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Abstract: Determining vegetation variation and its influential factors in a desert steppe under
the impacts of climate change and human activities is crucial and meaningful for improving the
understanding of desertification and taking targeted measures in ecological restoration. As compared
to a large spatial scale such as a region or a whole catchment, which are more common in published
studies, a micro perspective at the pixel level is provided in this study to investigate the vegetation
fractional coverage dynamics and build the correlations between vegetation fractional coverage
and its multiple influential factors, including precipitation, temperature, soil water, groundwater
and human activities in a desert steppe region in the Inner Mongolia Autonomous Region, China.
The average vegetation fractional coverage in August for the years 2000–2011 is 0.38 in the study
area. The interaction of rain (R = 0.80) and heat (R = −0.76) significantly determines the growth
and distribution of the vegetation in the study area. Besides, the effects of some other factors on
vegetation fractional coverage should not be neglected, including groundwater (R = 0.04), available
water content of soil (R = 0.23) and livestock density (R = 0.28). From the perspective of centre
dynamics for the years 2000–2011, the annual precipitation centre has better synchronism with the
vegetation centre, while the movement of the temperature centre is more stable.

Keywords: vegetation fractional coverage; influential factors; Pixel-level; correlation coefficient;
desert steppe

1. Introduction

As a consequence of global climate change and human utilization, a large portion of arid and
semi-arid ecosystems is either severely altered or on the verge of desertification [1]. Desert steppe
is particularly vulnerable, among these ecosystems, as the transition zone from steppe to desert,
and its important contributions to ecological stability, global change and food security are widely
recognized [2,3]. The desert steppe of Inner Mongolia occupies approximately 18% of the total
steppe area in China [3,4]. As a major sandstorm source in north-western China [5], the ecosystems
of these regions are very vulnerable for the following main reasons: (1) precipitation, as the main
limiting factor of vegetation growth in arid/semi-arid regions, is low and highly variable in amount
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and distribution [6,7], characterized by precipitation pulses [8]; (2) strong evaporation and surface
radiation exacerbate the water-sensitivity of vegetation in desert steppe [9–11]; (3) the dominant zonal
vegetation is herbaceous plants with shallow roots, which have a weak self-sustaining ability and
are extremely sensitive to environmental conditions [12,13]; (4) deeply situated in the hinterland of
the Eurasian continent, the ecosystem is particularly fragile due to the relatively high altitude and
continental climate [14]; (5) with limited ecological capacity, the ecosystem is very susceptible to
disturbance from unreasonable human activities such as overgrazing and over-cultivation [15,16].
Therefore, analysing the vegetation dynamics in the desert steppe, and identifying its dominant factors
under the impacts of climate change and human activities, is crucial and meaningful for improving the
understanding of desertification and taking targeted measures in ecological restoration [17,18].

The Normalized Difference Vegetation Index (NDVI), which uses the Red and Near Infrared
spectral bands, can be explicitly related to vegetation productivity [19–22]. The main research directions
on NDVI can be summarized as monitoring vegetation dynamics or land cover [23–25], analysing
its response with respect to climate change or human activities [26–28], the processing and analysis
of NDVI datasets [29–31], and using NDVI for classification or evaluation [32,33]. In contrast to the
intensively studied Tibetan Plateau [34–36] or Loess Plateau [37–39], the desert steppe of the Inner
Mongolia Autonomous Region receives much less public attention despite also being an ecologically
fragile area in Western China. It is vital to determine the influential factors of vegetation growth in
desert steppes and understand their respective roles in vegetation dynamics against a backdrop of
climate change and human activities. In these types of studies, most focus mainly on precipitation,
temperature or human activities, while few combine different factors together, including soil water
and groundwater, for an overall discussion and comparison. In addition, a large spatial scale, such
as a region or a whole catchment, is more common in published studies. Microscopic view, the pixel
level, for example, is seldom discussed.

The objectives of this study are therefore (i) to analyse the spatiotemporal variation of vegetation
fractional coverage (VFC) in Darhan Muminggan Joint Banner, a desert steppe region in the Inner
Mongolia Autonomous Region, China; (ii) to investigate the correlations between VFC and its multiple
influential factors, including precipitation, temperature, soil water, groundwater and human activities
at the pixel level; (iii) to identify the dominant factors of VFC. Given that gauging stations in Western
China are few and far between [40], Moderate Resolution Imaging Spectroradiometer (MODIS) NDVI
and land surface temperature (LST) data, Tropical Rainfall Measuring Mission (TRMM) precipitation
data, combined with other measured data, are used for calculation and analysis in this study.

2. Materials and Methods

2.1. Study Area

Darhan Muminggan Joint Banner (DMJB), situated between 41◦20′ N~42◦40′ N and
109◦16′ E~111◦25′ E, is a typical border animal husbandry banner in the Midwestern part of the
Inner Mongolia Autonomous Region, China. With an average elevation of approximately 1400 m
(Figure 1), DMJB has a population of 120,000 spread across an area of 18,200 km2. More than 90%
(approx. 16,600 km2) of the whole territory is covered by grassland. With a length of 154 km,
the Aibugai River is the longest river in DMJB. The river eventually flows into the Tengri Nayur
(a lake), which is the lowest altitude in DMJB and almost dry now, due to the construction of water
conservancy projects upstream and declining groundwater levels in recent years. Like most rivers in
arid/semi-arid regions, the Aibugai River is a seasonal river with limited available water resources [41].
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Figure 1. Overview of Darhan Muminggan Joint Banner and locations of weather stations. 

With a lack of rainfall and dry all year round, DMJB has climate characteristics typical of a 
desert steppe region. Without abundant surface water, precipitation, which can vary strongly in 
temporal and spatial distribution, is the main water source of local ecosystems. Affected by the 
humid air masses carried by the southeast monsoon, though weak, DMJB has an annual mean 
precipitation of 253.45 mm, and most of the limited precipitation is consumed by soil evaporation 
and plant transpiration to sustain the growth of the zonal vegetation [42]. Despite the overall scarcity 
of rain, more than 60% of the precipitation is concentrated from June to August; if May and 
September are included, the percentage is more than 80%. Spatially, the precipitation decreases from 
the southeast to the northwest of DMJB. The annual mean temperature in DMJB is 4.12 °C; in history, 
the highest temperature is 38 °C in July, and the lowest highest temperature is −39.4 °C in January. 
The annual mean water surface evaporation is 2480.57 mm (E601). A remarkable characteristic of 
DMJB is strong winds, with an average wind speed of 3.2–5.2 m/s; wind erosion can be serious, 
which accelerates soil and water loss and leads to sandstorm weather. 

With a vast territory, DMJB has 14 soil units of the FAO-90 classification system (or the FAO-74 
classification system) (Figure 2). Although a diverse type, the physical soil structure in the study 
area is not ideal, characterized by thin soil layer, coarse texture, and high sand content; with serious 
wind erosion and desertification, the ecosystem in the study area is very fragile. The most common 
soils in DMJB are Luvic Calcisols (41.1%), Calcic Kastanozems (23.2%), and Haplic Kastanozems 
(21.1%). All of these three are typical steppe soils in arid/semi-arid regions [43]. Luvic Calcisols are 
mainly located in the north of the study area, where the average elevation is lower. Haplic 
Kastanozems occur in higher elevated areas, mainly in the south of DMJB. Calcic Kastanozems are 
mainly distributed in the central areas between Luvic Calcisols and Haplic Kastanozems. Some other 
major soils include Calcaric Arenosols (4.8%), Calcic Gleysols (3.6%), Calcic Planosols (2.1%), and 
Gleyic Phaeozems (1.9%). The dominant vegetation in the study area is xerophyte species in the 
family Gramineae, including Stipa klemenzii, Stipa krylovii, Cleistogenes songorica, and Stipa breviflora. 
Other species include Aneurolepidium chinense, Artemisia frigida, Achnatherum splendens, and Caragana 
microphylla. The average height of grasses in the study area is 8–15 cm, the VFC is 30–45%, and the 
maximal biomass appears in mid- to late August. 

Figure 1. Overview of Darhan Muminggan Joint Banner and locations of weather stations.

With a lack of rainfall and dry all year round, DMJB has climate characteristics typical of a desert
steppe region. Without abundant surface water, precipitation, which can vary strongly in temporal and
spatial distribution, is the main water source of local ecosystems. Affected by the humid air masses
carried by the southeast monsoon, though weak, DMJB has an annual mean precipitation of 253.45 mm,
and most of the limited precipitation is consumed by soil evaporation and plant transpiration to sustain
the growth of the zonal vegetation [42]. Despite the overall scarcity of rain, more than 60% of the
precipitation is concentrated from June to August; if May and September are included, the percentage
is more than 80%. Spatially, the precipitation decreases from the southeast to the northwest of DMJB.
The annual mean temperature in DMJB is 4.12 ◦C; in history, the highest temperature is 38 ◦C in July,
and the lowest highest temperature is−39.4 ◦C in January. The annual mean water surface evaporation
is 2480.57 mm (E601). A remarkable characteristic of DMJB is strong winds, with an average wind
speed of 3.2–5.2 m/s; wind erosion can be serious, which accelerates soil and water loss and leads to
sandstorm weather.

With a vast territory, DMJB has 14 soil units of the FAO-90 classification system (or the FAO-74
classification system) (Figure 2). Although a diverse type, the physical soil structure in the study area
is not ideal, characterized by thin soil layer, coarse texture, and high sand content; with serious wind
erosion and desertification, the ecosystem in the study area is very fragile. The most common soils
in DMJB are Luvic Calcisols (41.1%), Calcic Kastanozems (23.2%), and Haplic Kastanozems (21.1%).
All of these three are typical steppe soils in arid/semi-arid regions [43]. Luvic Calcisols are mainly
located in the north of the study area, where the average elevation is lower. Haplic Kastanozems occur
in higher elevated areas, mainly in the south of DMJB. Calcic Kastanozems are mainly distributed in
the central areas between Luvic Calcisols and Haplic Kastanozems. Some other major soils include
Calcaric Arenosols (4.8%), Calcic Gleysols (3.6%), Calcic Planosols (2.1%), and Gleyic Phaeozems
(1.9%). The dominant vegetation in the study area is xerophyte species in the family Gramineae,
including Stipa klemenzii, Stipa krylovii, Cleistogenes songorica, and Stipa breviflora. Other species include
Aneurolepidium chinense, Artemisia frigida, Achnatherum splendens, and Caragana microphylla. The average
height of grasses in the study area is 8–15 cm, the VFC is 30–45%, and the maximal biomass appears in
mid- to late August.
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Figure 2. The soil units (FAO-90) in the study area: Cambic Arenosols (ARb); Calcaric Arenosols 
(ARc); Haplic Calcisols (CLh); Luvic Calcisols (CLl); Calcaric Fluvisols (FLc); Salic Fluvisols (FLs); 
Calcic Gleysols (GLk); Haplic Kastanozems (KSh); Calcic Kastanozems (KSk); Calcaric Phaeozems 
(PHc); Gleyic Phaeozems (PHg); Calcic Planosols (PLk); Haplic Solonetz (SNh); Water Regime (WR). 

2.2. Data Sources and Processing Methods 

In this study, the monthly NDVIs for August from 2000 to 2011 are selected to calculate the 
annual maximum VFCs; the maximal biomass in the study area appears in mid- to late August, as 
outlined above. Additionally, the monthly NDVI composites of 500 m are calculated by the 
MODND1D product via Maximum-Value Composites (MVCs). The NDVI data are then used to 
calculate the VFC as VFC = (NDVI − NDVI )/(NDVI − NDVI ) (1) 

where NDVIs is the NDVI of bare soil and NDVIv is the NDVI of the complete coverage of 
vegetation, which represents the minimum and the maximum NDVI in one area, respectively. In 
fact, due to the unavoidable clutter interference, the minimum and maximum NDVI in a certain 
confidence interval are usually chosen as NDVIs and NDVIv to reduce noise. In this study, we set a 
99% confidence interval, according to the conditions of the images, and pixels with a cumulative 
probability of pixel values less than 1% and greater than 99% are rejected as noise. 

To analyse the correlation between VFC and Land Surface Temperature (LST) of the growing 
season, we choose the MODIS-LST monthly composites from 2000 to 2011 calculated by the 
MODLT1T product of 1 km. In addition, since the LST composite comprises day and night LST data, 
the mean value of day and night LST is computed as the monthly LST. Temperature data, observed 
by two weather stations in DMJB (Figure 1), are used to test the precision of the MODIS-LST data 
through correlation analyses during the study period (Figure 3). Both the correlation coefficients 
between the MODIS-LST data and the observed data exceed 0.96. 

Figure 2. The soil units (FAO-90) in the study area: Cambic Arenosols (ARb); Calcaric Arenosols (ARc);
Haplic Calcisols (CLh); Luvic Calcisols (CLl); Calcaric Fluvisols (FLc); Salic Fluvisols (FLs); Calcic
Gleysols (GLk); Haplic Kastanozems (KSh); Calcic Kastanozems (KSk); Calcaric Phaeozems (PHc);
Gleyic Phaeozems (PHg); Calcic Planosols (PLk); Haplic Solonetz (SNh); Water Regime (WR).

2.2. Data Sources and Processing Methods

In this study, the monthly NDVIs for August from 2000 to 2011 are selected to calculate the annual
maximum VFCs; the maximal biomass in the study area appears in mid- to late August, as outlined
above. Additionally, the monthly NDVI composites of 500 m are calculated by the MODND1D product
via Maximum-Value Composites (MVCs). The NDVI data are then used to calculate the VFC as

VFC = (NDVI−NDVIs)/(NDVIv −NDVIs) (1)

where NDVIs is the NDVI of bare soil and NDVIv is the NDVI of the complete coverage of vegetation,
which represents the minimum and the maximum NDVI in one area, respectively. In fact, due to the
unavoidable clutter interference, the minimum and maximum NDVI in a certain confidence interval
are usually chosen as NDVIs and NDVIv to reduce noise. In this study, we set a 99% confidence
interval, according to the conditions of the images, and pixels with a cumulative probability of pixel
values less than 1% and greater than 99% are rejected as noise.

To analyse the correlation between VFC and Land Surface Temperature (LST) of the growing
season, we choose the MODIS-LST monthly composites from 2000 to 2011 calculated by the MODLT1T
product of 1 km. In addition, since the LST composite comprises day and night LST data, the mean
value of day and night LST is computed as the monthly LST. Temperature data, observed by two
weather stations in DMJB (Figure 1), are used to test the precision of the MODIS-LST data through
correlation analyses during the study period (Figure 3). Both the correlation coefficients between the
MODIS-LST data and the observed data exceed 0.96.
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Figure 3. Correlations between the MODIS-LST data and the observed temperature data of Bailingmiao
Station (a) and Mandula Station (b).

The NDVI data and LST data are processed MODIS products in the China region from the TERRA
satellite, provided by the International Scientific & Technical Data Mirror Site, Computer Network
Information Centre, Chinese Academy of Sciences (http://www.gscloud.cn).

The TRMM is a joint mission between the National Aeronautics and Space Administration (NASA)
and the Japan Aerospace Exploration Agency (JAXA) to study rainfall for weather and climate research
(http://trmm.gsfc.nasa.gov/). We choose the TRMM 3B43 dataset from 2000 to 2011 to analyse the
precipitation impacts on VFC in the study area, at a temporal resolution of a month and spatial
resolution of 0.25◦ × 0.25◦. The precision of TRMM precipitation data are tested by computing the
relative error (RE) with the observed precipitation data during the study period (Table 1).

Table 1. The RE between the TRMM precipitation data and the observed precipitation data.

Weather Station
RE/%

Monthly Precipitation Annual Precipitation

Bailingmiao 6.3 2.7
Mandula −5.6 3.6

Other data include the FAO soil database for soil water parameter calculation, measured
groundwater level data from 2010 to 2011, and livestock data from the social and economic statistical
yearbooks of DMJB (2000–2011), and village distribution from the first nationwide water resources
survey for livestock density calculation.

In this study, all of the spatial data are converted into unified Krasovsky 1940 Albers projected
coordinate system and are resampled to grid data with a spatial resolution of 500 m × 500 m.
Non-grassland areas are removed to eliminate the effect of other land covers (arable land mainly)
on VFC.

2.3. Research Methods

2.3.1. Spatiotemporal Variation of VFC

The grassland in the study area has been divided into low, medium, and high VFC grassland, and
their area proportion and variation processes are analysed. The classification standard of the grassland
in the study area is as follows (Table 2).

http://www.gscloud.cn
http://trmm.gsfc.nasa.gov/
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Table 2. The classification of the grassland in the study area.

Classification Standard and Description

High VFC grassland Natural and improved grassland with a VFC > 50%, characterized by good growth
conditions, and dense grass.

Medium VFC grassland Natural and improved grassland with a VFC 30–50%, characterized by general growth
conditions, sparse grass, and partial visible bare soil.

Low VFC grassland Natural grassland with a VFC < 30%, characterized by poor growth conditions,
obviously sparse grass and apparent bare soil.

In this study, the overall spatiotemporal variation trend of the grassland in the study area from
2000 to 2011 is analysed through the dynamics of the VFC centre. The VFC centre is computed at
a pixel level as follows:

xc =
∑m

i=1 xi ·Ci

∑m
i=1 Ci

(2)

yc =
∑m

i=1 yi ·Ci

∑m
i=1 Ci

(3)

where xc and yc are the abscissa and ordinate of the VFC centre; xi and yi are the abscissa and ordinate
of the ith pixel in the projected coordinate system, respectively; and Ci denotes the VFC of the ith pixel.
The dynamics of the VFC centre (xc and yc) can reflect the overall spatiotemporal variation trend of the
grassland in the study area to some extent.

2.3.2. Correlation Analyses between VFC and Its Influential Factors

For further understanding of the roles of different influential factors in vegetation growth in
desert steppe, the correlation coefficients between annual average VFC in the observed years and its
influential factors are calculated and analysed at a pixel level, distinct from most previous studies which
analysed data at a macroscopic regional scale. All spatial grid data, including VFC and its various
influential factors, are converted into point data with pixel information in ArcGIS. The one-to-one
correspondence of the extracted point data between the VFC and its influential factors is built in
MATLAB by a minimum distance optimizing method within a pixel scale (<500 m). In the next step,
the correlation coefficient between VFC and its influential factors is analysed by computing the Pearson
correlation coefficient with the formula below:

r = ∑i(xi − x)(yi − y)√
∑i(xi − x)2(yi − y)2

(4)

where xi and yi are the independent and dependent variables in the sample, respectively; and
x and y are the sample means.

The influential factors selected for correlation analyses include precipitation, temperature,
groundwater, soil water, and human activity.

Precipitation

The significance of precipitation in the ecological processes of arid and semi-arid areas is
widely recognized [44,45]. In this study, the pixel-based correlations between VFC and annual
precipitation, accumulated precipitation in the non-growing season (November to March including
rainfall and snowfall), and monthly precipitation of the growing season (April to October) are analysed.
The precipitation data used for analysis are TRMM data, and both the VFC and precipitation data are
annual average values from 2000 to 2011.
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Temperature

Unlike precipitation, which is positively associated with vegetation growth in most cases,
temperature, another crucial role for vegetation growth in arid/semi-arid region, shows different
correlations in different cases, which can be either positive or negative [46–48]. The correlations
between VFC and monthly temperature of the growing season and effective annual accumulated
temperature (≥10 ◦C) are analysed at a pixel level. The monthly temperature data are from MODIS
LST data, and the effective accumulated temperature data are calculated by a 5-day moving average
algorithm, using the daily mean temperature data observed by 7 meteorological stations in and adjacent
to the study area, and then interpolated into raster GRID format by the inverse distance weighted
(IDW) method, carried out in ArcGIS. Both the VFC data and temperature data are annual average
values from 2000 to 2011.

Groundwater

Published studies on the effects of groundwater on vegetation in arid and semi-arid areas
focus mainly on the available moisture of shrubs and trees, which generally have strong and deep
roots [49–52]. Herbaceous plants account for the largest proportion in both biomass and distribution
in desert steppe, and usually have short roots; however, studies on the relationship between their
growth and distribution and groundwater are few and still a matter of controversy [53–56]. In this
study, 105 measured data points (approx. uniform distribution) of the groundwater table in the study
area, with the depth not deeper than the threshold depth of the phreatic evaporation (approximately
6.3 m), are used to plot the depth contour of the groundwater level using the Kriging interpolation
method (Figure 4), and the correlation between the VFC and groundwater in the study area is then
analysed at a pixel level.
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Available Water Content of Soil

Soil water is the direct water source for vegetation during different phonological phases, and
soil texture affects vegetation growth and distribution by influencing soil moisture conditions [57–59].
In this study, the available water content (AWC, mmH2O/mm) of soil is selected to analyse its
correlation with VFC. The AWC of soil, also known as the available water for vegetation, can
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be estimated by calculating the difference between field capacity and the wilting point using the
following formula,

AWC = FC−WP (5)

where AWC is the available water content of soil, vol %; FC is the field capacity, vol %; and WP is
the wilting point, vol %. The field capacity and the wilting point of each soil type in the study area
are computed by SPAW software (developed by Washington State University, WSU) using the soil
mechanical composition parameters in the FAO soil database. The AWC of soil in the study area is
transformed into GRID format in ArcGIS (Figure 5).Water 2017, 9, 478  8 of 17 
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Human Activities

Overgrazing has been a common and long existing problem in pasture areas of China with the
increasing demand for livestock products [60,61]; given that the ecosystem in the desert steppe is
more fragile, the effect of overgrazing is more serious [62]. The correlation between VFC and livestock
density is analysed to determine the effect of grazing on vegetation distribution. To obtain the GRID
data of livestock density in the study area, the large livestock and sheep of each town (the smallest
administrative unit of official statistics) are converted into sheep units according to grass consumption,
where one large livestock equals five sheep units, and one sheep is one sheep unit. Next, the sheep
units of each town are distributed equally into every village of this town with the assumption that the
livestock density is high in two cases: (i) a more concentrated village distribution, and (ii) a higher
livestock amount. The livestock density distribution map in GRID format is made in ArcGIS using
the Kernel Density tool (Figure 6), which can calculate a density from point features using a kernel
function to fit a smoothly tapered surface to each point, and the radius of grazing influence is set to
3 km through spot investigation in the study area (the average radius of the 1209 villages in DMJB
is 2 km).
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2.3.3. Dominant Factor Identification of VFC

By analysing the correlation between VFC and its influential factors, the dominating factors that
have a significant effect on the vegetation distribution in the study area are identified, and the response
of the spatial and temporal dynamics of the VFC centre to the dominate factors is also analysed at
a pixel level.

3. Results and Discussion

3.1. Spatiotemporal Variation of VFC

The average VFC in August for the years 2000–2011 is 0.38 in the study area (Figure 7). A low
coefficient of year-to-year VFC variation (ratio of VFC standard deviation to VFC mean) of 12.2%
identifies the small temporal variability of the average VFC in the study area for the observed years.
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According to the classification standards of grassland VFC, the annual average area proportion
and coefficient of year-to-year area variation (ratio of area standard deviation to area mean, CVa)
during the observed period of the low, medium, and high VFC grassland in the study area are shown
in Figure 8. As a desert steppe region, DMJB is dominated by medium-low VFC grassland, accounting
for 85.1% of the total area (27.5% and 57.5%, respectively). In terms of the area variation, the low and
the high VFC grassland have a much higher coefficient of year-to-year area variation than the medium
VFC grassland, which indicates frequent transformation between low and high VFC grassland and the
medium VFC grassland.Water 2017, 9, 478  10 of 17 
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Figure 8. Area proportion and coefficient of year-to-year area variation (CV) of low, medium and high
VFC grassland.

Figure 9 shows the spatiotemporal dynamic of the VFC centre in the east-west (Figure 9a)
and north-south (Figure 9b) directions. A trend of the VFC centre in the study area moving
towards northwest could be observed from the results: 280 m/a westwards and 72 m/a northwards.
The dynamic of the VFC centre can reflect the overall variation process of the suitable zone for
vegetation growth. Given that DMJB is the transition zone from typical steppe to desert located in
the midwestern part of Inner Mongolia, the growth conditions in the southeast of the study area are
better than those in the northwest in general; from this view, the possible trend of the VFC centre of
the study area moving towards northwest in the observed period could be significant in some research
fields, such as desertification and climate change, which implies the possible variation of the suitable
zone for vegetation growth in the study area.
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3.2. Correlation Analysis of the VFC and Its Influential Factors

3.2.1. Precipitation

The correlation coefficients between VFC and monthly precipitation are shown in Table 3;
the annual correlation coefficient is 0.8, the annual highest correlation coefficient of 0.79 occurs in
the non-growing season (November to March), and July, August, October, and June have correlation
coefficients exceeding 0.70. The precipitation process could be divided into three stages to analyse
its correlation with vegetation growth, which is the vigorous growth stage from June to August,
the decreasing stage including September, October and the non-growing season, and early growth
stage including April and May. The rainfall in the vigorous growth stage accounts for more than 60%
of the annual precipitation in the study area. With all their correlation coefficients greater than 0.70,
the significance of the precipitation from June to August with respect to the growth and distribution
of vegetation in desert steppe is obvious. July possesses the highest correlation coefficient (0.78)
among these three months. Small in amount, but great in ecological significance, with a proportion
of precipitation less than 30%, the precipitation of the decreasing stage has a strong correlation with
VFC. In particular, the precipitation of the five months in the non-growing season from November
to March (most of which is snowfall), which only accounts for 8.6% of annual precipitation, has the
very impressive correlation coefficient of 0.79, even greater than that of July, which demonstrates the
snowfall in the non-growing season may have important impacts on VFC in desert steppe. The rainfall
in the early growth stage is low, with the proportion less than 12%, the correlation with VFC is
weak as well. The vegetation in desert steppe is becoming green in this stage with relatively weaker
physiological activities, the water demand in this period is limited; thus, in addition, the soil water
remaining in the non-growing season seems to play an important role, which reveals that the rainfall
and snowfall before the early growth stage may weaken the effect of precipitation in this stage on VFC.

Table 3. Precipitation proportion and the correlation coefficients between precipitation and VFC.

Period Precipitation (mm) Proportion (%) Correlation Coefficient

Non-growing season 18.99 8.6 0.79
April 48.78 3.3 0.47
May 48.22 8.5 0.38
June 10.60 16.7 0.7
July 36.70 22.2 0.78

August 30.60 21.9 0.75
September 7.33 13.9 0.65

October 18.63 4.8 0.75
Annual 219.85 100 0.8

3.2.2. Temperature

The correlation coefficients between VFC and effective annual accumulated temperature (≥10 ◦C),
monthly temperature in the growth season (April to October), and average temperature in the growth
season are shown in Table 4.

Table 4. The correlation coefficients between VFC and temperature in the study area.

Period Correlation Coefficient

Annual accumulated temperature ≥ 10 ◦C −0.36
April −0.62
May −0.68
June −0.71
July −0.78

August −0.82
September −0.77

October −0.58
Growing season −0.76
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Two main conclusions can be drawn from the results: (1) temperature is negatively associated
with the growth and distribution of vegetation in the study area; and (2) the correlation coefficients are
generally high.

Given the rare rainfall in the desert steppe, both of the above results could be analysed associated
with precipitation in the corresponding period. Evapotranspiration, directly related to temperature,
affects vegetation growth by affecting soil water distribution, which in turn supplies the direct water
source to most shallow-root vegetation. Similar to precipitation, the temperature of the vigorous growth
stage from June to August shows very strong correlations with VFC, albeit negatively. The effect of
rain and heat appearing at the same time seems to aggravate the ecological vulnerability in the desert
steppe; once the rainfall in the vigorous growth stage is insufficient, a sharp decrease in biomass seems
inevitable, considering that herbaceous plants with poor self-sustaining abilities depend strongly on
soil water of the root zone.

As for September and October in the decreasing stage, the influence of temperature on vegetation
growth emerges in the next growing season by affecting the storage of soil water by evapotranspiration.
With more rainfall and higher temperatures, the correlation coefficient of September is obviously
greater than October.

In terms of the effective annual accumulated temperature (≥10 ◦C), the correlation coefficient of
−0.36 reveals that the influence of accumulated temperature is not that significant when compared
with temperature, considering that the sunshine in the desert steppe is sufficient.

3.2.3. Groundwater

The correlation coefficient between vegetation and groundwater is only 0.04. Generally,
precipitation and groundwater are considered to be the two main water sources for vegetation growth.
Groundwater is especially important for some shrubs and trees, which have deep and strong roots
in some arid/semi-arid regions. For the herbaceous plants with shallow roots no deeper than 1 m
(most of them are not deeper than 40–50 cm in the study area), the phreatic evaporation is also believed
to be available for some vegetation. Our study analyses the correlation between VFC and groundwater
at a pixel level, and shows that the effect of groundwater on VFC is not that significant compared to
precipitation and temperature. However, the weak correlation does not mean that the groundwater is
meaningless to vegetation growth; it just indicates that the effect of groundwater on determining the
spatial distribution of vegetation is far less than that of precipitation and temperature, as far as the
whole study area is concerned.

3.2.4. Available Water Content of Soil

The correlation coefficient between vegetation and available water content of soil is 0.23.
The available water content of soil reflects the water storage capacity of soil; under the same conditions,
soil with higher available water content can provide more available water for vegetation growth.
However, this capacity is also limited by multiple factors, such as the strong evaporation of soil water
in desert steppe. From the spatial scale of the whole study area, the available water content of soil
affects the distribution of vegetation to some extent, but not as much as precipitation and temperature.

3.2.5. Livestock Density

In recent decades, the increasing influences of human activities on the various ecosystems have
caused more and more concerns. Overgrazing is thought to be one of the most serious effects of human
activities on grassland ecosystems. The VFC is significantly positively (p < 0.01) associated with the
livestock density, with a correlation coefficient of 0.28. This result demonstrates that the influence of
human activities in the study area is even greater than some natural factors formed over a long time,
such as groundwater and soil water.
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3.3. Spatiotemporal Analyses of the Dominant Factors

Precipitation and temperature are the two dominant factors of VFC in the study area through the
correlation analyses above (Figure 10).Water 2017, 9, 478  13 of 17 
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In the previous analyses, we discuss the dynamics of the VFC centre in the study area. Next,
the dynamics of precipitation and temperature centres, together with that of the VFC centre, are
shown in Figure 11 for comparing their moving trend. The annual precipitation centre has better
synchronism with the VFC centre, as they have almost the same moving trend in the observed period,
while the movement of the temperature centre is more stable. Annually and seasonally, precipitation
in this arid/semi-arid region displays very strong pulse dynamic characteristics, which can trigger
various ecological processes. The VFC centre dynamics in the study area are affected mainly by
precipitation processes.
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4. Conclusions

In this study, the spatiotemporal variations of VFC, and the correlations between VFC and its
influential factors in DMJB, are analysed at the pixel level, and the dominant factors of the desert
steppe are further identified and discussed. The interaction of rain and heat significantly determines
the growth and distribution of the vegetation of the desert steppe in the study area, and the effects of
some other factors, especially overgrazing, should not be ignored.
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The main conclusions of this study are as follows:
(1) The average VFC in August for the years 2000–2011 is 0.38 in the study area, with a low

coefficient of year-to-year VFC variation of 12.2%. The study area is dominated by medium-low VFC
grassland with an area proportion of 85.1%. A northwest moving trend of the VFC centre is evident in
the observed period at a speed of 280 m/a westwards and 72 m/a northwards.

(2) The correlation coefficient between VFC and annual precipitation is 0.80 in the observed
period. The non-growing season (November to March), July, August, October, and June have
correlation coefficients greater than 0.70, and the highest correlation coefficient of 0.79 occurred
in the non-growing season.

(3) Under the influence of evapotranspiration, temperature is negatively associated with VFC in
the study area. The correlation coefficient between VFC and the average temperature in the growing
season is −0.76, while the correlation coefficient between VFC and effective annual accumulated
temperature (≥10 ◦C) is −0.36.

(4) The correlations between VFC and ground water, the available water content of soil, and the
livestock density are not that significant compared to precipitation and temperature in the study area,
with correlation coefficients of 0.04, 0.23, and 0.28, respectively. Continued attention should be paid to
the impact of overgrazing on desert steppe.

(5) The dominant factors of the VFC in the study area are precipitation and temperature. From the
perspective of centre dynamics for the years 2000–2011, the annual precipitation centre has better
synchronism with the VFC centre, while the movement of temperature centre is more stable, which
reveals that the dynamics of the VFC centre are mainly affected by precipitation in the observed years.

Pixel-level spatiotemporal analyses of VFC variation and its influential factors provide a unique
perspective to survey the vegetation dynamics in a desert steppe. By building the links between VFC
and its influential factors based on a large amount of pixel information, some easily ignored facts are
described quantitatively. For example, although the meaning of non-growing season precipitation
in arid/semi-arid regions is sometimes discussed, its effect may still be underestimated, at least in
statistics, by correlation analysis at a pixel scale.
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