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Based on three—year remote sensing data and cellular automata (CA)-Markov model, this study ana-
lyzed the temporal and spatial variation features of land use and land cover change in Hulun Lake Nature
Reserve from 1999 to 2007. The result indicated that during the period between 1999 and 2007, there had
been relatively great changes in land use type in Hulun Lake Nature Reserve, with ecological problems such
as grassland degradation and water area shrinkage, becoming increasingly serious. Via analyzing the area
variations of various land use types and the historical statistics of Hulun Lake’s water level during this
period, the study found that the water use of the upstream by the population pressure and economy devel-
opment might be related with the decline in Hulun Lake’s water levels which caused the increase in the
sandy area. This kind of information is necessary for the land management of the area and will help in the

ecosystem conservation in future.
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INTRODUCTION

It is widely accepted that land use and land coverage
change (LUCC) is one of the most essential issues in the
environmental changes (Turner et al., 1995; Lambin et
al., 2001). Both natural and anthropogenic LUCC can
significantly impact the earth ecosystem functioning
(Lambin et al., 2001; Lambin et al., 2003). Many
researches showed that LUCC could influence the biodi-
versity through the loss of habitat (Falcucci et al., 2007),
change the water balance and climate (Taylor et al., 2002;
Marshall and Randhir 2008) and also cause the land deg-
radation at regional and global scales (Lambin and
Strahler 1994a, 1994b; Lambin et al., 2001). In China,
LUCC is very intense due to the large population and
economical pressure (Reid et al., 2000; Vega et al., 2009).
Therefore, it is necessary to understand when, where
and how the LUCC occurs, continues and influences on
environment and ecosystems at different temporal and
spatial scales.

Researches on LUCC mainly focus on effects of
urbanization on the surrounding environment in China
(Weng 2002; Wu et al., 2006; Fan et al., 2008). However,
researches paid attention to the LUCC for grassland in
semi—arid and arid areas are relatively few in China (Guo
and Zhang 2009; Guo et al., 2010) even though the
grassland biome occupy about 30% of the total area of
China (Piao et al., 2006; Piao et al., 2007). To under-
stand how the grassland interacted with the human
activity and the climate change is necessary for the sus-
tainable development of the grassland ecosystem and the
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functional service for the social economy development.

Satellite data combined with GIS method has been
widely used in monitoring LUCC in these days (Lambin
and Strahler 1994a; Logsdon et al., 1996; Loveland et al.,
2000). By integrating the multi-temporal and multi-spa-
tial remote sensing data, this method has the advantage
of low cost and synchronous detection of where and how
the LUCC was developed. In addition, the historic data
make this method has a potential to detect the driving
force for the LUCC for different temporal and spatial
scales (Janssen and van der Wel 1994; Lambin and
Strahler 1994a; Lambin et al., 2003).

In this study, with the aid of remote sensing and
GIS, we try to quantify the LUCC in Hulun Lake Nature
Reserve grassland in northern Inner Mongolia, China.
The Hulun Lake Nature Reserve grassland is a reserved
grassland to be least influenced by the human activity.
Thus, it is an ideal place to investigate the LUCC transi-
tion in response to the climate change in the area strongly
influenced by the aeolian erosion (Guo et al., 2010).
Major objectives of the research include: 1) to investi-
gate the temporal and spatial dynamics of the LUCC, i.e.
when and where the LUCC occurred; 2) to identify the
major transition types, i.e. how the vegetation types tran-
sited and 3) to project the future patterns of land use for
this area by a cellular automata (CA)-Markov model.

MATERIALS AND METHODS

Study area

Hulun Lake Nature Reserve is located at the west part
of Hulunbeier League, within the north—eastern region
of Inner Mongolia Autonomous region, lying on the bor-
ders of three countries, namely, China, Mongolia and
Russia (47°45507~49°20'20"N, 116°50'10"~118°10'10"E).
The total area of the reserve is around 7,400 km* with
multiple ecosystems including lakes, grasslands and
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sandy lands, etc. The area has a mid-temperate semi—
arid continental climate with the dominance of mid—tem-
perate zone characterized by drastic changes in winter
and summer. The precipitation is concentrated in sum-
mer, with annual precipitation of 247~319 mm. The aver-
age annual relative humidity is 68%. The arid climate
with the strong wind makes the soil surface thin and
coarse, and thus vulnerable to desertification. Hulun
Lake and the grasslands within the reserve play a signifi-
cant role in climatic adjustment and water resource con-
servation. The grasslands are also very suitable for inhab-
itation and breeding of many wild animals. Intensification
of stockbreeding and the other human activities have
made tremendous changes in land use and continuous
deterioration in Hulun Lake Nature Reserve including
lake shrinkage, grassland degeneration, wetland disap-
pearance and land desertification, which threatens the
ecosystems of the reserve.

Data sources and processing

In this study, the remote sensing images of Hulun
Lake area of Landsat TM in 1999, 2005 and 2007 were
used as major information sources. The relevant data
including fundamental geographical information and
land—use maps were collected for assisting the interpre-
tation of the remote sensing images on the basis of the
preprocessing of geometrical and atmospheric correc-
tions, data fusion, etc. The land-use types in the research
area were divided into five types: (1) high—-coverage
grassland, (2) middle—coverage grassland, (3) low—cov-
erage grassland, (4) sandy land and (5) water body, by
using Erdas Image 8.4, ArcGIS 9.2 software, etc. in com-
bination with the field observations of the spatial distri-
bution of land—use types in Hulun Lake area; finally, the
spatial database of LUCC in Hulun Lake area based on
these three issues was thus built.

Modeling approach
Markov model

The Markov model is a theory based formation of
Markov random process systems for the prediction and
optimal control theory method (Jiang et al., 2009). The
Markov model plays an important role in analyzing the
flow direction among various land-use types, which not
only explains the quantification of conversion states
between land-use types but also reveals the transfer
rate among different land—use types. It is usually used
in the prediction of geographical features with no after-
effect event that has now become an important predict-
ing method in geographic research (Sang et al., 2011).
Based on the conditional probability formula, the predic-
tion of land—use changes can be calculated from

S+1) =P, X S() @9)
where S(2), S(t+1) are the system status at the time of ¢

and ¢+1 respectively, and P, is the transition probability
matrix in a state which is calculated from
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where 7 is the number of land-use types. P, possess the
following characteristics:
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Cellular automata model

Cellular automata (CA) is a dynamic and spatially
explicit modeling approach that encompasses five com-
ponents: (1) a space composed of discrete cells, (2) a
finite set of possible states associated to each cell, (3) a
neighborhood of adjacent cells whose state influences
the central cell, (4) uniform transition rules through time
and space, and (5) a discrete time step to which the sys-
tem is updated (Wolfram, 1984). CA model focuses
mainly on the local interactions of cells with distinct tem-
poral and spatial coupling features and the powerful
computing capability of space, which is especially suita-
ble for dynamic simulation and display with self—organiz-
ing feature systems. The use of geographic CA for land
use change simulations not only takes into account com-
prehensive consideration soil conditions, climatic condi-
tions, topography and other natural factors, but also con-
siders a comprehensive policy, economy, other human
factors, and the historical trends of land use with strong
applicability (Sang et al., 2011). CA can be expressed as

C@i+1) =f(CM),N) )

where C is the set of limited and discrete cellular states,
N is the cellular field, ¢ is the time, and f'is the transfor-
mation rules of cellular states in local space.

CA-Markov model

CA-Markov model is a combined approach of cellu-
lar automata and Markov chain for LUCC prediction that
adds an element of spatial contiguity as well as knowl-
edge of the likely spatial distribution of transitions to
Markov chain analysis. The Markov model focuses only
on the quantity in LUCC predictions, while the CA model
has a strong capability of space—time dynamic evolution
with complex space systems. The CA-Markov model inte-
grates the functions of CA filter and Markov processes
using conversion tables and conditional probability of
the conversion map to predict land use changes. The
CA-Markov model can improve models describing com-
plex land use patterns (Fan et al., 2008; Peterson et al.,
2009).

In this study, the CA-Markov module in IDRISI soft-
ware is used to simulate the LUCC in the study area.
The module allows simultaneous simulation of a group of
land use and land coverage categories, and requires a
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land use/coverage dataset to represent the initial states, P— N

a Markov transition matrix, a group of suitability images . f ~N i g Rive £
(one for each land cover class), a number of iterations River \u\’ 7
and a contiguity filter (Mitsova et al., 2011). The T ”R“i[ ° i “\fzkawd/ .
30 mXx30 m land-use maps were used as input with the Rl ou \ ( ..
assumption that a matrix of the observed transition o Lalf \ Hailaer River
probabilities between maps in 1999 and 2007 could be v fmsemm ’.. \

used to project future changes from current land—use e zane

patterns. Through spatial overlay analysis, the transition ‘;

probability matrix was calculated as the transformation / )
rules. In this study, the standard 5X5 contiguity filter ( 1
was used as the neighborhood definition to produce CA
filters, that is, each cellular center was surrounded by a
matrix space which was composed by 5X5 cellular to
impact the cellular changes significantly.

RESULTS

LUCC in 1999, 2005 and 2007

Based on the different ground cover, the grassland
was classified into high (>70%), moderate (30-70%) and
low coverage (<30%). At last, the LUCC in this area was

Amugulang/v
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/
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classified into five different types: high coverage grass- s e L Halahavaer \
land, moderate coverage grassland, low coverage grass- /\ i N

land, water and sandy land (Fig. 2). The Hulun Lake, Monzots '\

which located in the northern part of the study area, AN

occupies around 2379.09 km* in 1999 (over 30% in area).
However, the area of the lake decreased to 1967 km® in
2007 (25% in area) (Table 1). The grasslands covered

Fig. 1. Location map of Hulun Lake Nature Reserve.
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Fig. 2. Land use and land cover maps in (a) 1999, (b) 2005 and (c) 2007.

Table 1. Spatial and temporal changes of land use and land cover in Hulun Lake Nature Reserve from 1999 to 2007

Year\type High coverage Moderate coverage Low coverage water Sandy land
1999 area (km”) 1487.44 3349.06 409.88 2379.09 49.45
percentage 19.38% 43.64% 5.34% 31.00% 0.64%
9005 area (km*) 1433.19 2973.21 925.42 2039.31 303.79
percentage 18.67% 38.74% 12.06% 26.57% 3.96%
S007 area (km”) 1261.19 2352.15 1494.50 1967.02 600.05

percentage 16.43% 30.65% 19.47% 25.63% 7.82%




299 G. WANG et al.

almost all the other areas in the three years with cover-
age changed obviously. Area of the sand land was very
small in 1999, while it increased markedly in 2005, mainly
to the eastern side of the Hulun Lake.

Change rate and change map among the period
Changes in the areas of the different LUCC over the
three years are significant (Table 2; Figs 2, 3). The mod-
erate coverage grassland decreased largest (around 30%,
Table 2) with a moderate decrease in high coverage and
water. In contrast, area of the sandy land increased much
over the three years and a substantial increase in low
coverage grassland was also observed. The changes areas
among different land use were shown in Fig. 3. The
change areas overall the three years were large and
spread all over the research area (Fig. 3 and Table 2). A
change from moderate coverage to low coverage was
obvious from 1999 to 2005, with the prominent change
to the south of the Hulun Lake (Fig. 3a). This might
explain the large increase in low coverage grassland over
the years (Table 2). On the other hand, change area
from high coverage to low coverage was more significant
from 2005 to 2007, showing the vulnerability of the high
coverage grassland (Fig. 3b). The change area from
water to sandy land was more obvious from 2005 to 2007,
compared with from 1999 to 2005. These results indi-
cate that land degradation in this area was intensified in

recent years.

Transition matrix and possibility during the peri-
od

To get a detailed description of the land use transi-
tion among the different land use, the transition matrix
from 1999 to 2005 and the corresponding transition
probability matrix are shown in Tables 3-6. A substan-
tial change from high coverage to moderate and low cov-
erage was observed from 1999 to 2005 with the probabil-
ity being 18.95% and 8.65%, respectively (Tables 3, 4).
Change areas from moderate coverage to low coverage
were more obvious with the probability of 16.84% for the
same period (Tables 3, 4). This is consistent with the
results from the change map (Fig. 3a). The change area
from low coverage to sand increased markedly from 1999
to 2005 with a probability around 20% (Tables 3, 4). A
more obvious change area was observed from high cover-
age to moderate and the probability increased from
8.65% to 28.99%, showing the high coverage became
more vulnerable from 2005 to 2007 (Tables 4, 5; Fig. 3b).
On the other hand, despite the change probability from
water to sandy land decreased from 20.87% to 2.38% in
this period and a high probability from low coverage to
moderate and high coverage, high and moderate cover-
age seemed to be more transitioned to the sandy land
(Table 4, 5). Interestingly, a high probability of transition

Table 2. Change rate of land use and land cover of Hulun Lake Nature Reserve

High coverage

Moderate coverage

Low coverage

Year\Type grassland grassland grassland water Sandy land

1999~2005 -0.61% -1.87% 20.96% —2.38% 85.71%

2005~2007 -6.00% -10.44% 30.75% -1.77% 48.76%

1999~2007 -1.90% -3.72% 33.08% -2.17% 139.17%
(a) (b)

Change map of 1999 to 2005

[ ] no change
I hish to moderage
I high to low
I hish to sandy
[ moderage to lov
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Change map of 2005 to 2007

[ no change
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I noderage to sandy
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Fig. 3. Change maps of (a) 1999-2005 and (b) 2005-2007.
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Table 3. Transition matrix of land use and land cover of Hulun Lake Nature Reserve for 1999 and 2005 (km?*)

1999\2005 high coverage moderate coverage low coverage water sandy land
high coverage 1036.33 281.84 128.66 10.33 30.29
moderate coverage 366.58 2381.79 564.13 1.13 35.43
low coverage 8.21 136.60 179.36 0.16 85.54
water 21.97 166.36 46.01 2027.66 117.08
sandy land 0.11 6.62 7.26 0.02 35.45

Table 4. Transition probability matrix of Hulun Lake Nature Reserve for 1999 and 2005

1999\2005 high coverage moderate coverage low coverage water sandy land
high coverage 69.67% 18.95% 8.65% 0.69% 2.04%
moderate coverage 10.95% 71.12% 16.84% 0.03% 1.06%
low coverage 2.00% 33.33% 43.76% 0.04% 20.87%
water 0.92% 6.99% 1.93% 85.23% 4.92%
sandy land 0.21% 13.39% 14.69% 0.04% 71.68%

Table 5. Transition matrix of land use and land cover of Hulun Lake Nature Reserve for 2005 and 2007 (km?)

2005\2007 high coverage moderate coverage low coverage water sandy land
high coverage 884.84 54.47 415.42 2.58 75.89
moderate coverage 206.49 2082.59 547.85 3.85 132.44
low coverage 168.56 181.48 497.62 1.01 76.76
water 0.19 24.07 7.32 1959.11 48.61
sandy land 1.12 9.54 26.29 0.48 266.37

from low coverage to moderate and high coverage is
found (Table 4, 5), which may be explained by the imple-
mentation of the policy of “grain to green” of the Chinese
government (Piao et al., 2005; 2006).

(a)

Projected LUCC in 2020 and 2030

In this study, we used cellular automata—Markov
chains model to simulate changes in five LUCC classes
as a result of land degradation. Fig. 4 and Table 8 show
the projected LUCC in 2020 and 2030. The results show

(b)

Land use/cover of 2020

I hish coverage grassland
[ noderate coverage grassland
[ 1ow coverage grassland

I voter
05,500,000 22,000 33,000 44,000
sandy land e —— — Kiometerd

Land use/cover of 2030

[ hish coverage grassland
[ noderate coverage grassland
" low coverage grassland

B oo
05, A a
,500,000 22,000 33,000 44,000
sandy land T —

Fig. 4. Land use and land cover maps in (a) 2020 and (b) 2030 by CA-Markov.
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Table 6. Transition probability matrix of Hulun Lake Nature Reserve for 2005 and 2007

2005\2007 high coverage moderate coverage low coverage water sandy land
high coverage 61.74% 3.80% 28.99% 0.18% 5.29%
moderate coverage 6.95% 70.05% 18.43% 0.13% 4.45%
low coverage 18.21% 19.61% B53.77% 0.11% 8.29%
water 0.01% 1.18% 0.36% 96.07% 2.38%
sandy land 0.37% 3.14% 8.65% 0.16% 87.68%
Table 7. Projected land use and land cover in 2020 and 2030 by the CA-Markov model (km?)
Year\type High coverage Moderate coverage Low coverage water Sandy land
9090 864.25 2057.25 2051.75 1808.75 903.5
11.25% 26.77% 26.70% 23.53% 11.76%
813.5 2019 2217.25 1697 998.75
2030 10.58% 26.27% 28.85% 22.08% 13.00%
that high and moderate coverage will consistently €
decrease in future; while low coverage grassland will (@) £ 750
increase, occupying nearly one third of the whole area. § § - 03178 ¢ 870.69 p>05
. . . . L1 500
The water body will increasingly change into sandy land, *g
decreased by 14% from 2007 to 2030 and will occupy 8 250
around 20% of the whole area. Correspondingly, the i:
sandy land increased by nearly 50% from 2007 to 2030, § !
<C

occupying 13% of the whole area. This result indicates
that the land degradation in this area would be more
severe in future if without any land management.

DISCUSSION

Our results show that the land use in this area is vul-
nerable, especially for the high and moderate coverage
grassland (Tables 3-6, Fig. 3). The water in this area
(large of Hulun Lake) was also vulnerable to change the
sandy land, especially in recent years and that this kind
of change might be more severe in future (Tables 3-6;
Fig. 4). Thus, much caution should be paid to the land
degradation in this area.

Both meteorological and anthropic reasons might be
responsible for the land degradation (Reid et al., 2000;
Lambin et al., 2001). The Hulun Lake is the most impor-
tant land use (water) in this area and this water was
found to be most vulnerable to change into sandy land
(Table 3-6). This happened because of the decline in
the Hulun lake water level. Actually, the water level of
the Hulun Lake declined by 2.9 m during the period from
1999 to 2006 (data not shown). Therefore, we investi-
gated how the water level was influenced by the meteor-
ological and anthropic reasons. Fig. 5 shows the time
series of precipitation, water evaporation from the lake
and inflow from Wuerxun and Kelulun rivers from 1960
to 2008. The annual precipitation fluctuated much from
middle 1980s and showed large value in 1998, which may
be caused by the El Nino Southern Oscillation (ENSO)
(Fig. ba). Even though a slight decrease trend was
observed; the trend was no significant during this period
(p>0.5). The annual evaporation rate showed similar

1500

1000

500

( c) 1000

y = ~4.4178x + 9177.5 P<0.1

500

In flow (10% m?3) Evaporation (mm)

0
1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

Fig. 5. Time series of (a) precipitation, (b) evaporation and (c)
inflow in Hulun Lake Nature Reserve from 1960 to 2008.

trend with the precipitation, but this trend was also not
significant (p>0.5). In contrast, the inflow decreased sig-
nificantly during the same period, especially since the
2000s (p<0.1). Therefore, it seems that precipitation and
the evaporation were not the major reasons for the
decline in the water level. Instead, the increased water
use by the population and economy development
upstream of the two rivers, which result in small inflow
to the lake, might be response for the decline of the
water level.

CONCLUSION

With the aid of remote sensing statistics and the
adoption of analytical methods of CA-Markov model, a
systematic quantitative analysis was conducted on the
temporal and spatial variation features of land use and
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land cover changes in Hulun Lake Nature Reserve from
1999 to 2007 in this paper. The result indicated that dur-
ing the period between 1999 and 2007, there had been
relatively great changes in LUCC in Hulun Lake Nature
Reserve, with ecological problems such as grassland deg-
radation and water area shrinkage becoming increasingly
serious. Via analyzing the area variations of various land
use and the water level of Hulun Lake during this period,
the study found that the water use of the upstream by
the population pressure and economy development might
be related with the decline in Hulun Lake’s water levels,
which caused the increase in the sandy area. This kind
of information is necessary for the land management of
the area and will help in the ecosystem conservation in
future.
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