developed and applied to NDVI time se-
ries to detect the overall trend, slope, and inter-annual vari-
ability in the fields of ecosystem productivity and natural di-
sasters (Forkel et al. 2013; Huang et al. 2013). This research
has motivated scientists to use the inter-annual variability of
NDVI to monitor the ecosystem response to climate change at
global scales (Zeng et al. 2013). Fensholt et al. (2012) reported
that the NDVI of global semi-arid regions increased by an
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average of 0.015 from 1981 to 2007. Analysis of the status of
vegetation growth in high-latitude areas in the Northern
Hemisphere based on Global Inventory Modeling and
Mapping Studies (GIMMS) data has shown that rising tem-
perature is closely correlated with the increase in NDVI
(Slayback et al. 2010). The changes in phenology exhibited
a pronounced latitudinal zonality in the Northern Hemisphere,
with the start of growing season (SOS) being advanced sig-
nificantly in high-latitude areas and, from 1982 to 2006, the
end of growing season (EOS) being more obviously in mid-
latitude areas (Jeganathan et al. 2014). Differences in sensitiv-
ity to climate change are due to different vegetation types and
ecosystems (Bunn et al. 2007; Scholze et al. 2006). Therefore,
an analysis of the vegetation of climate-sensitive areas pro-
motes the understanding of global climate change.

The desert/grassland biome transition zone lies between the
desert and grassland and is characterized by arid and semi-arid
climate, rare precipitation, sparse vegetation, low biodiversity,
and harsh and fragile natural conditions and resources. The
geographic location of the desert/grassland biome transition is
primarily determined by climatic factors (Kröel-Dulay et al.
2004). Thus, the fluctuations or directional changes in climate
are expected to have large effects on these areas, such as a shift
in the status of vegetation growth and phenology (Kröel-
Dulay et al. 2004). Therefore, in the context of global climate
change, a study of vegetation activity and responses to climat-
ic factors in desert/grassland biome transition zones can be
expected to contribute to exploring the mechanisms of precip-
itation and temperature redistribution as they pertain to vege-
tation growth. Due to their arid climate, sparse vegetation, and
fragile ecosystem, desert/grassland biome transition zones are
easily influenced by climate change and are thus more sensi-
tive to it than are other terrestrial ecosystems (Bao et al. 2016;
Chen et al. 2017a, b; Hochstrasser et al. 2002). At different
temporal scales, the study of vegetation responses to climate
in desert/grassland biome transition zones can be used to un-
derstand and simulate dynamic changes in the terrestrial eco-
system, as well as reveal the features of global climate change.

Different kinds of long-term time series NDVI datasets that
derive from Advanced Very High Resolution Radiometer
(AVHRR), Satellite Pour l’Observation de la Terre
Vegetation (SPOT-VGT), and Moderate Resolution Imaging
Spectroradiometer (MODIS) have been published over the
past decades. There are also several AVHRR-derived NDVI
datasets with different corrections for sensor and atmospheric
effects (Beck et al. 2011). Among them, the third-generation
GIMMS NDVI dataset (GIMMS3g) is the longest global
submonthly time series of NDVI available and has been cru-
cial to studying a variety of global land vegetation processes
from 1981 to 2012 (Anyamba et al. 2014; Campo-Bescós et
al. 2013; Pinzon and Tucker 2014). New features of this
dataset include reduced NDVI variations arising from calibra-
tion, view geometry, volcanic aerosols, and other effects not

related to actual vegetation activity (Pinzon and Tucker 2014).
Therefore, compared to other remote sensing products, the
GIMMS3g has obvious advantages in vegetation monitoring
at large spatiotemporal scales. In this study, spatiotemporal
changes in vegetation growth and phenology in the global
desert/grassland biome transition zones over the last 30 years
were analyzed. Climatic factors driving phenology change as
well as the response mechanism of the vegetation to climate
change in different spatiotemporal scales were also analyzed
by coupling global meteorological reanalysis data. Thus, this
study provides a scientific basis and support for improving the
ecological environment of the desert/grassland biome transi-
tion zones and predicting the impact of future global climatic
changes on terrestrial ecosystems.

2 Data and methods

2.1 Remote sensing and meteorological data

Derived from the NOAA’s AVHRR for the period 1982–2012
with a 15-day temporal frequency, the GIMMS3g NDVI data
have been crucial to studying ecological processes on conti-
nental and global scales (Pinzon and Tucker 2014). With the
rapid advancement in meteorological data assimilation tech-
nology, historical climate datasets with high spatial–temporal
resolution have been reconstructed by some institutions
(Laloyaux et al. 2016). Here, precipitation data were obtained
from the NOAA’s land precipitation data (PREC/L) with this
historical reconstruction (Chen et al. 1997), surface tempera-
ture data were obtained from the Global Historical
Climatology Network’s Climate Anomaly Monitoring
System (GHCN-CAMS) (Fan and Dool 2008), monthly
evapotranspiration and photosynthetically active radiation da-
ta at the surface were obtained from the ERA-Interim atmo-
spheric reanalysis system of the European Centre for
Medium-range Weather Forecast (ECMWF) (Dee et al.
2011; Uppala et al. 2005), and daily surface temperature data
were obtained from the JRA-55 data of the Japan
Meteorological Agency (Ebita et al. 2011; Kobayashi et al.
2015). In addition, global land cover data were used from
GlobCover (Tchuenté et al. 2011). All meteorological data
were resampled into a spatial resolution of 8 km consistent
with the resolution of NDVI (Table 1).

2.2 Extraction of desert/grassland biome transition
zone

The desert/grassland biome transition zone, not a typical ter-
restrial biome, is part of the classification of grassland types
(Ren 2008) and considers multiple factors such as tempera-
ture, precipitation, and land cover. At the global scale, the
lower vegetation cover grassland and shrub area with arid
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climate conditions are defined as the desert/grassland biome
transition zone. Here, the spatial climate data and global land
cover data were assembled in a Geographic Information
System (GIS) software to extract the desert/grassland biome
transition zone. This zone is characterized by annual precipi-
tation between 100 and 400 mm, daily average atmospheric
temperature higher than 0 °C, accumulated temperature higher
than 2300 °C, and wet coefficient between 0.3 and 1.3. The
wet coefficient was calculated from the PREC/L precipitation
and the JRA-55 annual accumulated temperature. Fragmented
areas of the extracted desert/grassland biome transition zones
were eliminated, and nine partitions are obtained at the world-
wide scale (Fig. 1).

2.3 Methods

1. Trend analysis. To explore the trend of vegetation growth
indicators, the relationships between vegetation growth
indicators (ŷi ) and time (ti) were simulated using a linear
regression algorithm. The slope of the regression was cal-
culated pixel by pixel through the least squares method,
and the F-test was used to examine the level of signifi-
cance of the regression. The linear regression equation
was defined by the following formula:

ŷi ¼ aþ bti ð1Þ

The regression coefficient b has the following expression:

b ¼
n� ∑

n

i¼1
ti � yið Þ− ∑

n

i¼1
ti ∑

n

i¼1
yi

n� ∑
n

i¼1
t2i − ∑

n

i¼1
ti

� �2 ð2Þ

2. Fluctuation analysis. The time series of NDVI data
consisted of a linear trend and fluctuation. The linear
trend could be simulated by linear regression. To elimi-
nate the disturbance of the small periodic vibration, a
moving average series (yi’) of the original NDVI series
was obtained. The residual of the moving average NDVI
and the simulated linear trend were defined as the

fluctuation component, and its absolute value zi was cal-
culated using the following formula:

zi ¼ yi
0
−a−bti

�� �� ð3Þ

To detect the characteristics of the fluctuation, a least
squares method was used to establish a linear regression equa-
tion of zi and the corresponding time ti.

ẑi ¼ cþ dti ð4Þ

The regression coefficient d represents the eigenvalues of
the fluctuation characteristics of the original NDVI series. A
value of d greater than 0 indicates that z increases with time,
that is, the fluctuation of variables is enhancing; d less than 0
means that z decreases with time, that is, the fluctuation of
variables is weakening. The magnitude of d reflects the mag-
nitude of the fluctuation (Shi et al. 2014). Based on the char-
acteristics of the linear trend and fluctuation, vegetation activ-
ity was divided into nine modes (Fig. 2).

3. Correlation analysis. The Pearson correlation coeffi-
cient of the vegetation indicator in each desert/
grassland biome transition zone was calculated to ex-
plore the relationships of vegetation activity in each
region:

rxy ¼
∑
n

i¼1
xi−x

� �
yi−y

� �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
∑
n

i¼1
xi−x

� �2
∑
n

i¼1
yi−y

� �2
r ð5Þ

where rxy is the correlation coefficient, xi and yi represent
annual NDVI in different regions, x and y are the means of
annual NDVI in different regions during the study period, and
n is the length of time segments.

Partial correlations among vegetation and precipitation,
temperature, evaporation, and photosynthetically active radi-
ation were established to explore the relationship between
vegetation activity and climate factors:

rxy;z ¼ rxy−rxzryzffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1−r2xz
� 	

1−r2yz
� �r ð6Þ

Table 1 Survey of remote
sensing and meteorological data Datasets Index Spatial resolution Temporal resolution

GIMMS3g NDVI 8 × 8 km 15 days

PREC/L Precipitation 0.5 × 0.5° Monthly

GHCN-CAMS Temperature 0.5 × 0.5° Monthly

ERA-Interim Evapotranspiration 0.75 × 0.75° Monthly

Photosynthetically active radiation 0.75 × 0.75° Monthly

Jra-55 Air temperature 1.25 × 1.25° Monthly

GlobCover Land cover type 300 × 300 m

Characteristics of vegetation activity and its responses to climate change in desert/grassland biome... 917



where rxy,z is the partial correlation coefficient between the
vegetation index (x) and ameteorological factor (y), with other
climatic factors (z) as controlling conditions.

4. Phenology estimation. To reveal the phenology change of
the desert/grassland biome transition zone in recent de-
cades, the NDVI time series have been reconstructed
and used to estimate their phenology characteristics.
Due to the influence of aerosol, the performance of the

sensor, the angle of sunlight, and surface water, the long
time series of vegetation activity observed was usually
indented with irregular fluctuations, and a seasonal varia-
tion trend was not obvious. Therefore, the asymmetric
Gaussian (AG) function was used to gradually fit the veg-
etation growth curve, and the reconstructed NDVI series
was achieved by smoothing the Gaussian fitting curve. At
the same time, the characteristic parameters of the growth
seasons were defined using the software Timesat (Jönsson
and Eklundh 2004). The SOS and EOS were estimated as
30% of the rising and falling curve, respectively. The time
between SOS and EOSwas defined as the length of grow-
ing season (LOS) and the integral value of the LOS curve
was defined as the integral of growing season (IOS),
which reflected the total ground vegetation (Fig. 3).

3 Results and analysis

3.1 Basic characteristics of vegetation activity

3.1.1 Spatial distribution of NDVI and analysis of regional
correlation

The annual average NDVI values are between 0.2 and 0.4 in
global desert/steppe transition zones because the vegetation is
sparse. The spatial distribution of NDVI in the nine partitions
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Fig. 2 Modes of vegetation activity. Nine modes are (1) decreasing trend
and weakening fluctuation, (2) decreasing trend and enhancing fluctua-
tion, (3) decreasing trend and stable fluctuation, (4) increasing trend and
weakening fluctuation, (5) increasing trend and enhancing fluctuation, (6)
increasing trend and stable fluctuation, (7) no trend and weakening fluc-
tuation, (8) no trend and enhancing fluctuation, and (9) no trend and
stable fluctuation

Fig. 1 Distribution of desert/grassland biome transition zones. Nine par-
titions are (I) North American, (II) Mediterranean Coast, (III) Central
Asia, (IV) East Asia, (V) Sahel Region, (VI) Mediterranean climate

region of South American West Coast, (VII) East Coast of South
America, (VIII) South Africa, and (IX) Australia



is shown in Fig. 4. More detailed information was obtained
from the annual average NDVI in each region: (1) The mean
value of NDVI in the Mediterranean climatic region of the
South American West Coast (Fig. 4(VI)) is 0.38, the highest
globally and significantly higher than that of the East Coast of

South America (Fig. 4(VII)) even though they are geograph-
ically proximate. The next is the North America, with a mean
NDVI value of 0.31 (Fig. 4(I)). The partitions with relatively
low NDVI values are the East Asia (Fig. 4(III)), Central Asia
(Fig. 4(IV)), the Sahel Region (Fig. 4(V)), and the
Mediterranean Coast (Fig. 4(II)), with mean NDVI values of
0.22, 0.23, 0.22, and 0.25, respectively, because all these four
partitions have an obvious desert region. However, the mean
values of the NDVI in South Africa (Fig. 4(VIII)) and
Australia (Fig. 4(IX)) are 0.29 and 0.28, respectively. (2)
The spatial distributions of NDVI in the Mediterranean
Coast (Fig. 4(II)), East Asia (Fig. 4(III)), and Central Asia
(Fig. 4(IV)) have the same pattern, in that the NDVI in the
northern regions was generally higher than that of the southern
regions. However, the spatial characteristics of NDVI in the
Sahel Region (Fig. 4(V)) are opposite, in that it showed high
values in the southern areas and low ones in the northern,
because this partition is near the Equator. The NDVI in
North America (Fig. 4(I)) is highly spatially heterogeneous
and distinct from the spatial distributions of NDVI in South
Africa and Australia (Fig. 4(VIII), (IX)).

A correlation analysis of NDVI in global desert/steppe
transition zones (Table 2) indicates that moderate positive cor-
relations are found in the same latitude of the same
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Fig. 3 Definition of phenology parameters. SOS is the start of growing
season, EOS is the end of growing season, LOS is the length of growing
season, and IOS is the integral of growing season. The dashed curve is the
original NDVI series and solid curve is the reconstructed NDVI series

Fig. 4 Spatial distribution of annual NDVI in desert/grassland biome
transition zones. Nine partitions are (I) North American, (II)
Mediterranean Coast, (III) Central Asia, (IV) East Asia, (V) Sahel

Region, (VI) Mediterranean climate region of South American West
Coast, (VII) East Coast of South America, (VIII) South Africa, and (IX)
Australia



hemisphere, such as Central Asia and North America
(Northern Hemisphere) and South America and Australia
(Southern Hemisphere). This result indicates that although
the partitions are in different continents, the NDVIs in the
same latitude of the same hemisphere have the same change
characteristics. The annual average NDVI in the
Mediterranean Coast, which has a special geographical posi-
tion and climate type, recorded a particular correlation with
those of East Asia, South Africa, Australia, and the East Coast
of South America. Different from the positive correlations
among other regions, the annual average NDVI of the
Mediterranean Coast and the East Coast of South America is
significantly negatively correlated, with a correlation coeffi-
cient of − 0.545 (P < 0.01). On both sides of the Atlantic, the

Bseesaw^ phenomenon of vegetation activity is witnessed.
The phenomenon whereby vegetation activity, which is influ-
enced by climate, has obvious positive correlations in different
regions can be considered as a result of global climate evolu-
tion. The negative correlations between regions could be due
to the redistribution of heat and moisture on the two sides of
the Atlantic.

3.1.2 Phenology characteristics and their changed rules

The characteristics of phenology not only differ greatly in the
Northern and Southern hemispheres, but even for the same
region, the range of the inter-annual fluctuations of phenology
is also obviously significant (Table 3). The season of

Table 2 Correlation matrix of annual NDVI of each desert/grassland biome transition zone

I. North
American

II.
Mediterranean
Coast

III.
Central
Asia

IV.
East
Asia

V.
Sahel
Region

VI. Mediterranean climate
region of South America
West Coast

VII. East
Coast of
South
America

VIII.
South
Africa

IX.
Australia

I. North American 1.000 0.291 0.398* 0.055 − 0.131 0.017 − 0.261 0.098 0.099

II. Mediterranean Coast 1.000 0.163 0.427* − 0.024 − 0.201 − 0.545** 0.455* 0.384*

III. Central Asia 1.000 0.252 0.225 − 0.033 − 0.004 − 0.032 0.066

IV. East Asia 1.000 0.290 − 0.384* − 0.056 0.312 0.163

V. Sahel Region 1.000 − 0.326 0.324 0.183 0.015

VI. Mediterranean climate
region of South
America West Coast

1.000 0.292 − 0.045 0.091

VII. East Coast of South
America

1.000 − 0.215 − 0.324

VIII. South Africa 1.000 0.541**

IX. Australia 1.000

*Significant at 0.05 probability level

**Significant at 0.01 probability level

Table 3 Basic characteristics of phenology of each desert/grassland biome transition zone

Average
SOS
(DOY)

Earliest
SOS
(DOY)

Latest
SOS
(DOY)

Average
LOS
(days)

Shortest
LOS
(days)

Longest
LOS
(days)

Average
IOS

Minimum
IOS

Maximum
IOS

I. North American 111 89 129 202 175 221 5.54 4.94 6.08

II. Mediterranean Coast − 6 − 32 23 187 156 212 4.00 3.55 4.72

III. Central Asia 98 90 106 196 179 212 4.65 4.28 5.04

IV. East Asia 126 119 133 167 156 179 4.22 3.95 4.60

V. Sahel Region 167 156 194 109 96 123 2.55 2.23 3.16

VI. Mediterranean climate region of
South American West Coast

173 152 194 179 151 210 6.02 5.02 7.05

VII. East Coast of South America 11 − 22 50 223 205 242 3.72 3.34 4.13

VIII. South Africa 11 − 7 26 177 158 196 4.56 3.91 5.38

IX. Australia 69 38 119 188 159 208 4.44 3.58 6.11

Negative values indicate that vegetation growth season had begun in the previous year. DOYis day of year, SOS is the start of growing season, LOS is the
length of growing season, and IOS is the integral of growing season
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vegetation growth is from May to October and the average
LOS was 202, 196, and 167 days in North America, Central
Asia, and East Asia, respectively. The three regions mentioned
above are generally characterized by a continental or monsoon
climate, with an increasing synchronization of temperature
and precipitation, which facilitates the natural growth of veg-
etation. Because precipitation is the main limitation factor for
vegetation growth, the Sahel, which is located in the transi-
tional zone between the savannas and tropical deserts in the
low latitudes of the Northern Hemisphere and has adequate
warmth, has the latest SOS. The Sahel does not enter into the
rainy season and the vegetation into growing season until the
Intertropical Convergence Zone moves northward every sum-
mer. Additionally, the LOS in Sahel is the shortest with an
average of 109 days, and the short LOS and the low NDVI
result in the low IOS. The Mediterranean region is character-
ized by mild and rainy winters under the influence of the
prevailing westerly winds, and the growing season is mainly
concentrated in the winter. Hence, the growing season of the
Mediterranean Coast is similar to that of other regions in the
Southern Hemisphere. The vegetative period of the
Mediterranean region of the South American west coast is
similar to that of other regions in the Northern Hemisphere.
Moreover, an analysis of a correlated matrix regarding the
LOS of the nine regions over the last three decades found
different degrees of positive correlations of the LOS between
various regions, similar to the correlated analysis of the NDVI.
The correlation coefficients between Australia and South
Africa, North America and East Asia, North America and
Mediterranean climate region of South American West
Coast, North America and Central Asia, and Mediterranean
Coast and South Africa are 0.516, 0.479, 0.528, 0.428, and
0.485, respectively, with all passing the significance test (P <
0.01). As a consequence of the seasonal movement of the
planetary wind system and fluctuation of the rainfall season,
there is a significant negative correlation in terms of LOS
between the Mediterranean Coast and the Sahel, with a corre-
lation coefficient of − 0.394 (P < 0.01).

Over the past few decades, global warming has become an
indisputable fact. However, some recent studies have claimed
that there is an observed reduction in the surface warming
trend over the period 1998 to 2012 (Stocker et al. 2013; Karl
et al. 2015; Meehl et al. 2014; Trenberth and Fasullo 2013),
although that remains debatable (Karl et al. 2015; Trenberth
2015). Hence, a hypothesis that vegetation activity and phe-
nology have been changed by climate is put forward. To study
the change characteristics of vegetation before and after the
turning point, the slopes of the LOS and the IOS during 1982–
1998 and 1998–2012 in each desert/grassland biome transi-
tion zone were calculated and their variations were contrasted
(Fig. 5). The results show that, after 1998, the slope of the
LOS decreased in the Northern Hemisphere, except the Sahel,
and the slope of the LOS increased in the Southern

Hemisphere, except the Mediterranean climatic region of the
South American West Coast. After 1998, the slopes of all
IOSs decreased in the Northern Hemisphere and, except for
the East Coast of South America, those of the Southern
Hemisphere increased. The changes in phenology had the
opposite characteristics between the Northern and Southern
hemispheres in global desert/grassland biome transition
zones, such that, after 1998, most LOSs and IOSs decreased
more significantly than before in the Northern Hemisphere, in
contrast with regions in the Southern Hemisphere.

3.2 Change trend and fluctuation of vegetation

To study the fluctuation of vegetation during 1982–1998
(Fig. 6a) and 1998–2012 (Fig. 6b), the modes of vegetation
activity were detected pixel by pixel using the method de-
scribed in Section 2.3. Vegetation activity in 81% of the areas
of the global desert/grassland biome transition zones shows an
increasing trend; however, 47% of the areas show an enhanc-
ing fluctuation, and only 34% of the areas show a weakening
fluctuation. Vegetation activity with a decreasing trend and
weakening or enhancing fluctuation accounts for 10 and 8%
of all the areas, respectively. Over 1982–1998, the areas of
vegetation degradation are mainly concentrated in the
Mediterranean climate region of the South American West
Coast, the north and east of Australia, northwest of South
Africa, and other small areas (Fig. 6a). The mode of vegeta-
tion activity of no trend or stable fluctuation only accounts for
1% of the all areas, which means that, over the last 30 years, a
region with no vegetation change in the global desert/
grassland biome transition zones is almost nonexistent. After
1998, vegetation activity began to weaken in large areas, and
approximately 54% areas of the desert/grassland biome tran-
sition zones show a decreasing trend (Fig. 6b). Nevertheless,
most decreasing areas of vegetation activity have an enhanc-
ing fluctuation which accounts for 35% of total areas. The
above results have proven that the ecosystem of the global
desert/grassland biome transition zone is extremely sensitive,
and its vegetation is vulnerable to changes in the global
environment.

Moreover, the trend and inter-annual fluctuation of NDVI
in two stages shows an intense spatial differentiation. For ex-
ample, the trend of vegetation activity in most areas of Central
Asia, Sahel, and South America reversed completely.
Furthermore, the enhanced vegetation activity in Eastern
Australia over 1998–2012 reversed the original degradation
trend before 1998, but vegetation activity inWestern Australia
degraded after 1998. The inter-annual fluctuation in the NDVI
weakened, and vegetation activity tended to be stable in North
America, South Africa, southern East Asia, and northern
Australia.

The trend of pixels passing the significance test (P < 0.1)
was counted for 1982–1998 and 1998–2012 for the different
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hemispheres. The results showed that the slope of NDVI was
almost positive over 1982–1998, which indicates that the
NDVI mainly exhibited an increasing trend, and the variation
in the slope was small. This means that the vegetation activity
slowly increased over the period (Fig. 7a). The slope of NDVI
transformed from a packed first and forth quadrant to a ran-
dom distribution in four quadrants over 1998–2012 (Fig. 7b).
This indicates that the majority of NDVI values began to de-
crease, and a part of the vegetation activity began to weaken in
the global desert/grassland biome transition zones. In contrast,

the trend of the fluctuation of vegetation activity exhibited an
opposite characteristic (Fig. 8). Both weakening and enhanc-
ing fluctuation pixels exist in the Northern and Southern hemi-
spheres over 1982–1998 (Fig. 8a), which means that the fluc-
tuation of vegetation activity in this period is complex.
However, the fluctuation values became positive after 1998
(Fig. 8b), meaning that vegetation activity in most areas fluc-
tuated more significantly. From the above results, we deduced
that vegetation with poor adaptation to the disturbance of the
external environment was more sensitive and fragile. For this

922 J. Hou et al.

Fig. 5 The slope of the LOS (a) and IOS (b) during 1982–1998 and 1998–2012. LOS is the length of growing season, and IOS is the integral of growing
season

Fig. 6 Spatial distribution of vegetation activity modes for the period
1982–1998 (a) and 1998–2012 (b). (1) Decreasing trend and weakening
fluctuation, (2) decreasing trend and enhancing fluctuation, (3) decreasing
trend and stable fluctuation, (4) increasing trend and weakening fluctua-
tion, (5) increasing trend and enhancing fluctuation, (6) increasing trend
and stable fluctuation, (7) no trend and weakening fluctuation, (8) no

trend and enhancing fluctuation, and (9) no trend and stable fluctuation.
Nine partitions are (I) North American, (II) Mediterranean Coast, (III)
Central Asia, (IV) East Asia, (V) Sahel Region, (VI) Mediterranean cli-
mate region of South American West Coast, (VII) East Coast of South
America, (VIII) South Africa, and (IX) Australia



reason, the ecological environment became more unstable,
with extreme weather occurring at a higher frequency and
climatic events of higher intensity occurring in global desert/
grassland biome transition zones.

3.3 Relationship between vegetation activity
and climatic factors

Climate is the key factor influencing vegetation activity.
Long-term average climate determines the distribution pat-
tern and evolution of global vegetation at a large scale, and
inter-annual climate change can also cause the inter-annual
fluctuation of vegetation. To reveal the response mechanism
of vegetation to climate factors in the last 30 years, the
tendencies of temperature, precipitation, evapotranspira-
tion, and radiation were calculated for 1982–1998 and
1998–2012 (Table 4). From 1982 to 1998, the climate in

most desert/grassland biome transition zones was warming
and wetting and precipitation decreased only in North
America and the Mediterranean climatic region of South
American West Coast. Meanwhile, the evapotranspiration
significantly increased, except in North America and South
America, and photosynthetically active radiation declined
almost everywhere except the Mediterranean Coast. After
1998, the warming trend tended to slow down and even
completely reversed in some areas, which was consistent
with the IPCC Assessment Report (Stocker et al. 2013).
There were obvious differences, whereby precipitation
witnessed a considerable increase in Australia, South
Africa, and the Mediterranean Coast, and slight increases
or decreases in other regions, particularly in South America.
Evapotranspiration significantly decreased, and photosyn-
thetically active radiation declined slightly or even in-
creased, particularly in East Asia.
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Fig. 7 Frequency distribution of NDVI slopes for 1982–1998 (a) and 1998–2012 (b) in different hemispheres

Fig. 8 Frequency distribution of NDVI fluctuation for 1982–1998 (a) and 1998–2012 (b) in different hemispheres



To explore the effects of climatic factors on vegetation
activity in each desert/grassland biome transition zone, the
partial correlations involving NDVI and temperature, precip-
itation, evapotranspiration, and radiation were determined
pixel by pixel (Fig. 9). The results showed that the NDVI
was positively correlated to evapotranspiration and precipita-
tion and negatively correlated to radiation. However, there
were regional differences in the correlation between the
NDVI and temperature, whereby the NDVI and temperature
were positively correlated in middle-latitude areas and nega-
tively correlated in low-latitude areas. The number of pixels
with a partial correlation coefficient of NDVI and evapotrans-
piration, precipitation, temperature, and radiation that passed
the significance test level (P < 0.1) accounts for 36, 29, 28,
and 18%, respectively, of the entire desert/grassland biome
transition zone. In conclusion, NDVI is positively correlated
with evapotranspiration or precipitation at varying levels,
which are the most important factors driving vegetation activ-
ity in most global desert/grassland biome transition zones.

To further explore the inner relationship between NDVI
and climatic factors, the pixels passing the significance test
(P < 0.1) were counted and the correlation of NDVI slope
and climatic factors slope was determined. The scattered
points on the slope of the NDVI and the slope of temperature
in low-latitude areas are mainly distributed along the second
and fourth quadrants (Fig. 10a) with a negative correlation,
which means that rising temperature would strongly constrain
vegetation activity from 30° N to 30° S. Although rising tem-
perature can promote vegetation growth in middle-latitude
areas, the randomly scattered points on the slope of the
NDVI and the slope of temperature indicate that no significant
correlation was found (Fig. 10b). With a positive correlation
for the scattered points of the slope of NDVI and precipitation,
evapotranspiration is mainly distributed along the first and
third quadrants (Fig. 10c–f). This meant that the variation in
precipitation and evapotranspiration could affect changes in
NDVI to some extent. The slope of NDVI and the slope of
radiation almost did not correlate, especially for the period of
1998–2012 (Fig. 10g–h).

4 Discussion

The correlation analysis showed that the annual NDVI of the
Mediterranean Coast and the East Coast of South America has
a highly significant negative correlation and that vegetation
growth on both sides of the Atlantic has a marked Bseesaw^
phenomenon. This might be due to the variation in the inten-
sity of ocean currents between the South and the North
Atlantic. The IPCC Fourth Assessment Report stated that sa-
linity had been decreasing in the northern part of the North
Atlantic and that the meridional overturning circulation
(MOC) of the Atlantic Ocean would slow down during theTa
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twenty-first century (Parry et al. 2007). With the weakened
circulation, the northward North Atlantic Drift might be
projected to weaken, and warm seawater to stagnate, in the
middle-latitude areas; this would promote increasing precipi-
tation and consequently vegetation growth. Thus, vegetation
activity generally increased along the Mediterranean Coast.
Moreover, the changes in the warm Brazilian current may
have been driven by changes in the ocean currents of the
North Atlantic, which led to climatic fluctuations, with pre-
cipitation decreases and vegetation degradation along the East
Coast of South America. This gave rise to a significant nega-
tive correlation between vegetation growth along the
Mediterranean Coast and that of the East Coast of South
America. Certainly, in order to be established, this hypothesis
requires further analysis of changes in the ocean currents.

Previous studies observed that the average NDVI in the
global semi-arid regions had increased by 0.015 in 1981–
2007 (Fensholt et al. 2012), which agrees with the results of
this study. From the NDVI trend, in the last 30 years, the

vegetation activity has been enhanced in global desert/
grassland biome transition zones. Nevertheless, due to diverse
climatic conditions, there are obvious discrepancies in the
characteristics of vegetation activity in different periods of
time. Over 1982–1998, with a warming and wetting climate,
the vegetation growth generally increased with smaller chang-
es in the slope. However, with the change of precipitation
pattern in different regions, the vegetation growth changed
accordingly and the trend of NDVI was completely reversed
in Central Asia, the Sahel, and South America. Vegetation
activity was enhanced in Eastern Australia and weakened in
Western Australia. The spatial differentiation in vegetation
activity increased in East Asia, North America, South
Africa, and Australia. Previous studies found the precipitation
and NDVI in arid regions has a close relationship but that their
slopes did not correlate over 1981–2003 (Helldén and Tottrup
2008). However, this research found that, to some extent, the
slope of NDVI is correlated with the slope of precipitation,
which may be due to the difference in the time scale.
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Fig. 9 Partial correlation coefficient between NDVI and temperature (a),
precipitation (b), evapotranspiration (c), and radiation (d). Nine partitions
are (I) North American, (II) Mediterranean Coast, (III) Central Asia, (IV)

East Asia, (V) Sahel Region, (VI) Mediterranean climate region of South
American West Coast, (VII) East Coast of South America, (VIII) South
Africa, and (IX) Australia
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In addition to the temperature, precipitation, evapotranspi-
ration, and radiation factors that were considered in this study,
El Niño, La Niña, and other large-scale climate change events
also impact vegetation activity (Leeuwen et al. 2013).
Consequently, future studies on the effect of global climate
change on vegetation need to further discuss these phenome-
na. In addition to natural factors, human activities also play a
pivotal role in the change of vegetation in the desert/grassland
biome transition zone, which is a complex issue that needs to
be considered in future research. Furthermore, due to the wide
distribution and varying climate types of the global desert/
grassland biome transition zones, only the inter-annual vari-
ability of vegetation activity was analyzed; the study of intra-
annual variations should be further investigated in future work
(Jeong et al. 2011; Tateishi and Ebata 2004).

5 Conclusions

In this study, the vegetation activity and evolutionary tenden-
cies of the desert/grassland biome transition zones were ana-
lyzed based on the GIMMS3g NDVI dataset. Additionally,
the relationship between vegetation activity and climatic fac-
tors was analyzed. The following conclusions are obtained:

At the same latitude of the same hemisphere, vegetation
activity in most of the desert/grassland biome transition zones
showed a positive correlation and identical change trends.
However, the vegetation activity on both sides of the
Atlantic showed a marked Bseesaw^ phenomenon, which
may be the result of global climate evolution.

The LOS and the IOS of desert/grassland biome transition
zones recorded striking differences of phenology in the
Northern and Southern hemispheres during the two time pe-
riods. In the Northern Hemisphere, the slopes of LOS and IOS
for 1998–2012 are much lower than they were for 1982–1998,
which indicates that vegetation activity weakened after 1998.
However, the opposite trend occurred in the Southern
Hemisphere, where vegetation activity was enhanced after
1998 except for South America.

In 1998, the mode of vegetation activity in the desert/
grassland biome transition zones altered significantly. Over
1982–1998, most areas showed vegetation activity increasing
and enhancing fluctuation. However, the trend and fluctuation
changed approximately after 1998 and exhibited an intense
spatial differentiation. Based on these results, it can be inferred
that the ecosystem of the desert/grassland biome transition

zones became more sensitive and fragile in the twenty-first
century.

Climate is the key factor for vegetation activity in the glob-
al desert/grassland biome transition zones. Precipitation and
evapotranspiration significantly affected vegetation activity.
Moreover, the rising temperature restricted the vegetation ac-
tivity in low-latitude areas and promoted it in middle-latitude
areas.
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