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Impacts of land use and land cover changes on
evapotranspiration and runoff at Shalamulun River
watershed, China
Xiaoli Yang, Liliang Ren, V. P. Singh, Xiaofan Liu, Fei Yuan, Shanhu Jiang
and Bin Yong

ABSTRACT
The study assesses the effect of land use and land cover changes (LUCC) on evapotranspiration and
runoff in the Shalamulun River watershed of 2,453 km2 located in Inner Mongolia Autonomic Region
of China. First, Landsat Thematic Mapper (TM) and Enhanced Thematic Mapper Plus (ETMþ) images
from 1987, 2001 and 2007 are used to quantify LUCC in the watershed. A knowledge-based decision
tree (K-DT) classiﬁcation technique is used to detect LUCC. By comparison of post-classiﬁcation
change among 1987, 2001 and 2007, the results showed signiﬁcant modiﬁcation and conversion of
land use and cover of the watershed over the 20-year period 1987–2007. The results show that the
forest area underwent the greatest change, decreasing by 159.2 km2 in the study period. At the same
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time, the area of farmland, barren land and residential land increased by 89.5, 46.4 and 25.3 km2,
respectively. Subsequently, a two-source potential evapotranspiration (PET) model is used to
estimate the potential evapotranspiration response to LUCC. Finally, the inﬂuence of LUCC on annual
runoff is evaluated using a statistical method. LUCC potentially caused a decrease in annual PET and
runoff. Meanwhile, the land use changes resulted in spatio-temporal variations of monthly PET in the
growing season (April–September).
Key words

| headwater, knowledge-based decision tree, land cover change, land use change,
potential evapotranspiration

INTRODUCTION
Land use and land cover changes (LUCC) are among the

land use and land cover (LULC) is necessary for the accu-

most hydrologically important alterations of the Earth’s

rate description of many physical processes taking place

land surface (Diouf & Lambin ). LUCC is emerging

on Earth’s surface (Bach et al. ). Thus, land use

as a key environmental issue and is a major factor for

and land cover maps are used in model applications to

global change, providing scenarios for global and regional

describe the spatial allocation and pattern of land

models of climate change and land-ecological systems and

use and land cover and to estimate aerial extent and

helping to understand interactions in the human-land

location of various cover classes (Stehman & Czaplewski

system (Hovius ). For this reason, LUCC is treated

).

as a core joint project of the International Geosphere

Arid and semi-arid regions play an important role in the

Biosphere Program (IGBP) and International Human

system of global change. In semi-arid regions, land cover

Dimensions Program on Global Environmental Change

modiﬁcations i.e. subtle changes that affect the character-

(IHDP) (Xiao et al. ). Information on the actual

istics of the land cover without changing its overall
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STUDY AREA

studies have discussed land use and land cover changes in
arid and semi-arid regions (Langley et al. ; Stefanov

The Shalamulun River is a headwater of the West Liao River

et al. ; Govers et al. ; Wei et al. ). However,

with an area of approximately 2,453 km2 located in a semi-

these results cannot be applied to all arid and semi-arid

arid region. It is situated in Inner Mongolia Autonomous

regions, because the regional land-use pattern is a combi-

Region, in the northeast of China, extending between

nation of various land use types and the conversion

42 300 and 43 150 N and 116 400 and 117 350 E (Figure 1).

among different land use types is complex.

The land use of the area is dominated by grassland, forest

W

W

W

W

In semi-arid regions, the water resources of a river basin

and farmland. The area comprises a variety of landforms

are signiﬁcantly impacted by decadal or inter-decadal cli-

ranging from grass plains to hills encompassing valleys

mate variability, changes in land use and land cover in the

and uplands with elevation ranging from approximately

upstream basin, construction of large artiﬁcial lakes and

1,000 m above sea level near Henanyingzi station to in

diversion of water for irrigation (Costa et al. ). Further-

excess of 2,000 m on the eastern border of the watershed.

more,

are

The climate in the study area is semi-arid and semi-humid,

unpredictable in both space and time. Consequently, the

rainfall

patterns

in

semi-arid

regions

with an average annual precipitation of 360 mm (mean

ability to successfully manage the resulting runoff is extre-

monthly rainfall varying from 2 mm in January to 108 mm

mely important (Bellot et al. ; Winnaar et al. ).

in July) and annual average maximum (minimum) tempera-

Evapotranspiration (ET) and runoff are amongst the most

ture is 5–7 C ranging from 11 to 13 C in January to
W

W

W

important key components in the hydrological cycle,

25 C in July. There is a small rainfall gradient across the

which are closely related to LUCC. Potential evapotrans-

watershed increasing from south to north, reﬂecting higher

piration (PET) is generally considered to be the amount of

topography in the south.

water that is lost to the atmosphere from a land surface
with ample water supply. It is one of the most complicated
variables in the coupled eco-hydrology system, mainly due

DATA UTILIZED

to its high spatio-temporal variability (Zhao et al. ).
Land use change directly impacts the evapotranspiration

Remote sensing images

regime; likewise, the degree and type of ground cover has
an enormous impact on the initiation of surface runoff

Three bitemporal clear, cloud-free Landsat Thematic Mapper

(Fohrer et al. ). As hydrological processes vary both tem-

(TM) and Enhanced Thematic Mapper Plus (ETMþ) images

porally and spatially, it is common to employ remote sensing

for three different dates (21 June 1987, 6 July 2001 and

(RS) and geographical information system (GIS) tools in
hydrologic modelling.
In this study, a two-source PET and statistics method
supported by RS and GIS techniques were used to analyse
the impact of land use and land cover changes on PET
and runoff at Shalamulun River watershed. The objectives
of this study were to: (1) provide a recent perspective on
the spatial and temporal LULC patterns; (2) analyse
land use and land cover changes that have taken place
in the headwaters from 1987 to 2007; and (3) assess,
quantitatively, the impact of past land use change on
the PET and discharge in semi-arid regions, based on
long-term

historical

data

from

Shalamulun

watershed.
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Location map of the Shalamulun River watershed.
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7 October 2007) were selected to classify land use and land
cover of the study area (Path 123, Row 30). The data have a
30 m ground resolution (except for the thermal IR band 6,
which has a 120 m resolution) and seven spectral bands.
Leaf area index (LAI) data
In this study, 8-day LAI production of MODerate Resolution
Imaging Spectroradiometer (MODIS) data at 1,000 m resolution from 2001 and 2007 were acquired from the Earth
Observation Satellite (EOS) data gateway (https://wist.
echo.nasa.gov/apimalized). As no 8-day LAI production of
MODIS data are available before 2000, LAI from 1987
was retrieved from the Normalized Difference Vegetation
Index (NDVI) from the national Oceanic and Atmospheric
Administration-Advanced Very High Resolution Radio-

Figure 2

|

Soil map of the Shalamulun River watershed.

meter (NOAA-AVHRR) using the Simple Biosphere Model
2 (SiB2) method.
Other ancillary data
Meteorological data
Some ancillary data were available including 1:100,000
Meteorological data from 1987 to 2007 at the Chifeng and

topographic maps, statistical records and land resources

Weichang meteorological stations were obtained from the

survey reports. Field surveys for the study area were con-

China Meteorological Administration. The data included

ducted in August 2008. Nearly 100 Global Position System

daily readings of mean, maximum and minimum tempera-

(GPS) points were located, photographed and described.

tures, sunshine hours, wind speed and air water vapour

During ﬁeld data collection, details of the land cover as

pressure every 6 h.

well as land use were recorded; a mobile mapping system
equipped with a palm top and GPS was used to record
location.

Digital elevation model (DEM) data
The Shuttle Radar Topography Mission (SRTM) 3-second
digital elevation model (DEM) data (http://lpdaac.usgs.

METHODS

gov/gtopo30/hydro/index.html) were used to represent the
topography

of

the

study

area.

The

basin

part

of

Image pre-processing

the DEM is clipped out in ArcGIS 9.2 software using the
basin boundary, which is acquired from the Rivertools 2.4

Images acquired at different times usually have different

software.

errors for the haze and dust in the atmosphere (Berberoglu &
Akin ). Meanwhile, there are potential non-systematic

Digital soil type data

or random distortions present in the remote sensing data.
These errors lead to an overestimation or low estimate of

The digital soil map (Figure 2) covering the study area was

actual land use and land cover change (Stow ). In

established using ARCGIS 9.2 and showed the presence of

order to eliminate these differences and errors, the three

ﬁve soil classes: aeolian soils, black soils, chernozems,

dates of remote sensing images used in our study were cor-

dark castanozems and grey forest soils.

rected for atmospheric and geometric effects as follows.
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An image-based technique developed by Chavez ()
known as the Cosine(t) (COST) mode was applied to elimin-
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the same method when modelling the PET for the limit of
the computer software and hardware.

ate the atmospheric differences. All images were acquired in
the Mercator projection (Universal Transverse Mercator

Classiﬁcation of land use and land cover

projection, UTM) zone 50, World Geodetic System GPS
(WGS) 84, and the geometric correction was performed

In spite of the progress made in simulation techniques and

on all the images using ground control points established

data acquisition, uncertainty levels remain high and the pre-

with GPS units on site from survey land use data in 2008.

dictability of land use and land cover changes in most

The two TM images of 1987 and 2007 were co-registered

instances remain low (Pontius et al. ), indicating the

to the 2001 ETMþ image. The root mean square errors

need to further improve our understanding and characteriz-

were less than 0.45 pixels (12.8 m) for each of the images.

ation of land change (Verburg et al. ). Among the

All pre-processing steps were performed using the image

various methods, Geographical Information Systems (GIS)

processing computer software ENVI, version 4.5. The

and Remote Sensing (RS) are powerful and cost-effective

scenes were subset using UTM coordinates located outside

tools for assessing the spatial and temporal dynamics of

of the range boundaries for the basin boundary acquired

LULC. Remote sensing data provide valuable multi-

form DEM to clip out identical areas of interest from each

temporal data on the processes and patterns of land use

scene.

and land cover change, and GIS is useful for mapping

The basin part of the Hydro1K DEM was clipped out in

and analysing these patterns (Zhang et al. ). RS and

ArcGIS 9.2 software using the basin boundary, which is

GIS are therefore commonly integrated in detecting and

acquired from the Rivertools 2.4 software. Furthermore,

monitoring land cover change at various scales with useful

the slope and elevation data were derived from the DEM

results (Stefanov et al. ; Hathout ; Lambin et al.

as natural factors of land use and land cover change.

; Serra et al. ; Dewan & Yamaguchi ).

The Normalized Difference Vegetation Index (NDVI)

Traditional approaches to automated land cover mapping

index provides an estimate of vegetation density with a

using remotely sensed data have employed pattern

ratio of visible red to near-infrared reﬂectance (NIR) calcu-

recognition techniques, including both supervised and

lated directly from the TM/ETMþ bands, which is added

unsupervised approaches (Richards ). More recently,

as an additional index band to improve sensitivity to forest

techniques such as expert systems, decision tree and neural

structural and other land use and land cover categories

networks have been used (Wharton ; Benediktsson

(Sesnie et al. ). NDVI is often regarded as an

et al. ).

effective method to enhance the difference between spectral

Decision tree (DT) classiﬁcation techniques are suitable

features and suppress topography and shade (Berberoglu &

for remote sensing classiﬁcation problems because of their

Akin ).

ﬂexibility, intuitive simplicity and computational efﬁciency,

In order to increase the accuracy of land use and land

which has led to increased acceptance (Pal & Mather

cover classiﬁcation of the three images, some image trans-

). A knowledge-based system built on the Dempster–

formations was used. These image transformations can

Shafer theory of evidence (D–S ToE) (Shafer ) has

enhance the difference among spectral features and include

long been recognized to be able to handle multi-source data-

Tasseled Cap Transformation (TCT), Minimum Noise Frac-

sets (Peddle ) for a variety of classiﬁcation tasks

tion (MNF) rotation and Principal Component Analyses

(Cohena & Shoshany ). An important feature of the

(PCA).

D–S ToE is its ability to function well despite incomplete,

In this study, all images such as DEM, soil type map, etc.

missing and conﬂicting evidence (Hégarat-Mascle et al.

were averaged into a 28.5 × 28.5 m grid cell size using a

) by incorporation of multi-source information when

nearest-neighbour method to match Landsat TM pixel size

computing the accumulated evidential support for each

during the process of land use and land cover change detec-

inferred class at each image pixel. Furthermore, this

tion. All the images were then resized to 300 × 300 m using

method of integrating geographical knowledge (including
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spectral and geospatial information such as elevation, slope,
aspect, etc.) is accurate and efﬁcient for land cover classiﬁcation in remote sensing (Kandrika & Roy ).
In order to obtain a relatively higher detection accuracy
of the land use and land cover classiﬁcation, a knowledgebased decision tree classiﬁcation (K-DT) method was used
in this study. The K-DT is a kind of decision tree classiﬁcation incorporating multi-source information and expert
knowledge for computing accumulated evidential support
for each inferred class at each image pixel. A K-DT
includes a root node (containing all data), a set of internal
nodes (splits) and a set of terminal nodes (leaves). Each
node makes a binary decision by carrying maximum information automatically selected for one class or some of the

Figure 3

|

Mean spectrum of samples of different land use and land cover classes. 1–7:
TM band of TM; 8: brightness of TCT; 9: greenness of TCT; 10: third of TCT; 11:
slope; and 12: elevation (×10).

classes from the remaining classes. At each node, a decision
rule is required and this point can be implemented using a

rule sets were imported into ENVI 4.5 and the entire image

splitting test:

dataset has been classiﬁed.

n
X

ai xi ≤ c or xi > c

ð1Þ

i

Detection of land use and land cover changes and
assessment of accuracy

where the former equation is for multivariate decision trees
and the latter for univariate decision trees; xi represents the

There are many techniques available to detect and record

measurement vectors on the n selected features and a is a

differences (e.g. image differencing, ratios or correlation)

vector of linear discriminate coefﬁcients while c is the

and these might be attributable to change (Shalaby &

decision threshold (Brodley & Utgoff ).

Tateishi ). Post-classiﬁcation comparison proved to be

On the basis of a Chinese land use and land cover classi-

the most effective technique because data from two dates

ﬁcation system (Liu ) developed by the Institute of

were separately classiﬁed, thereby minimizing the problem

Geographical Science and Natural Resources Research, Chi-

of normalizing for atmospheric and sensor differences

nese Academy of Sciences (CAS), and considering the

between two dates (Shalaby & Tateishi ). In this

speciﬁc land use of the Shalamulun River watershed, a

study, land use and land cover data generated with K-DT

classiﬁcation scheme with six classes of land use and land

classiﬁers from 1987 and 2001 Landsat TM and 2007

cover is proposed: grassland, forest, barren land, farmland,

ETMþ images were used to quantify changes using a pixel-

residential land and water body. In theory, every geographi-

by-pixel post-classiﬁcation comparison.

cal object has proper spectral features. Based on this

Assessment of accuracy is an important part of classiﬁ-

characteristic, the ground element can be interpreted auto-

cation and detection of change (Lu et al. ). Error

matically. According to the ﬁeld survey data and the

matrices as cross-tabulations of the mapped class versus

characteristic of six land use classes in the TM/ETMþ , 30

the reference class were used to assess the accuracy of the

training areas were selected in each land use type to analyse

classiﬁcation (Congalton & Green ). Overall accuracy,

the spectral characteristic (Figure 3). Other information

user’s and producer’s accuracies and the Kappa statistic

including elevation, percent slope, normal difference veg-

were then derived from error matrices. The Kappa statistic

etation index (NDVI), image texture and previous land use

incorporates the off-diagonal elements of error matrices

data was integrated. Imagery was processed using an

(i.e. classiﬁcation errors) and represents the agreement

‘expert system’ approach, whereby each pixel was evaluated

obtained after removing the proportion of agreement that

using a series of decision rules (DeFries et al. ). All the

could be expected to occur by chance (Yuan et al. ).
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In this study, an independent sample of an average of 100

between the soil surface and canopy air space, respectively

polygons was randomly selected from each classiﬁcation

(s m1); and D0 is the water vapour deﬁcit at the source

to assess classiﬁcation accuracies.

height (kPa).

Inﬂuence of land use and land cover on water cycle

RESULTS
In this study, the inﬂuence of LUCC on PET and annual
runoff were quantitatively analysed through a physicallybased

two-source

potential

evapotranspiration

Land use and land cover classiﬁcation

(PET)

model and a statistical method of analysis for the Shalamu-

Error matrices were used to assess the accuracy of classiﬁ-

lun River watershed. The physically based two-source PET

cation of LUCC. For 1987, 2001 and 2007, the overall

model was modiﬁed by Yuan et al. () based on the

accuracies were 85.7, 89.4 and 87.9%; the Kappa statistic

two-source ET model (Mo et al. ). It is a distributed

was 87.4, 89.2 and 87.6%, respectively. User’s and produ-

physically-based model that is able to calculate PET on

cer’s accuracies of individual classes were consistently

each grid cell considering the LULC characteristics. This

higher than 90%. These indices can meet the lowest

method was applied successfully in the Laohahe Watershed,

demand for detection of change (Lucas et al. ). In this

which is much closed to the Shalamulun watershed (Ren

study the different spectral characteristics of TM5 and

et al. ). The model can calculate the PET consisting of

NDVI and elevation in Figure 3 is used to distinguish the

potential canopy transpiration, potential soil evaporation

forest and natural and artiﬁcial forest land use types. In

and direct evaporation from the intercepted water:

particular, areas around garden trees and residential
land have low slope and are more regularly shaped than

ΔRnc þ ðρCp D0 =rac Þ
Ec ¼
ð1  Wfr Þ
λ½Δ þ γð1 þ ðrc =rac ÞÞ

ð2Þ

natural and artiﬁcial forest, allowing us to distinguish the
two land use types. Farmland has higher soil moisture
and higher vegetation density affecting drainage and nutri-

Epc ¼

ΔRnc þ ðρCp D0 =rac Þ
ð1  Wfr Þ
λ½Δ þ γð1 þ ðrcp =rac ÞÞ

ð3Þ

ent mineralization rates, which can be evident from pixel
values of TCT and NDVI. A mean textural occurrence
ﬁlter has been shown to improve spectral separation

Eps ¼

ΔðRns  GÞ þ ðρCp D0 =ras Þ
λ½Δ þ γð1 þ ðrsp =ras ÞÞ

ð4Þ

between farmland and grassland, as farmland has spectral
boundaries.
Misclassiﬁcations occur mainly due to confusion

where Ec is the canopy transpiration, Epc is the potential

between grassland and forest and between farmland and

canopy transpiration and Eps is the potential soil evapor-

residential land. This situation can be explained by the fact

ation; Rnc and Rns are the net radiation absorbed by

that the grassland and farmland have similar spectral charac-

2

canopy and soil (W m ) respectively; G is the soil heat

teristics, if the crop is millet. Furthermore, many parts of

ﬂux (W m2); λ is the latent heat of vaporization (MJ

farmland have the same elevation, slope and moisture as

1

3

kg ); ρ is the air density (kg m ); Cp is the air speciﬁc

these farmlands are fallow ﬁelds reclaimed from grassland.

heat at constant pressure (KJ kg C1); γ is the psychrometric

There is also spectral confusion between residential areas

constant (kPa C1); Δ is the ﬁrst-order derivative of satur-

and the forest class, because houses are surrounded by

ation vapour pressure with temperature (kPa C1); Wfr is

gardens and there are many trees alongside roads.

W

W

W

the wetted fraction of the canopy; rac, rcp, rsp and ras are

The land use and land cover maps for 1987, 2001 and

the bulk boundary-layer resistance of the canopy, the bulk

2007 were produced from Landsat TM/ETMþ images, as

stomatal resistance of canopy with the soil moisture at

shown in Figure 4. From this ﬁgure, it can be found that

ﬁeld capacity, the soil surface resistance with the soil moist-

grassland is the principal land cover type in the study area.

ure at ﬁeld capacity and the aerodynamic resistance

The grassland area accounted for 66–70% (the largest of
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Land use class maps of Shalamulum River watershed in 1987, 2001 and 2007.

the six land use types) and embodied pastoral zone charac-

residential land, farmland, grassland and forest areas

teristics of a semi-arid region.

were 24.8, 70.6, 85.4 and 3.92 km2, respectively.
Comparing the two sub-periods (1987–2001 and 2001–
2007), it can be seen that the land use and land cover

Land use and land cover change

changes have non-uniform characteristics. There is a larger
The land use and land cover change for the study area are

increase of farmland during the second stage (70.7 km2)

presented in Table 1. It is clear that there has been a con-

than the ﬁrst stage (18.9 km2). The increase of residential

siderable land use and land cover change during the period

land in the second stage was about 50 times that of the

1987–2001. The most obvious land use changes that

ﬁrst stage. Thus, the data suggest that agriculture and

occurred in the category of forest decreased by about

urban development rates have accelerated. During the two

155.3 km2 (6.3% of the total area), which is an average of

sub-periods, the area of forest decreased and the ratio of

2

1

more than 11 km yr . The grassland areas were increased

the decrease between the two stages was about 40:1, show-

by about 80.5 km2. During the same period, farmland areas

ing that deforestation has slowed down in recent years.

2

increased in size by 18.9 km . The residential land and

The matrix of change gives knowledge of the main types

water body underwent a slight increase of about 0.5 and

of changes in the study area. Table 2 shows the matrix of

3.9 km2, respectively. During the period 2001–2007, forest

land use and land cover change from 1987 to 2001. It can

land decreased and the residential land and farmland

be found that forest cover decreased during the period

increased due to the reduction of grassland. The changed

1987–2001. During the period 1987–2001, about 239.5 km2

Table 1

|

Results of land use and land cover classiﬁcation for 1987, 2001 and 2007 images

1987

2001

Relative change area (km2)

2007

Land use class

Area (km2)

%

Area (km2)

%

Area (km2)

%

Grassland

1987–2001

2001–2007

1987–2007

1,641.79

66.93

1,722.26

70.21

1,636.89

66.73

80.47

–85.37

–4.9

Forest

665.01

27.11

509.73

20.78

505.81

20.62

–155.28

–3.92

–159.2

Barren land

108.91

4.44

160.43

6.54

155.27

6.33

51.52

–5.16

46.36

Farmland

29.44

1.2

48.32

1.97

118.97

4.85

18.88

70.65

89.53

Water body

2.70

0.11

6.62

0.27

5.64

0.23

3.92

–0.98

2.94

Residential land

5.15

0.21

5.64

0.23

30.42

1.24

0.49

24.78

25.27
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Land use conversion matrix for 1987–2001 (km2)

1987

2001
Grassland

Grassland

1,412.4

Forest

Farmland

Barren land

Water body

Residential land

Total

100.5

29.22

92.76

2.53

4.38

1,641.79

239.52

406.77

15.97

1.14

1.33

0.28

665.01

Farmland

23.89

1.92

2.79

0.39

0.36

0.09

29.44

Barren land

41.7

0.37

0.24

65.54

0.25

0.81

108.91

Forest

Water body

0.45

0.11

0.02

0

2.1

0.02

2.70

Residential land

4.3

0.06

0.08

0.6

0.05

0.06

5.15

509.73

48.32

160.43

6.62

5.64

Total

1,722.26

2,453

forest land was converted to grassland and 16.0 km2 was

In order to analyse the nature of land use and land

converted to farmland. At the same time, forest land

cover changes, especially the area and spatial distribution

increased by 100 km2 due to the conversion of grassland

of different land use and land cover changes, a set of

and conversion of 1.92 km2 of farmland. During the same

‘gain’ and ‘loss’ images for each category was also pro-

2

period, the increase in farmland was 29.2 km from grass-

duced by integrating GIS and remote sensing (Figure 5;

land and 0.24 km2 from barren land. The matrices also

Weng ). From Figure 5, it can be seen that the net

indicated that increases in the barren land area mainly

changes of forest area are larger than any other land use

came from the grassland area, despite some barren land

classes (Figure 5(a)). The change mainly occurred in the

being converted to grassland.

south of the study area and along the river. Many farm-

The area of the grassland and forest decreased during

lands have been reclaimed recently, especially in the

the period 2001–2007, while the area of farmland and resi-

north part of the watershed (Figure 5(b)). Many new

dential land obviously increased. From Table 3 it can be

roads and irrigation channels were built during the

seen that the lost grassland was mainly converted to forest

study period. The increase in farmland and barren land

(149 km2), farmland (92.6 km2), barren land (62.4 km2)

occurred mainly in the northern part of the watershed.

2

2

Compared with the land use and land cover map of

of forest was converted to grassland, 13.9 km2 to farmland

1987, it is found that these large changes were mainly

and residential land (19.5 km ). At the same time, 149 km
2

and 1.29 km to residential land. The increase in residential

due to the conversion of grassland. The vegetation degra-

land was mainly at the expense of grassland. The grassland,

dation was obviously in the Shalamulun River watershed.

forest and barren land contributed to the increase in farm-

Comparing Figures 5(b), (c) and (d), it can be seen that

land during the same period.

the increased farmland and barren land are mainly

Table 3

|

Land use conversion matrix for 2001–2007 (km2)

2007
2001

Grassland

Forest

Grassland

1,398.34

148.55

Forest

Barren land

Farmland

Residential land

Water body

Total

62.43

92.61

19.54

0.79

1,722.26

149.22

345.04

0.1

13.92

1.29

0.16

509.73

Barren land

55.21

0.3

92.05

4.96

7.81

0.1

160.43

Farmland

30.48

10.25

0.12

7.16

0.3

0.01

48.32

Residential land

3.23

0.25

0.55

0.28

1.27

0.06

5.64

Water body

0.41

1.42

0.02

0.04

0.21

4.52

6.62

1,636.89

505.81

155.27

118.97

30.42

5.64

Total
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Land use and land cover change during the period 1987–2001 and 2001–2007 of the land use classes: (a) forest; (b) farmland; (c) barren land; (d) grassland; and (e) residential
land.

located around the residential land. This ﬁnding reveals

Inﬂuence of land use and land cover on potential

that population growth, economical development (i.e.

evapotranspiration

tourism) and development projects such as construction
of infrastructural facilities (i.e. building of dam, irrigation

Mean annual PET for 1987, 2001 and 2007 were estimated

channels, highways, etc.) are the main driving forces of

by a two-source PET model (Figure 6). As shown in Figure 6,

the land use and land cover change.

the spatial variation of mean annual PET over the watershed
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Spatial distribution of annual PET of (a) 1987; (b) 2001; and (c) 2007 in the Shalamulun River watershed.

is non-uniform from 603 to 1,499 mm. Higher PET values
occur in the river valley covered with water and the mountainous region covered with forest cover. Lower PET
values mainly appear in the mid-north part of the watershed.
The mean monthly PET from 1987 to 2007, shown in
Figure 7, varies from 10 mm (in January, November and
December) to 123 mm (in July). The monthly PET is higher
during growing seasons (i.e. from April to September) than
other seasons, and the peak of monthly PET occurs in July.
Most vegetation is considered to have only slight canopy coverage during winter months when it dies, but the coverage
increases in spring through the summer. We therefore compared the monthly PET of the Shalamulun River watershed
during growing seasons. Figure 8 shows that the PET valuehas a temporal variation during growing seasons; the
highest PET values of 92–242 mm are observed in July and
the lowest of 55–150 mm in April and September. The mean
PET value varies over 95–200 mm in June and August and
over 90–195 mm in May. It can also be seen that the monthly

Figure 8

|

Spatial distribution of PET during growing season from May to September in
the Shalamulun River watershed from 1987 to 2007.

PET is spatially non-uniform for different land use types.
Water bodies have very higher transpiration losses than other
land covers throughout the growing seasons. The monthly
PET of the forest cover is higher than other vegetation covers.
The lowest monthly PET value is for grassland. It reﬂects
that the land use and land cover classes have a signiﬁcant
inﬂuence on monthly PET.
Both climate change and land use and land cover
changes can lead to the variations of PET. To quantify the
inﬂuence of LUCC, PET was evaluated under the land use

Figure 7

|

Mean monthly PET of Shalamulun River watershed from 1987 to 2007.
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meteorological record of 1987 (Figure 9). The total annual
evapotranspiration losses for various land cover scenarios
are given in Figure 9. From Figure 9 it can be seen that
the mean annual PET decreased from 1987 to 2007 by
about 20 mm, where the mean annual PET for 1987, 2001
and 2007 was 740, 723 and 713 mm, respectively. Figure 9
shows that the annual PET has decreased from 1987 to
2007 by 27 mm (from 740 to 713 mm). An initial comparison of the changes in annual PET of the two periods
(1987–2001 and 2001–2007) shows that the annual PET of
period 1 is 17 mm greater than annual PET in period 2
(5 mm). The change in annual PET is consistent with the
changes in land use and land cover. The forest has a
highly developed root system and a higher leaf area index
so a much stronger hydraulic lift of water and transpiration
than other vegetation types, leading to a higher PET value in
1987 than the other two years.
It is also found that annual PET is spatially heterogeneous for different land use types. The annual PET of
forested land changed more than other land use types,
with a decreasing value of 177 mm as the forest area
decreased by about 159 km2. The annual PET of farmland
decreased by 45 mm while the area of farmland increased
by about 89.5 km2. For the increase in the barren land

Figure 10

|

Mean monthly LAI for various land use class in (a) 1987; (b) 2001; and (c)
2007.

area of about 46.4 km2, the annual PET of the barren land
increased by about 26 mm. The annual PET of grassland

The LAI of farmland is higher than grassland; maize and

decreased slightly (6 mm), especially during the study area.

helianthus are the main crop types, which have higher LAI

It has been reported that a large change in PET did not

during growing months than the grassland in 1987 and 2001.

occur, but the evaporative coefﬁcient increased exponen-

However, the LAIs of farmland and grassland are similar in

tially with LAI (Dunin & Mackay ; Zhang ).

2007. This phenomenon can be explained by the fact that

Figure 10 depicts the LAI of the main vegetation types

land use and land cover types for 2007 are derived from the

in 1987 (Figure 10(a)), 2001 (Figure 10(b)) and 2007

TM image of October 7 2007. All crops were harvested at

(Figure 10(c)). It shows that the LAI of forest in growth

this time, leading to the misclassiﬁcation of some cropland to

season is higher than other vegetation types in three years,

grassland. As a key land surface biophysical parameter, LAI

which contributed to the highest PET located on forest land.

can reﬂect the land use and land cover class, especially
during growing seasons (Turner et al. ). It shows that
LUCC has a signiﬁcant effect on the changes in PET.
Effect of changes in land use and land cover on the
discharge of Shalamulun River
Both climate change and LUCC can lead to variations in
annual runoff (Lu et al. ). Thus variations in annual pre-

Figure 9

|

Annual PET on two land use scenarios for 1987, 2001 and 2007.
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CONCLUSIONS

have a relative correlation from the late 1870s to early
1880s. However, during the period after 1998, annual

In this study, an attempt is made to quantitatively assess the

runoff decreased dramatically while annual precipitation

effect of land use and land cover changes on PET and runoff

decreased only slightly. Land use and land cover changes

in the Shalamulun River watershed by a two-source PET

may be one of the factors inﬂuencing the annual runoff

model and statistical analysis supported by RS and GIS tech-

decrease after 1998. Similar research demonstrates that

niques. This study analyses the classiﬁcation of land use and

the river discharge decreases more rapidly in semi-arid

land cover in the Shalamulun River watershed in Inner

areas than other areas for the effect of land use and land

Mongolia.

cover changes (Ren et al. ).

Land use and land cover changes in the watershed were

For analysis of the effects of land use and land cover

analysed for three periods over the period 1987–2007.

change on the discharge, we choose the method of Costa

Spatio-temporal variations of the land use types were ana-

et al. () to summarize the long-term means of the

lysed using the spatial analysis algorithm in the ArcGIS

main surface hydrological components of the Shalamulun

9.2. These results provide a perspective on land use and

River watershed upstream of West Liao River for the three

land cover classes and their changes that have taken place.

periods considered (Table 4). A decrease in precipitation

From 1987 to 2007, the forest land in the study area has

of the order of 0.145 mm day1 (52 mm yr1 or 14%), a

decreased to varying degrees; however, residential land,

decrease in discharge of 0.086 mm day1 (31 mm yr1 or

barren land and farmland have increased during the same

35%), a decrease in ET of 0.059 mm day1 (21 mm yr1 or

period.

7%) and a decrease in the runoff coefﬁcient from 0.233 to

The general trends of LUCC are as follows. Forest land

0.174 can be determined from Table 4. Compared to the

and grassland are mainly converted to farmland and residen-

decrease in precipitation, the 35% decrease in discharge is

tial land. Land degradation, especially deforested and

serious in semi-arid regions. That is to say, the lower long-

developing cultivated land, are the main reasons for regional

term discharge and lower runoff coefﬁcient are consistent

environmental deterioration. In semi-arid regions, the eco-

with the land use and land cover changes.

logical environment is highly sensitive to climate change
and human activities. Consequently, vulnerable areas have
suffered serious degradation and the relationship between
man and land is important.
At the headwater of West Liao River, the river watershed
had been exploited during the ninth ﬁve-year development
plan for national economic and social development. During
this period, the Chinese land use policy has changed greatly,
affecting the land use change of the study basin. An increase
in residential areas and barren land and a decrease in grassland and crop land as a result of tourism or development
projects (e.g. building of dams, highways, etc.) are evident.

Figure 11

Table 4

|

|

Variation of annual precipitation, observed runoff and runoff coefﬁcient at
Henanyingzi Station in Shalamulun River watershed from 1976 to 2007.

Natural driving forces such as topography, slope and soil conditions are unimportant for land use change in the

Long-term mean of hydrological variables in the Shalamulun River watershed

Period

Precipitation P (mm day1)

Discharge Q (mm day1)

Evapotranspiration ET (mm day1)

Runoff coefﬁcient (Q/P)

1978–1987

1.045

0.243

0.802

0.233

1998–2007

0.9

0.157

0.743

0.174
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Shalamulun River watershed. Otherwise, human activity is
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Annual PET varies spatially for different types of land
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use and land cover in Shalamulun River watershed. The
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monthly PET value has a spatio-temporal variation during

National High Technology Research and Development

the growing seasons (i.e. from April to September). The

(Grant No. 2006AA12Z221), Fundamental Research Funds

results reveal that the land use and land cover classes and

for the Central Universities of China (Grant Nos.

changes have a signiﬁcant inﬂuence on PET. Meanwhile,

2011B01914 and 2009B06314) and the National Natural

both annual PET and runoff decrease with decreasing grass-

Science Foundation of China (Grant Nos. 50909033 and

land and increasing farmland. Thus, land use and land cover

40911130507). The authors would like to thank the

changes have a signiﬁcant impact on the hydrological cycle.

anonymous reviewers for their very helpful comments,

In semi-arid regions, a decrease in discharge can deteriorate

suggestions and corrections that substantially improved this

the aquatic ecological environment and make water supply

paper.

difﬁcult for domestic and agricultural purposes (Ren et al.
). These results should be the focus of water managers
and ecologists.
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