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Abstract: Understanding the rate and process of land-use/land-cover (LULC) change in a watershed
is essential for managing natural resources and achieving sustainable development. Therefore,
this study aims to analyze historical LULC change from 1980 to 2010 and project future changes
in 2030, 2060, and 2090 in the Guanting Reservoir Basin (GRB), China, a critical water-supplying
watershed for China’s capital Beijing, through scenario-based simulations. Two LULC scenarios,
‘business-as-usual” and ‘governance’ (Gov), were projected using the Cellular Automata-Markov
(CA-Markov) model. Historical LULC trend analysis shows that built-up land increased from 2.6%
in 1980 to 5.26% in 2010, while cropland, grassland, and water body decreased. LULC conversion
analysis indicates that, in general, grassland, cropland, and woodland were converted to built-up
area from 1980 to 2010. The BAU scenario projects a dramatic increase in built-up area, rising from
2296.98 km? (5.26%) in 2010 to 11,757.35 km? (26.93%) in 2090 at the expense of cropland and grassland
areas. Conversely, the Gov scenario predicts an increase in water body, woodland, and grassland,
encouraging sustainable development. Overall, these results provide useful inputs to the LULC
planners and water resources managers to elaborate on eco-friendly policies and regulations for GRB.

Keywords: land-use/land-cover change; Guanting Reservoir Basin; CA-Markov; prediction

1. Introduction

Watersheds are dynamic systems by nature; therefore, they change constantly [1]. The simulation
and analysis of land-use/land-cover (LULC) change in hydrology are essential, as they help to
understand its totality [2]. A few studies [3—6] have reported that LULC change in a watershed results
in changes in water balance components. Therefore, it is essential to identify the factors responsible for
these changes for simulating future LULC trajectories [7]. LULC change models support the analysis
of the causes and consequences of LULC change [8]. To be able to understand the process of LULC
change and project its future changes in a watershed, LULC change modeling is critical. Several
models are used for predicting LULC changes, which are classified as mathematical-based, statistical,
evolutionary, system dynamic, cellular, and hybrid models [9]. In the Haihe River Basin of Northern
China, for instance, Chen et al. [10] and Xu et al. [11] simulated the land system change based on the
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conversion of land use and its effect model. Huang et al. [12] simulated the land-use change from 2005
to 2030 based on the improved land-use system dynamics model. Using the same model, Deng et al. [13]
simulated the LULC change in Northern China from 2010 to 2050. More recently, Liu et al. [14] predicted
and studied the differences in land system change and the sensitivity of the CLUMondo model in
dryland Northern China. The above studies provide significant insight into the processes, causes,
and consequences of land-use and land-cover change dynamics under socioeconomic development
in Northern China. However, most of these studies investigated the historical and future land cover
changes in the other study areas or used different models [13,15-19]. This study will be amongst the
first to assess future LULC changes and simulating land-use changes under different scenarios in the
Guanting Reservoir Basin (GRB) using the cellular automata (CA)-Markov model. The developed
scenarios in this study are different from the existing ones. This study is a complementary work to
the existing studies on understanding and quantifying the past and future LULC changes in North
China. Comparing to the models mentioned earlier, the Cellular Automata-Markov (CA-Markov)
model is efficient and simple to calibrate, and has a high ability to simulate multiple LULC and
intricate patterns [2,3,20,21]. The CA model is able to integrate geospatial and remote sensing data,
quantitative data (cultural drivers), and socioeconomic data. Moreover, CA-Markov enables a more
comprehensive simulation as compared to other LULC change models such as the GeoMod (Geometric
Modeler) and Conversion of Land Use and Its Effects at a Small Regional Extent (CLUE) models [22].
The CA-Markov model is a hybrid of the CA and Markov models. They are suitable for LULC
change detection and predictions [23,24] because they take into consideration the spatial and temporal
components of land-cover dynamics [25]. It is a robust technique that can simulate complex systems,
making it the best fit to project the LULC change in GRB.

Although many attempts have been made to analyze the changes in LULC in the Haihe River
Basin [16,17,26,27], many of these studies were focused on larges cities such as Tianjin [18,28] and
Shijiazhuang [29]. GRB is a very important sub-basin of Haihe River Basin, and it is one of the primary
water sources for urban, industry, and agriculture in Beijing, the capital of China [30]. LULC changes
portrayed by anthropogenic activities such as intensive agricultural practices and expansion of built-up
areas inevitably affected water resources, serving as one of the primary causes of runoff decrease in
GRB [31]. Additionally, an increasing shortage of water resources and exploitation of groundwater
resources has occurred in this region for decades, accompanied by a low water quality and soil erosion
in the basin. Knowing that LULC change can alter and modify hydrological components such as
evapotranspiration and infiltration, it is therefore essential to study and understand historical changes
in land-use and land-cover system in this basin. In order to provide useful tools to decision-makers and
water resources managers, it is essential to model the future LULC dynamics in that basin based on the
socioeconomic development trends. Therefore, the objectives of this study are: [4] to analyze the spatial
and temporal patterns of LULC changes in GRB from 1980 to 2010; (2) to project the future LULC
changes under two distinct, representative scenarios, namely, ‘business-as-usual’ [1] and ‘governance’
(Gov), for the years of 2030, 2060, and 2090.

2. Materials and Methods

2.1. Study Area and Dataset

Guanting Reservoir Basin is one of the major water systems in the Haihe River Basin, located
70 km northwest of Beijing. It covers 43,600 km? between 39 and 42°N and between 112 and
117°E. The reservoir supplies water for households, agriculture, and industries in Beijing. Currently,
the reservoir served mainly as a water source for industries due to continuous droughts at the beginning
of the 21st century and water quality issues [32]. The region is a semi-arid area with a monthly average
temperature ranging from —11 °C in January to +22 °C in July, and an annual average precipitation of
425 mm. The region has a warm temperate monsoon climate. Approximately 70% of the precipitation
occurs during the monsoon season (May to September). GRB is located in a mountainous area, which
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accounts for 80% of the total basin area. The principal tributaries of the basin include Sang River
and Yang River. Xiangshuipu and Shixiali are two hydrological stations, located in the Yang River
and Sanggan River, respectively. Since China’s opening-up policy in 1979, rapid economic growth,
urbanization, and population were observed in the region. Water consumption foe agriculture, industry,
and domestic use has significantly increased, and LULC has changed over the years [32,33].

LULC maps in 1980, 1990, 2000 and 2010 at a resolution of 30m (Figure 1), as well as the other
geographical data (roads, railways, cities, and towns) were obtained from the Data Center for Resources
and Environmental Sciences of Chinese Academy of Sciences (http://www.resdc.cn). The LULC changes
were classified using the original first-grade LULC types of the datasets, i.e., cropland, woodland,
grassland, water body, built-up land, and unused land, according to Liu et al. [34] and Liu et al. [35]
(see Table 1). The maps for 1980, 1990, and 2000 helped to capture the transition rule and historical
development trends. The 2010 LULC was the reference map used to test the simulation.
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Figure 1. Land use maps of Guanting River Basin (GRB) from 1980 to 2010.

Table 1. Land-use/land-cover (LULC) classes used in this study [34].

LULC Classes Description
Cropland Paddy field and dry land
Woodland Forest, shrubs, and woods
Grassland Dense grass, moderate grass, and sparse grass
Water body Streams and rivers, lakes, ponds and reservoirs,
Built-up land Urban built-up land and rural settlements

Unused land Sandy land, gobi, salina, swampland, bare soil, and bare rock
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2.2. Simulation of Future LULC Dynamics

LULC prediction involves measuring LULC changes between t; and ¢, and extrapolating these
changes into the future [36]. The Markov Chain Model is a stochastic progression that analyzes
the probability of LULC changes over time by developing a transition probability matrix [24,37-39].
Its analysis is a transition probability matrix between t; and ¢, that indicates the probability of LULC
change from one period to another [40]. The Markov chain process is expressed as [21]

Fx(X(tas1) < Xnt1[X(tn) = X0, X(tn-1) = Xn-1,..., X(t1) = x1) = X(tat1) < Xns1 X (tn) = xn) (1)

where X(t) represents the Markov chain process for a particular time (t); t, defines the present time,
while t,,;1 defines the time for changes in the future. Similarly, the notation t,_; is used to denote the
previous changes.

As described in the previous study [21], Equation (2) denotes the transition probability from state
i to state j, while X[k] represents the state k (k =1,2,3,...)

P = Pr(X[k +1] = j|X[k] = i) @)

If the Markov chain follows a finite number of states (i.e., n), transition probability matrix can be
defined as [21]

Pl,l P1,2 . . . Pl,n
Py 4 Py» . . . Prn

3)
Pn Pnpo . . . Pan

7-

CA-Markov predicts the trend and the spatial structure of different LULC classes [15,41-43].
The CA methods are very efficient tools for imitating complex spatial processes based on simple
decision rules [44]. Each cell has a particular condition that is influenced by its neighboring cells as
well as features of the cell itself [45]. The CA-Markov chain is a combination of the Markov Chain and
CA that was developed to solve Markov chain limitation by adding a spatial dimension to the model
by CA. In this study, the CA-Markov chain model was used to predict LULC in 2030, 2060, and 2090
in GRB to generate data for understanding future land-use variation in the basin. The IDRISI Selva
software v.17 was used for land-use simulation. For developing the CA-Markov model, three types of
data, namely, the basic land-cover image, Markov transition areas file, and a collection of transition
suitability images, were used. The transition probability matrices were explored with 1980, 1990, 2000,
and 2010 LULC maps. Then, the matrices were employed in the prediction of future LULC changes.
The LULC transition suitability maps are prepared by combining a collection of maps (factors and
constraints) using the multi-criteria evaluation (MCE) method. The Markov module is operated to
generate transition areas files before executing a CA-Markov module during the implementation of
the Markovian LULC change modeling. The framework of the study is summarized in Figure 2.

A suitability map for each class is considered as a pre-requirement before using the CA. Suitability
maps are obtained from the MCE by combining the information from several criteria to form a single
index of evaluation [46]. The MCE is a standard strategy for evaluating and collecting weighted
maps depending on the specialist’s comprehension of the interactions and impacts of the factors
with LULC [46]. The future LULC suitability maps of GRB were prepared, considering the factors
responsible for LULC change and distribution. The factors considered were slope, elevation, distance
from the road, distance from the motorway, distance from railway [9,21,47,48]. Slope is an important
factor because it determines whether the land is useful for humans. For example, agriculture and
building require a fairly gentle slope. Elevation is often a good predictor of areas that are suitable for
agriculture, and thus lowlands are vulnerable to conversion to agricultural land. Distance from the
roads, motorways, or railways facilitates access to remote areas; therefore, building roads promotes
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anthropogenic disturbances. Water bodies and built-up areas were important parameters in the
extraction of suitability maps and were used as constraints. Suitable areas for conversion to each
class were assigned by giving the value for the five classes from 0 (no probability for conversion) to 1
(high probability for conversion). The suitability maps for each LULC class are shown in Figure Al.

> Markov
Il - AHP, Factor
Tra.n.5|t|0n . Weight < Factor |«
Probability Matrix
— LULC 1990 l
WLC |« Constraint
— LULC 2000
\ 4
— LuLC 2010 CA Markov  |g Suitability map
Simulated LULC 2010
\ 4
»| Kappalndex Validation No
Yes
Calibrated CA-Markov

Y

Simulated LULC
2030,2060, 2090

Figure 2. The framework of the study. WLC: Weighted Linear Combination; AHP: Analytic
Hierarchy Process.

Factor and constraint maps were processed with ArcGIS Desktop v.10.1; then, the maps were used
as inputs of IDRISI Selva v.17 for further processing. During the standardization stage, the values of
the factors were converted to a number between 0 and 255, where 0 represents low suitability and
255 denotes high suitability. Appendix A Table A1 presents the details of the factors and constraints
considered for each LULC class. The images were classified into two classes, using (a Boolean)
0/1. In the Boolean images, non-constraint and constraint criteria were assigned a value of 1 and
0, respectively. The fussy membership function in IDRISI Selva is used for the standardization of
factors and ensuring the logical consistency of the selected factors. The fuzzy membership functions
used in this study are sigmoidal, J-shaped, and linear membership functions [46]. For every fuzzy
membership function (J-shaped, sigmoid, and linear), the suitability of a given landscape for a specific
LULC bears specific shapes as the value of a factor increases. These are as follows: [4] as the value of
the factor increases, the suitability of a land surface for a given LULC category increases (monotonically
increasing); (2) as the value of the factor increases, the suitability of a land surface for a given LULC
category decreases (monotonically decreasing). The weighted overlay of factors can be carried out using
three approaches: user-defined weights, equal weights, and analytic hierarchy process (AHP) [49,50].
The AHP is a multi-criteria and multi-objective decision-making technique, which facilitates the
aggregation of constraints and factors using the weighted linear combination (WLC) algorithm [51].
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The AHP approach has been widely used in LULC change prediction [21,40,43,49,52,53]. In this study,
we adopted the AHP approach. The WLC aggregation under the MCE generated the standardized
suitability maps for every LULC class. The suitability maps for each LULC class are shown in Figure A1.

2.3. Scenarios Setting and Model Validation

The land system change under different levels of socioeconomic development was captured by
developing two scenarios according to the historical trend of land system change from 1980 to 2010.
At one end, the first scenario, BAU, which assumed that recent socioeconomic development trends
(rapid urbanization and increase of population) would continue. Distance from the road, distance
from the motorway, distance from the railway, slope, and elevation were the driving factors of this
scenario. At the other end, a more idealized and controlled picture is the Gov scenario that assumed
an environment-friendly, controlled LULC change planning is implemented in the whole basin. In this
scenario, drivers such as distance from the road, distance from the motorway, and distance from
the railway are assumed to be negligible in the model due to the implemented strict regulations on
infrastructure development induced disturbances. We supposed that the growth and expansion of
urban centers are limited in this scenario. Therefore, the remaining influencing factors to LULC change
are slope and elevation. These scenarios are just projections of different development pathways, which
can be supported and validated with socio-economic and census data for a critical understanding of the
possible LULC change processes in GRB. The scenarios are implemented in Idrisi Selva v.17 by taking
into account the factors and constraints driving each scenario (Appendix A Table A1). Consequently,
we used the LULC maps in 2000 and 2010 as input in the CA-Markov model. Future annual LULC
distribution of each scenario is then simulated for 2030, 2060, and 2090.

When predicting future decadal changes where no datasets are available for assessing the
accuracy of the simulation, model calibration and validation are a fundamental component in the
modeling process [40,43,47,54]. There are several methods used for validating future LULC change
prediction models. Such methods include the kappa coefficient (k) and Cramér’s V [23,55], quantity
disagreement and allocation disagreement approach [23,55,56], and Chi-Square—F-test of two images
for variance [57,58]. In this study, the kappa coefficient was implemented, and the model was validated
after simulating the 2010 LULC conditions using the 1990 and 2000 LULC maps. The accuracy
of the simulated 2010 LULC map was assessed using the VALIDATE and CROSSTAB module in
IDRISI to estimate the level of agreement between the simulated map and the reference map of 2010.
CROSSTAB uses a cell-by-cell method, expressed by the Kappa Index of Agreement [59,60]. Hence,
Kappa indexes such as Kappa for no information (Kno), Kappa for location (Klocation), and Kappa
for standard (Kstandard) [61-63] were used to compare the agreements of the two maps with the
VALIDATE module. The use of Kappa indexes for the assessment determines the overall success
rate, and it provides an understanding of the practical factors in the strength or weakness of the
results. When 0.75 < Kappa < 1, the maps are in a high level of agreement; if 0.5 < Kappa < 0.75, it has
a medium level of agreement; and if Kappa < 0.5, it has a rare agreement [54,62]. After obtaining
successful Kappa values, the CA-Markov model was adopted and then used to simulate the LULC
maps of 2030, 2060, and 2090 under BAU and Gov scenarios.

The equations below express the summary statistics for the Kappa variations according to
Omar et al. [64]

Kno = (M(m)N(n))/P(p) = N(n)), €
Klocation = (M(m)N(n))/P(p) — N(n)), 5)
and Kstandard = (M(m)N(n))/P(p) — N(n)) (6)

where no information is defined by N(n), medium grid cell-level information by M(m), and perfect
grid cell-level information across the landscape by P(p).

LULC is usually carried out to show the patterns of change, which is essential for decision-makers.
A comparison of land-use in different periods and under different scenarios was made after successful
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simulation of LULC in 2030, 2060, and 2090. A cross-tabulation procedure between the classifications
was processed with IDRISI Selva V.17 [63]. Conversion matrix [40,65], between 1980 and 1990, between
1990 and 2000, and between 2000 and 2010, were also performed in order to analyze the decadal
variation in each land-use/land-cover category. Furthermore, percent change [47] was also computed
to show the magnitude of the changes happening between different periods, and this was achieved
using Equations (7) and (8), respectively,

Xp - X4

Change (%) = ( )X 100 (7)

and RC = (M),

Y ®)

where RC is the rate of change from time 1 to time 2 (kmz/year), X is the area of LULC (km?) in time 2,
X is the area of LULC (km?) in time 1, and Y is the time interval between X; and X, in years.

3. Results and Discussion

3.1. CA-Markov Model Validation

Figure 3a,b shows a comparison of the simulated and actual maps in 2010. The result shows
a close similarity between the two maps in terms of the spatial distribution of LULC. In particular,
the modeled agricultural and water body areas agree very well with the observations (Figure 3).
Figure 4 shows the total area of simulated and actual LULC classes in 2010. The area extent of the
simulated and actual maps also attests to the likeness between the two maps. The proportions of
woodland, cropland, water body, and unused land of the simulated map are similar to those of the
actual map. For instance, woodland is modeled to account for 18.52% of the total area, which is
close to the actual percentage, 19.74% (Figure 4). However, some LULC classes were less accurately
simulated. For example, grassland was over-projected, while built-up was slightly underestimated
(Figure 4). A possible explanation of the poor simulation of built-up areas might be the inability of
the model to capture the newly developed areas without assimilating the detailed information on
urbanization. However, from these results, it can be deduced that the model can simulate past LULC
well. To quantitatively estimate the level of agreement between the simulated and actual map of 2010,
we used three Kappa indices, namely, Kno, Kstandard, and Klocality. The analysis assessed with
VALIDATE module showed a good performance with Kno = 0.9110, Klocation = 0.8887, and Kstandard
= 0.8794. Table 2 displays a cell-by-cell comparison of land use classes between the simulated map and
the actual map. KIA showed a good result for all LULC categories, ranging from 0.60 to 0.92 for the
built-up and water body classes, respectively. In general, the indices performed well quantitatively and
spatially, which can be described as almost perfect agreement. The results provide clear evidence that
CA-Markov can predict future LULC in GRB. Good agreement of all Kappa indexes for the assessment
not only projects the overall ability of the model to simulate a past LULC, but also shows its ability to
predict future LULC effectively.

Table 2. Comparison of KIA indices for simulated and actual LULC categories.

LULC Category KIA ! LULC Category KIA
Woodland 0.8530 Built-up land 0.6013
Grassland 0.7999 Unused land 0.8485

Water body 0.9245 Cropland 0.7916
Overall KIA 0.8794

1 KIA: Kappa Index of Agreement.
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Figure 3. Maps of (a) actual LULC and (b) simulated LULC in 2010.
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Figure 4. Comparison of the actual and simulated areas of different LULC classes (km?) of GRB in 2010.

3.2. Land Use/Land Cover Change from 1980-2010

Table 3 shows the area and percentage of land-use change from 1980 to 2010. Cropland, grassland,
and woodland were the predominant land-use classes in the study area, covering more than 90%
of the total area. Built-up land, water body, and unused land accounted only for a small portion.
For instance, in 1980, cropland covered 20,171 km?, representing 46.2% of the study region, while
grassland and woodland span 13,186.3 km? (30.2%) and 8129 km? (18.62%), respectively. During the
same period, the smallest portions, namely built-up, water body, and unused land, covered only 2.64%,
1.95%, and 0.38% of the region, respectively. The next decades showed a different trend, with slight
changes in some proportions. Built-up land and woodland coverage expanded, while grassland and
cropland areas declined. Specifically, from 1990 to 2010, built-up land nearly doubled its proportion,
rising from 3.06% to 5.26%. This increase might be adequately explained by population growth,
which contributes to the construction of new infrastructures such as houses, hospitals, and schools.
One contributing factor to this rise could be the rapid urbanization, which leads to cultivated land loss
in the region [66-69]. In fact, in the 1990s, the Chinese government improved infrastructure and road
transportation in the whole basin; therefore, urbanization expanded further into the peripheral areas at
the expense of grassland and cropland [70]. Shi et al. [17] reached a similar conclusion by pointing out
that the urbanization rate increased in the Haihe River basin from 29% to 36% during that period and
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will continue to grow more in the future. The percentage covered by each LULC from 1980 to 2010 is
shown in Table 4. Woodland increased at a rate of 6% from 1980 to 2010. This increase was probably
the effect of the “Grain for Green” policies taken by the Government [35,71], along with the “Project on
Sand Prevention and Desertification Control” around Beijing [72]. This result is in accord with the
study by Shi et al. [17], who noted that woodland increased by 2.7% in the same region around the
1990s and 2000s. Contrarily, as displayed in Table 4, grassland decreased from 30.2% in 1980 to 28.82%
in 2010, while shrinkage of 8.5% is noticed in water body coverage over the same period (1980-2010).
It is worth noting that water body areas are mainly rivers, reservoirs, lakes, and ponds, which are
primarily used for irrigation. These findings are consistent with the other studies [10,14,16,31,69,73,74]
in Northern China, confirming the depletion of dense grasslands and water bodies. Throughout the
years, unused land occupying the mountainous areas, which are mainly composed of sandy lands, did
not change much compared to other LULC classes.

Table 3. Distributions of land use/land cover classes in Guanting Reservoir from 1980 to 2010.

1980 1990 2000 2010
LULC Area Area Area Area Area Area Area Area
(Km?2) (%) (Km?) (%) (Km?) (%) (Km?) (%)
Woodland 8129 18.62 7970 18.26 8345 19.11 8616.92 19.74
Grassland 13,186.3 30.20 13,318 30.51 12,899.3 29.55 12,582.98 28.82
Water body 853 1.95 776 1.78 829 1.90 780.49 1.79
Built-up 1154 2.64 1335 3.06 1740 3.9 2296.99 5.26
Unused land 164 0.38 171 0.39 165 0.38 167.34 0.38
Cropland 20,171 46.20 20,087 46.01 19,679 45.08 19,212.61 44.01

Table 4. Percent changes in LULC classes that occur in the Guanting Reservoir Basin.

LULC 1980-1990 1990-2000 2000-2010 1980-2010
Woodland -1.96 -0.31 +3.26 +6.00
Grassland +1.00 —0.14 -2.45 —4.58

Water body -9.03 6.83 —-5.85 —-8.50
Built-up +15.68 +0.37 +32.01 +99.05
Unused land +4.27 -3.51 +1.42 +2.04
Cropland -0.42 -0.04 -2.37 -4.75

3.3. LULC Transition Probabilities Matrices

LULC conversion from one category to another is frequent in LULC studies [34,35]. The changes
are displayed in an n-by-n LULC class matrix, in which rows show the previous land cover classes at
the time 1, while the columns represent the latter land cover classes at time 2. The off-diagonal values
indicate the probability of a change occurring from one land use cover to another from time 1 to time
2. However, the diagonals represent the probability of a given LULC class to remain stable after a
given time from time 1 to time 2. The changes of one LULC category to another between 1980-1990,
1990-2000, and 20002010 periods are shown in the tables below.

3.3.1. Conversion between 1980 and 1990

Table 5 displays the transition probabilities of LULC classes from 1980 to 1990. The diagonal
line showed the probabilities of LULC classes to remain unchanged in 1990. The LULC classes with
high probabilities to remain stable are grassland, cropland, and woodland, accounting for 50%, 59%,
and 49% of their original areas, respectively. Built-up land has the lowest probability of remaining
unchanged, with a considerable portion converted to grassland (63.4%) from 1980 to 1990, although
other LULC classes were converted to built-up too. The probability matrix in Table 5 showed that
none of the LULC categories were reverted to water body class; however, water body was moderately
converted to grassland (50.67%), highlighting the fact that waterbody has been substantially occupied
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by agriculture, industries, and households in this region during this period. In Table 5, some portions
of grassland were transformed into unused land, which slightly increased its percentage; this shows
how green areas were slowly depleted. Overall, slight changes in LULC occurred from 1980 to 1990,
and the LULC classes with increasing coverage were grassland, built-up land, and unused land.

Table 5. Transition probabilities of LULC classes from 1980 to 1990.

1980 1990

Wood Grass Water Built Unused Crop

Wood ! 0.4972 0.2782 0.0073 0.2059 0.0015 0.0098
Grass 2 0.154 0.5 0.0096 0.0167 0.3154 0.0043
Water 3 0.0845 0.5067 0.2411 0.0012 0.1354 0.031
Built 4 0.0378 0.6346 0.0198 0.1694 0.0054 0.133
Unused ° 0.0635 0.4194 0.0064 0.0191 0.305 0.1866
Crop © 0.0949 0.2269 0.0239 0.0554 0.0047 0.5941

1 Wood: woodland; 2 Grass: Grassland; 3> Water: Water body; 4 Built: built-up land; 5 Unused: Unused land;
6 Crop: Cropland.

3.3.2. Conversion between 1990 and 2000

Table 6 illustrates the LULC transition probability matrix from 1990 to 2000. The information
generated from this table indicates that 42% of the unused land was converted into built-up land
from 1990 to 2000. Similarly, 31% and 49.2% of grassland and water body areas were also converted
to built-up land. The increase in built-up land may be attributed to the urbanization growth and
population rise in the region, as pointed out in the other studies [27,68,69]. Additionally, Liu, Liu,
Zhuang, Zhang and Deng [35], and Tan, Li, Xie and Lu [26] confirmed that the population growth and
associated decline in cropland were the most critical factors for the change in LULC. These findings are
also confirmed by Liu, Liu, Tian, Zhuang, Zhang, Zhang, Tang and Deng [34] and Tan, Li, Xie and
Lu [26] who reported that in the 1990s, the region faced significant exploitation of natural resources such
as water, land, forests, leading to LULC change. All these changes might also influence hydrological
components in the reservoir. As an example, Yang and Tian [74] indicated that the variation in
agricultural land and agricultural water use is the most probable driving factors of runoff decline in the
reservoir. Wang et al. [75] went further, demonstrating that land-use change was responsible for a 7.9%
decrease in surface water volumes in the basin during the period 1991-2000. Unused land indicated
the highest transformation percentage, with a probability of only 18.3% to remain unchanged, meaning
that it may be converted to other classes. Woodland remained relatively stable, with a probability of
50.24%. Similarly, grassland and cropland displayed 50.18% and 59.45% probability of remaining as
respective grassland and cropland classes.

Table 6. Transition probabilities of LULC classes from 1990 to 2000.

1990 2000
Wood Grass Water Built Unused Crop

Wood ! 0.5024 0.2603 0.2174 0.0075 0.0014 0.011

Grass 2 0.159 0.5018 0.0098 0.3094 0.0045 0.0156

Water 3 0.0702 0.139 0.2651 0.4927 0.0014 0.0317

Built 4 0.0499 0.1264 0.0211 0.6149 0.0023 0.1853
Unused ° 0.0609 0.2923 0.0061 0.4202 0.1839 0.0365

Crop © 0.0917 0.2301 0.0255 0.0537 0.0044 0.5945

1 Wood: woodland; 2 Grass: Grassland; 3 Water: Water body; 4 Built: built-up land; 5 Unused: Unused land;
6 Crop: Cropland.
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3.3.3. Conversion between 2000 and 2010

Table 7 shows the transition probability of LULC between 2000 and 2010. It was observed that
60.9% and 53.8% of cropland and woodland were converted to built-up area, respectively. Woodland
experienced significant conversion, where 21.1% were transformed to cropland, 20% to unused land,
and 12.2% to cropland. One possible explanation might be the deforestation in the region caused by
urbanization (housing and other infrastructure). Similar conclusions were reached earlier by Li, Deng,
Yin and Yang [16] and Shi, Xiao, Shen and Yamaguchi [17], who found that the land-use change is
principally dominated by the conversion of cultivated land and forest to built-up area in northern
China. Once again, rapid population growth, improvement in transport infrastructure, and expansion
of peripheral cities accelerated the process of urbanization in the region, resulting in a significant
change in built-up land. During the same period, 41.6% of built-up land and 59.5% of water body
area were both transformed into cropland. This conversion is because irrigation takes a considerable
part of water consumption in GRB; therefore, it is obvious to notice a conversion of water body into
agricultural land. In summary, GRB experienced a transformation of LULC from grassland, cropland,
and woodland to built-up, and from water body to cropland, making up the 2010 LULC.

Table 7. Transition probabilities of LULC classes from 2000 to 2010.

2000 2010

Wood Grass Water Built Unused Crop

Wood ! 0.444 0.0223 0.0001 0.1224 0.2001 0.2111
Grass 2 0.0447 0.3658 0.0087 0.5384 0.007 0.0354
Water 3 0.0107 0.0293 0.3448 0.0201 0.0001 0.595
Built 4 0.0977 0.0167 0.0158 0.4374 0.0159 0.4165
Unused ° 0.0002 0.1886 0.0305 0.3003 0.4794 0.0009
Crop © 0.08 0.0388 0.0023 0.6098 0.0035 0.2656

1 Wood: woodland; 2 Grass: Grassland; 3 Water: Water body; 4 Built: built-up land; 5 Unused: Unused land;
6 Crop: Cropland.

Eastman [46] opposed the idea that one of the fundamental spatial elements that underlie the
dynamics of many change events is proximity; therefore, areas will have a higher tendency to change
to a class when they are near existing areas of the same category [21,39]. It is often the case that some
LULC data exhibit spatial autocorrelation, though the LULC classes are independent to each other [76].
A cellular entity will independently vary its state based on its previous state and that of its immediate
local neighbors [46]. In GRB, cropland and grassland are neighbored by unused land and built-up
areas. Agricultural practices are carried out along water bodies (pounds, lakes, wetland). During dry
seasons, these areas are easily used for agriculture; therefore, based on neighborhood relationships,
it is ordinary to observe conversion from water body to cropland or vice versa, as shown in Table 7.

3.4. Future LULC Dynamics

Two scenarios were developed according to historical patterns of LULC change from 1980 to
2010 to capture the LULC change under different levels of socioeconomic development. Therefore,
the LULC changes of 2030, 2060, and 2090 under the BAU and Gov scenarios were developed in GRB
and presented in Figure 5. In the BAU scenario, we assumed that recent socioeconomic development
trends would continue, whereas the Gov scenario assumes that a more regulated development is
implemented in GRB. In the Gov scenario, drivers such as distance from the road, distance from the
motorway, and distance from railway are not taken into account in the model in order to minimize
the influence of infrastructure-development-induced further LULC changes. The only influencing
factors to LULC change in the Gov scenario are slope and elevation. Figure 5 displays the LULC of
GRB in 2030, 2060, and 2090 under the BAU and Gov scenarios. Contrary to the Gov scenario, the BAU
scenario projected a significant increase in urban cities, decades after decades in the plain region,
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rising from 2296.98 km? (5.26%) in 2010 to 11,757.35km? (26.93%) in 2090 (Figure 6). The projections
of future urbanization will increase if new roads, highways, and industries are constructed on the
current farming regions. Cropland will be destroyed and transformed into small cities and industries
if the current rate of urbanization and industrialization continues. This trend shows that there is a
need for efficient and environmental-friendly urbanization planning in both urban and rural areas.
Moreover, from 2010 to 2090, both cropland and grassland are projected to decrease sharply to 42%
and 28%, respectively, under the BAU scenario. This situation may be attributed to the expansion
of urban areas, as mentioned earlier. In this scenario, it is essential to take necessary actions for
land protection and taking into consideration the needs of farmers who will suffer the most by these
changes. With the growing population expected in the future decades, the region will face a high
demand for food. To tackle these challenges, efficient systems of agricultural practices such as crop
rotation and polycultures, agroforestry (growing shrubs amongst plants and vegetables to increase
crop yields), and sustainable farming (using renewable energy for pumping and irrigation systems)
could be implemented. Additionally, a sustainable land management system with the participation
of local farmers and all stakeholders will be beneficial. Coordination between provinces would be
important to implement national policies regarding food and water security efficiently. Despite the
increase in the built-up area, a slight increase in the woodland area is projected, especially in 2030
(8786.27km?) and in 2090 (up to 10,030km?) (Figure 6), which accounts for an increase of 2.85% (Table 8).
Therefore, some of the green areas would still exist.

Under the Gov scenario, necessary water planning and management policies are taken, and an
increase in water body coverage is observed across the whole basin by 2.09% to 4.07% from 2010 to
2090 (Table 8). Irrigated agricultural land could have created more areas covered by water. Under
this scenario, water resources allocated for agricultural practices and industrial uses are well planned
by taking into consideration the protection of the environment. Assuming that reservoirs are built
across the basin to store enough water during the rainy season, the South-North Water Diversion
Project is efficiently working, and pumping underground water is well regulated; this could lead
to efficient water management in the basin, as displayed in 2090. From 2030 to 2090, conservation
measures projected in the Gov scenario would also increase unused land (0.47% to 0.89%), which could
be later transformed into recreational, green, or protected areas. If current trends continue, increase
in unused land will probably continue into the next century. Figure 7 displays the percent change in
LULC under the Gov scenario. We note that cropland decreases decades after decades, up to 15% of
decrease between 2060 and 2090. At the same time, water body, unused land, and built-up land show
the highest increase in the LULC area. They all have an incremental trend from 2000 to 2090. Woodland
follows the same pattern despite its minor increase throughout the decade, but grassland slightly
decreases from 2060 to 2090. Agricultural land drops while urban areas and water body increase.
The expansion of the built-up area under this scenario has nothing to do with the one observed in
the BAU scenario, which was more prominent. A transition probability matrix would have been
a necessity to indicate the conversion between different LULCs in both scenarios. We would carry
further studies toward that aim. Under all scenarios, future urbanization is concentrated in western
and northern regions, where the density of cities will continue for several decades along the Sang
River and Yang River. The well-being of the region highly depends on the successful protection of
vulnerable areas (woodland and water body) and the programs put in place to protect them.
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Figure 5. Projected LULC maps of GRB in 2030, 2060, and 2090 under (a) BAU and (b) Gov scenarios.

Table 8. Projected percent changes in LULC classes in GRB from 2000 to 2090 under the BAU and

Gov scenarios.

Reference BAU Gov
LULC Category 2010 2030 2060 2090 2030 2060 2090
Woodland 19.74 20.13 2251 2298 19.03 19.59 20.34
Grassland 28.82 28.78 24.65 2063 3115 3212 32.86
Water body 1.79 1.77 1.92 2.11 2.09 258 4.07
Built-up land 5.26 7.91 17.98 26.93 447 5.61 8.08
Unused land 0.38 0.60 1.24 1.96 0.46 0.57 0.89
Cropland 44.01 40.81 31.70 2539 4281 39.53 33.76
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Figure 7. Percent changes of LULC classes in GRB from 2000 to 2090 under the Gov scenario.
3.5. Uncertainty Analysis

Using the Kappa indices to evaluate the projected maps, causes are not unanimously accepted in
the field of LULC change modeling because of the randomness of its comparison. Summarizing the
cross-tabulation matrix in terms of quantity of disagreement and allocation disagreement is, therefore,
the best option [55]. Another uncertainty is related to the variation in accuracy within clusters. Usually,
the model predicts the change in the wrong location, which improves the percentage of the correctness
of models used in a small quantity of change compared to models applied in a large quantity of
change [77]. The maps obtained under the LULC scenarios in this study are only projections of different
socio-economic pathways for the basin. They are intended to support decision-making regarding
LULC policies and water management. Predicting LULC is vital in providing necessary information
to obtain a deeper understanding of the land-use system, as well as for effective land use planning
and water resources management. The limitation of this study was mostly related to the model
used to predict LULC change. The CA-Markov model projects future LULC distributions based on
current trends, while future patterns are uncertain due to factors such as population growth, a shift in
socio-economic development, and natural hazards. The projections of development pathways used in
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this study lack socio-economic and census data for a complete analysis of and understanding of LULC
change processes. The spatial planning map of GRB would have been useful, as it portrays a realistic
LULC planification of the study area. Future work could focus on assessing uncertainties related to the
projections using a logistic regression model or geographically weighted regression. However, we are
confident that the research methodology used in this study is reliable. The results should be interpreted
as a hypothetical fate of future LULC change in GRB if the same conditions are followed. Although the
reliability of land use projections starts to reduce with time when the period of simulation exceeds ten
years [78], the long-term projections of LULC simulated in this study are useful because they provide
an overview of the future LULC changes in GRB. However, the use of two opposite LULC scenarios
(BAU and Gov) reduces and quantifies the uncertainties associated with the model, thus enhancing the
applicability of simulation results. This method is better than just relying on a single scenario.

4. Conclusions

In this study, the CA-MARKOV model has been used to predict two scenarios—BAU and Gov—of
the future LULC system in Guanting River Basin using historical maps from 1980 to 2010. To the
best of our knowledge, this study is the first one for the GRB. Therefore, the model developed in this
study is essential as it can be useful for LULC planners and water resources managers to identify
the fragile ecological systems and take proper measures. Firstly, the accuracy of the model is tested
by comparing the actual 2010 LULC map with its simulated counterpart using the 1990 and 2000
LULC maps. Overall, the validation shows a satisfactory result, which indicates that the CA-Markov
model can be used to simulate future LULC in GRB. A significant amount of LULC conversions had
occurred from 1980 to 2010 in GRB. Built-up and woodland areas have increased from 1980 through
2010. An increase in built-up land was probably due to the rapid population growth, improvement in
transport infrastructure, and expansion of peripheral cities. In contrast, grassland, water body, and
cropland have declined in coverage, while unused land did not change much during the same period.
When facing such land-cover changes, projecting future changes under various assumptions is critical
for efficient decision-making. Such scenarios also contribute to increasing awareness of the ecological
consequences of growing pressures; therefore, we developed two LULC scenarios (BAU and Gov) in
this study. Under the BAU scenario, which assumed that the current socioeconomic development
trends would continue, urbanization is projected to increase significantly in 2030, 2060, and 2090.
In contrast, cropland and grassland are projected to decrease sharply. If this scenario persists, it will
have a severe impact on the environment, soils, and water resources in the whole basin. Under the
Gov scenario, LULC changes are more moderate and slower, and water body area and unused land
will increase significantly from 2030 to 2090. This scenario assumes that water resources allocated for
agricultural practices and industrial uses are well planned. Therefore, we recommend following the
Gov scenario, which is environmentally sustainable and economically profitable for the GRB in the
long term.
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Table Al. Factors, membership functions, control points, and constraints of the different land use

classes. MD: Monotonically Decreasing function.

LULC Class Factors Membership Function Control Points Constraints
Slope MD-] shape C=15d=3
Cropland Elevation Symmetric-Sigmoidal a=500;b =1000 B‘l/lvi?tt-eli
Y & ¢ =1300; d = 2100 P
Distance from road * MD-Sigmoidal c=0;d =max
Distance fro*m MD-Sigmoidal ¢ =0;d = max
motorway Water
Grassland Distance from road * MD-Sigmoidal ¢ =0;d =max Built-u
Slope MD-Symmetric c=15d=3 P
. . . a = 500; b = 1000;
Elevation Symmetric-Sigmoidal ¢ =1300; d = 2100
Water body Water bodies No fuzzy
Slope MD-Symmetric c=15d=3
. . . a = 500; b = 1000;
Built up land Elevation Symmetric-Sigmoidal ¢ =1300; d = 2100 Water
Distance from road * MD-Sigmoidal c¢=0;d = max
Distance froin MD-Sigmoidal ¢ =0;d = max
motorway
Distance from railways * MD-Sigmoidal ¢ =0; d = max
Slope MD-Symmetric c=15d=3 Wi
ater
Unused land Elevation Symmetric-Sigmoidal a = 500; b = 1000; Built-up
4 ¢ =1300; d = 2100
Distance from road * MD-Sigmoidal ¢ =0;d = max
Slope MD-Symmetric c=15,d=3
. Lo . a =500; b =1000;
Woodland Elevation Symmetric-Sigmoidal = 1300; d = 2100 BYl\/iéll:-e:
Distance from road * MD-Sigmoidal c¢=0;d =max P
Distance froin MD-Sigmoidal ¢ =0;d =max
motorway
Distance from railways * MD-Sigmoidal c=0;d =max

(*) Factors not taken into account in the ‘Governance’ scenario.
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Figure A1. Suitability maps.
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