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Abstract 
In the arid and semi-arid regions of Northeast Asia, grassland degradation has become a major environ-

mental and economic problem, so sustainable utilization of resources is crucial in terms of not only supporting 
the local and animal production but also thinking about the global environment. Especially in Mongolia and 
North China, grassland degradation has mainly been induced by artificial factors such as overgrazing by 
livestock, inadequate management of arable land and uncontrolled cutting of trees for fuel. In particular, 
overgrazing is one of the main causes of grassland degradation, and conservation and sustainable use of the 
grasslands can be achieved by proper grazing management to match carrying capacity estimates. How, though, 
can we achieve the ability to maintain valuable ecosystems and sustainable livestock farming at the same 
time? Satellite remote sensing and the Geographic Information System (GIS) are two of the most powerful 
tools to assist in grazing management. There is an increasing number of development analysis tools that can 
aid in collecting data on seasonal changes in grazing behavior over long-term periods. Quantitative 
assessment methods for monitoring spatial and temporal distributions of grazing animals at a regional scale 
are required in studies designed to determine the driving causes of desertification. This paper first reviews 
previous studies monitoring desertification through the use of remote sensing and tools for assessing livestock 
distribution, and then discusses current developments and future perspectives of remote sensing of grasslands 
in Northeast Asia. 
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1. Introduction 

 
It is currently widely accepted that desertification is 

one of the most serious environmental issues in semi-arid 
and arid areas. According to Lepers et al. (2005), Asia 
currently has the greatest concentration of areas showing 
rapid land cover change, particularly dryland degradation. 
In Northeast Asia, desertification is extremely serious 
due to poor climate conditions, such as drought, severe 
wind erosion and long-term unsustainable human 
activities, including overgrazing, extensive cutting and 
over-reclamation (Wang et al., 2006). Especially in 
Mongolia and North China, grazing pressure may play a 
critical role in maintaining ecosystem productivity 
through concentration of limited resources (Wang & 
Wang, 1999) as well as the meteorological effect (Li et al., 
2000). 

The environmental impact from overgrazing in 
Mongolia and North China can be reduced by more effi-
cient forage utilization, and grassland diversity enhanced 
through improved understanding of grazing selection. In 

addition, the physical and economic productivity of 
grazing systems is intrinsically linked to the efficiency of 
single grazing units. To date, numerous grazing trials 
have been done by scientists in Mongolia and China in 
order to determine the effects of grazing on plant 
production (Li et al., 1999), plant species composition 
(Han et al., 1999, Tsutsumi et al., 2003), soil organic 
matter (He et al., 2008) and soil structures (Jia et al., 
1999). However, when applying these results in free 
ranging areas, some difficulties arise when relying on 
direct observation alone because some ground-based 
methods are not practical for assessing both plant bio-
mass and grazing distribution over extensive geographic 
areas. Satellite remote sensing and the Geographic 
Information System (GIS) are two of the most powerful 
tools for assisting in grassland resource inventories and 
integration of data and as mechanisms for analysis, 
modeling and forecasting to support decision-making 
(Tueller, 1989). However, it is difficult to evaluate live-
stock intake from satellite data alone because remotely 
sensed signatures only can provide information on exist-
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ing surface properties, such as soil, vegetation and water 
bodies. Quantitative assessment methods for monitoring 
spatial and temporal distributions of grazing animals at a 
regional scale are required in studies designed to deter-
mine the driving causes of desertification. The Global 
Positioning System (GPS), as one potential tool, is now 
widely applied in monitoring the spatial distribution of 
grazing animals.  

In this review paper, we introduce ways to examine 
grassland desertification using remote sensing technol-
ogy with a focus on Mongolia and North China. We in-
clude recent developments in sensor technology for 
remote sensing and tools for monitoring livestock 
distribution, with future perspectives for integrated use of 
these technologies to combat desertification issues.  
The sections include an overview, remote sensing for 
monitoring grassland degradation, tools for monitoring 
livestock grazing behavior and their spatial distribution, 
and future perspectives on efficient grassland manage-
ment. 

 
2. Overview 

 
China is one of the most severely desertified countries 

in the world. Almost 60% of its population is living in 
areas at risk, covering approximately 3.3 million km2 in 
thirteen provinces and autonomous regions, mainly in 
North China (CNC-UNCCD, 1996). There are eight large 
deserts and four large sandy lands (Zha & Gao, 1997) 
(Fig. 1). Most lie in regions above 35ºN and have  
an annual rainfall of <450 mm (Wang et al., 2008), or 
<400 mm according to Zha and Gao (1997). Historically, 
in China, ground surveys have been conducted to collect 

information on desertification, and this method has been 
gradually replaced by aerial photographic interpretation 
at small scales. Since the emergence of space-borne 
remote sensing, satellite images have been utilized to 
delineate the extent of desertified areas (Zha & Gao, 
1997). 

Mongolia is a landlocked country with a land area of 
over 150 million ha, of which over 83% is rangelands 
(Angerer et al., 2008). Its climate is continental with 
extremely cold, dry winters and warm summers. Live-
stock production is its major agricultural industry, 
accounting for approximately 20% of the gross domestic 
product. Mongolia’s livestock production depends much 
on the productivity of natural grasslands. Wuyunna and 
Okamoto (2006) reported on changes in Mongolia’s 
agriculture, stock raising, ecosystems and ecological 
dynamics. 

How then can we get an overview of the present and 
future states of grasslands ? Grassland conditions will be 
decided by the balance of grass production (GP) and 
herbage intake by grazing animals (HI) (Fig. 2). When HI 
is greater than GP, grasslands face degradation. On the 
other hand, if GP is greater than HI, grasslands will be 
conserved and the land will recover. Akiyama and 
Kawamura (2007) proposed a system for measuring GP 
and HI to predict grassland conditions. GP is determined 
by climate, soil, plant species and so on, whereas HI 
depends on grazing intensity, including the stocking rate, 
animal species, palatability and so on. This system is 
intended for real-time monitoring of GP and HI using 
satellite remote sensing data, the GIS, GPS and mathe-
matical models. 

 

 
Fig. 1 Landsat mosaic image for China and Mongolia with locations of desert and sandy lands in China (Source: modified from 

Zha & Gao, 1997), and boundary line (yellow line) at 400 mm annual precipitation.  
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3. Remote Sensing for Monitoring Grassland 
Degradation 
 

3.1 Changes in land cover type 
Desertification dynamics can be accurately monitored 

and assessed via a combination of satellite observations 
and in situ information (Collado et al., 2002). Satellite 
remote sensing data can provide alternative data sources 
for large areas, allowing classification of the land cover 
types and estimations of above-ground biomass and 
primary production. In general, changes in vegetation are 
the most direct indicator of land degradation (Yang et al., 
2005). Satellite-based remote sensing data have been 
applied to the monitoring of desertification in Northeast 
Asia, the mapping of land use and land cover (LULC) 
and the ascertainment of desertification indicators. 

Numerous studies of large-scale land cover mapping 
have used data from the National Oceanic and Atmos-
pheric Administration’s (NOAA) Advanced Very High 
Resolution Radiometer (AVHRR). AVHRR-derived nor-
malized-difference vegetation index (NDVI) data may be 
the most widely used data source and has providing some 
success at assessing the condition of vegetation in arid 
and semi-arid regions of North China (Akiyama & 
Kawamura, 2003, Kawamura et al., 2004, Lee et al., 
2002) and Mongolia (Kogan et al., 2004). Vegetation 
indices (VIs) are spectral transformations of two or more 
bands designed to enhance the contribution of vegetation 
properties. Perhaps, NDVI is the most widely used VIs 
because of their simplicity, which can be calculated by 
red and near-infrared bands. The AVHRR sensors, 
however, were originally designed for meteorological 
applications and only cover two spectral bands (red and 
near-infrared) that can be used to generate spectral 
indices of vegetation greenness. A new generation of 
optical sensors designed for terrestrial applications was 
launched in the 1990s. These include the VEGETATION 
(VGT) sensor onboard the SPOT-4 satellite and  
the Moderate Resolution Imaging Spectroradiometer 
(MODIS) onboard the Terra and Aqua satellites.  

In the Temperate East Asia (TEA) region, Boles et al. 
(2004) applied the multi-temporal Land Surface Water 
Index (LSWI) and Enhanced Vegetation Index (EVI) to 

map land cover types and investigate the seasonal 
dynamics of various land cover types, distinguishing five 
classes of barren or sparsely vegetated land. Later, in 
TEA region, Huang and Siegert (2006) investigated the 
characteristics and usefulness of low resolution SPOT 
VGT satellite imagery for assessment and monitoring of 
desertification in North China. They found that more 
sparsely vegetated land can be detected better by 
optimized VGT-NDVI data than by Global Land Cover 
2000 or MODIS Vegetation Continuous Field data. The 
areas at risk of desertification were modeled, and the 
results suggested 1.60 million km2 were at risk of deser-
tification.  

Various high-resolution satellite data such as Landsat 
TM and Terra ASTER, were also used to investigate 
desertification processes (Collado et al., 2002). Imagawa 
et al. (1997) attempted to detect desertified areas using 
multi-temporal images, and developed a monitoring 
method in the Horqin desert area. Using three indices 
obtained using a Landsat TM-band combination, they 
determined the yearly changes in desertified areas. Based 
on a GIS approach, Zhang et al. (2003) investigated 
desertification of transitional zones of the Desert Loess in 
the Yulin region using two Landsat TM images between 
1987 and 1999. Their results showed that desertification 
is still severe and that the desertified land accounts for 
67.7% of the total land area.  

 
3.2 Yearly changes in net primary production 

At the regional to global scale, there have been 
numerous attempts to predict terrestrial net primary pro-
duction (NPP) or above-ground NPP (ANPP) from space 
using NOAA AVHRR (Paruelo et al., 1997; Wylie et al., 
1991; Tucker & Sellers, 1986), Spot VGT (Sabbe & 
Veroustraete, 2000), and Terra MODIS (Running et al., 
2004). For instance, Fig. 3 shows the improved MODIS 
NPP product (MOD17A3) data of 2000 and 2006 for 
Mongolia and China (Zhao et al., 2005). The original 
MODIS NPP/GPP algorithm is described in Running  
et al. (2004) and Heinsch et al. (2003). The difference in 
images in Fig. 3 shows that NPP had decreased in 
Mongolia and North China between 2000 and 2006. 
According to Angerer et al. (2008), recent studies in 
Mongolia have indicated that NPP will be reduced by 
5%~30% in the forest steppe and steppe zones by 2080. 
High mountain areas and desert steppe zones, however, 
are expected to have higher NPP (25%~75%) due to ris-
ing temperatures in the high mountain zone and increas-
ing rainfall in the desert steppe zones.  

 
3.3 Monitoring aboveground biomass and forage 

quality 
In Inner Mongolia, Lei and Yokoyama (1999) esti-

mated mean above-ground biomass using AVHRR- 
NDVI on a regional scale in 1996. A similar study in 
Kawamura et al. (2003) using AVHRR-NDVI found that 
the mean aboveground biomass of the entire Xilingol 
steppe in the summer of 2001 was 1,189 kg/ha, which 
was 40% lower than the amount that Xiao et al. (1997)  

 

  
Fig. 2 Concept of grassland condition balance between 

grass production and herbage intake (Akiyama 
& Kawamura, 2007). 
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obtained by analyzing Landsat TM data in 1987. It 
demonstrated the decrease in steppe biomass over those 
fourteen years. In the same region, Kawamura et al. 
(2005b) compared the capability of spectral VIs derived 
from AVHRR and MODIS in estimating biomass, 

standing crude protein (CP) and CP concentrations in 
leaves. A regression analysis revealed that MODIS-VI 
achieved a good coefficient of determination (R2 =  
0.77 – 0.83) with regard to estimations of total and live 
biomass. Furthermore, MODIS-EVI, which uses a blue 

 
Fig. 3 NPP maps of China and Mongolia in 2000 (a), 2006 (b) and the difference between 2000 and 2006 (c), 

using the improved MODIS primary production product (MOD17) (Zhao et al., 2005). 
 

  

 
Fig. 4 Seasonal changes in the MODIS-EVI estimated live biomass (  ), standing CP (■) and CP 

concentration (○) in (a) NG: non-grazed grassland, (b) LG: lightly grazed grassland, (c) MG: 
intermediately grazed grassland, and (d) HG: heavily grazed grassland in the Xilingol steppe 
(Kawamura et al., 2005a) with pictures showing respective NG, LG, MG and HG sites. 
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wavelength, was a good predictor of standing CP  
(R2 = 0.74) compared to AVHRR (R2 = 0.53). These 
results suggest that MODIS-VI can reliably detect the 
phenology and pasture quantity and quality of steppe 
grassland area. The NDVI exhibits scaling problems, 
asymptotic (saturated) signals under high biomass con-
ditions and is very sensitive to canopy background 
variations; NDVI degradation is particularly strong with 
higher canopy background brightness (Huete, 1988). The 
EVI on the other hand, was developed to optimize the 
vegetation signal with improved sensitivity in high 
biomass regions and improved vegetation monitoring 
through a decoupling of the canopy background signal 
and a reduction in atmosphere influences. Kawamura  
et al. (2005a, 2005b) also conducted a study to determine 
the potential suitability of Terra MODIS for monitoring 
short-term phenological changes in pasture conditions in 
a semiarid region. Applying the regression model, the 
EVI accounted for 80% of the variation in live biomass, 
77% of that in the total biomass, 11% in the CP concen-
tration and 74% in the standing CP. Applying these 
results, seasonal changes in live biomass and the standing 
CP could be described at the four selected sites with 
different degrees of grazing intensity (Fig. 4). 

 
4. Remote Sensing in Conjunction with GIS 

and GPS 
 

4.1 Tools for monitoring grazing behavior and its 
spatial distribution 

Monitoring changes in spatial distribution and forag-
ing behavior of grazing animals provides knowledge that 
can help farmers understand the relationship between 

their internal state (i.e., nutritional requirements, health, 
etc.) and their environment (i.e., sward state, climate, 
etc.) (Penning & Rutter 2004). This knowledge would 
help also land managers provide optimum resource 
management and forecasting to support decision making. 

To date, many investigations in behavior analysis 
have been conducted at various scales ranging from 
plant-part to landscape (Bailey et al., 1996; Senft, 1989; 
Hirata & Ogura, 2003). At a landscape level, GPS tech-
nology has been increasingly applied in animal science to 
monitor spatial distribution and track routes (Barbari  
et al., 2006; Ganskopp, 2001; Ganskopp et al., 2000), 
and is often combined with equipment for monitoring 
animal activity (Champion et al., 1997). For example, 
Penning (1983) developed a jaw movement recording 
system for sheep. Combined with a microcomputer the 
recording system could analyze the movements to deter-
mine periods of eating and ruminating and the total 
numbers of jaw movements, using “Graze” software 
(Rutter, 2000).  

More recently, a simple neckband bite-counter (BC) 
was developed by Umemura et al. (2009) for cattle, that 
records jaw movements only when the cattle are foraging. 
Using BC, Kawamura (2005) monitored the daily pattern 
of grazing times for sheep in the Xilingol steppe (Fig. 5), 
where the herd in study grazed freely in the area between 
sunrise and sunset, and then were kept in fenced 
enclosures near the farmhouses overnight. The results 
elucidated the diurnal patterns of grazing activities in 
Mongolian sheep throughout the grazing season. Higher 
rates of grazing were observed in the morning and 
evening, while lower rates tended to occur as tem-
peratures increased around 15:00 in the afternoon. The 

  
Fig. 5 Changes in daily patterns of grazing time with air temperature 

between June and September in 2004 (Kawamura, 2005). 
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results confirmed previous findings from animal behav-
ior observations that daily patterns of grazing behavior 
and total times spent grazing were influenced by hot 
summer environments (Kurosaki et al., 1982; Matsui, 
1996).  
 
4.2 Quantifying grazing intensities using integrated 

RS, GIS and GPS 
As a powerful information technology system which 

stores, analyzes and displays both spatial and non-spatial 
data, the GIS is expanding rapidly with the growth  
of computer technology. Kawamura et al. (2005c) 
developed a methodology, using Terra MODIS-derived 
NDVI data combined with GPS data and GIS technology 
for quantifying the effects of grazing intensities (GI) on 
plant productivity in the Xilingol steppe, Inner Mongolia. 
To quantify the grazing pressure, a GI map of three herds 
of sheep was created using a grid cell method, capturing 
the tracking data by GPS. The relationship between GI 
and estimated plant biomass showed a poor negative 
correlation. When the plant biomass data were separated 
into two different vegetation types, marshy meadow and 
typical steppe, a stronger negative correlation was 
obtained between GI and biomass (R2 = 0.887) for the 
typical steppe data. The higher values of GI were showed 
around the farmer’s house and near the Xilin riverside 
area. In addition, the grazing area was used to extended 
area in June and to narrow area in July (Kawamura, 
2005). It may be explained because of that; in early 
spring and autumn season, sheep walk long distance with 
looking for grass, while in late spring to summer season, 
there are enough grass to eat. 

Using remote sensing integrated with GPS and GIS, 
the effects of grazing on forage quantity and quality can 
be determined in a free ranging area. However, consid-
ered the other way around, animal performance and their 
spatial distribution are themselves affected by forage 
quality and quantity (Ganskopp & Bohnert, 2009). Until 
now several factors have been identified in observations 
as having an effect on animal behavior, including air 
temperature (Kurosaki et al., 1982; Matsui, 1996), degree 
of slope (Ganskopp & Vavra, 1987). These factors are 
interrelated and influence both grass production and 
grazing distribution. In future studies, it will be important 
to determine the interactions between grass production 
and animal performance in order to promote sustainable 
grassland management. 

 
5. Future Perspectives on Efficient Grassland 

Management 
 
A great deal of management knowledge has been 

accumulated on grazing in artificial grasslands. It has 
become possible to estimate the short- and long-term 
production of each pasture grass under given climate 
conditions. At the same time, grazing pressure from ani-
mals can be calculated from the number of animals, their 
grazing period, the pasture size and plant production. 
However, grassland management is more difficult for 

native grasslands under free-ranging conditions where 
the area of grazing grassland cannot be defined. It may be 
strongly affected by unrestricted animal behavior, 
biodiversity of plant species and unstable climate 
conditions. Therefore, a strong need has arisen for accu-
rate monitoring of free ranging grasslands from the 
viewpoint of both sustainable animal production and 
conservation of fragile grassland ecosystems.  

To meet such demands, we need to be able to deter-
mine the distribution of plant biomass, its nutritive value 
and the proportion of unpalatable grass as real-time 
grassland information. In addition, information about 
behavior, diet and herbage intake by animals should be 
comprehended so as to prevent land degradation due to 
excessive grazing pressure. Up against such challenges, 
we have been able to get accurate information through 
precise ecological experiments and field studies in 
homogeneous artificial grasslands (we call them “eco-
logical process studies”), but this cannot be applied to 
vast native grasslands under free ranging conditions.  

Remote sensing is a technology which has been suit-
able for approximate surveys of vast areas extending over 
several hundred square kilometers, but is not good at 
evaluating functions or providing accurate analyses. In 
recent years, though, the domains of remote sensing and 
process ecology have moved closer and have started 
partially overlapping each other (Fig. 2). As a result, 
scientists can investigate the same object by independent 
methods from different viewpoints, thanks to improve-
ments in onboard satellite sensors. Entering the 21st 
century, the spatial, spectral and temporal resolution of 
satellite sensors has greatly improved (Akiyama et al., 
2004), making functional analysis of grassland eco-
systems possible for us. At the same time, ground-based 
instruments for ecosystem study have also improved. For 
example, the GPS has become an irreplaceable tool for 
field surveys. Bite counters (BC) are another effective 
tool for investigating the intake of grazing animals. Many 
small but useful devices have been developed to record 
multiple facets of environmental factors, expanding the 
dimensions of ecological process studies in grassland 
science.  

In the “precision grazing” proposed by Kawamura  
et al. (2010), a daily grassland biomass map of 250 m × 
250 m resolution may be drawn using Terra MODIS 
images. The botanical composition and nutrient condi-
tion of grasslands can be distinguished using hyperspec-
tral images, which will improve information on grassland 
management. As for grazing animals, GPS technology 
can record the daily behavior of grazing animals, and BC 
data can show the times and numbers of bites in the 
grassland. The GIS is a powerful tool for building grass-
land management models. System models for grassland 
management will improve the short- and long-term 
production of grasslands and livestock. At the same time, 
sustainable grassland utilization can be initiated. 
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