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Abstract: The dramatic changes in land use are associated with various influencing factors such
as socioeconomic, climatic, geophysical and proximity factors. Hence, understanding the driving
mechanisms of land use changes is crucial to determine the pattern of future changes in land use.
The aim of this study is to project the future land use and land cover changes from 2010 to 2030 in
Punjab province under three scenarios: Business-as-Usual scenario (BAU), Rapid Economic Growth
scenario (REG) and Coordinated Environmental Sustainability scenario (CES). This article used the
previously developed Dynamics of Land System (DLS) model to simulate the land use changes in
response to the driving mechanisms. The results indicate that cultivated land and built-up areas
would expand while areas of water and grassland would face contraction under all three scenarios.
Nevertheless, future land demand varies in different scenarios. Under the CES scenario; forest area
would expand in the future while large reduction in unused land would be observed. Under the REG
scenario, augmented expansion of built-up areas and drastic decrease in forest areas would be the
main features of land use changes. Our findings in the scenario analysis of land use changes can
provide a reference case for sustainable land use planning and management in Punjab province.

Keywords: land use change; scenarios; dynamics of land system (DLS) model; Punjab province

1. Introduction

The concerns regarding land use and land cover changes (LULCC) are well recognized worldwide.
Human activities such as population growth, increased urbanization and rapid economic development
have markedly modified the Earth’s surface processes, which causes changes in environmental
attributes at a regional and global level [1,2]. The major threats are impacts on climate [3], soil
quality [4], global biodiversity [5] and the capability of biological systems to uphold human needs [6].
Thus, studying land use change is crucial to environmental management because it influences
the carbon cycling, greenhouse gas emission, radiation and water budgets, and livelihoods [7].
The planning and management of land use is an attempt to achieve land use configuration through
influencing the dynamics of land use changes so that a balance is maintained between stakeholders
and environmental needs [8].
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Land systems represent the relationship of all human activities and processes on land including
socioeconomic, organizational and technological investments, benefits from land and externalities of
social activities within the natural environment [9]. Land system dynamics work in a diverse and
comprehensive process at different scale and time. This process is caused by many factors which can
influence the activities of land use agents [10]. The factors are numerous and complex, consisting
of biophysical, geophysical, socio-economic and technological factors [11-13]. Because of these
influencing factors, the land use changes do not occur without “costs”. In recent years, much attention
has been paid to analyzing the driving factors involved in such processes and in turn, the impacts of
LULCC. Simulation modeling, as a new approach, has been employed at global and regional level to
study the land use changes [14,15]. Models and scenario analyses have been recognized as powerful
tools for understanding the land use patterns and complex driving mechanisms [16-18]. Currently,
numerous simulation models on LULCC have been applied in different studies which produced good
results [19-21]. Some dynamic simulation models can help decision makers in simulating the future
scenarios. For example, cellular automata (CA) models, system dynamics (SD) models, Markov chains,
the Conversion of Land Use and its Effects at Small regional extent (CLUE-S) model, Multi-Agent
System (MAS) models and the Dynamics of Land Systems (DLS) model have been frequently used
in simulating the land use changes spatially and temporally [22-29]. The recently developed DLS
model has been regarded as a powerful tool for simulating the dynamics of land use changes. This
model offers advantages over conventional models due to its comprehensive approach in determining
future land demand based on scenario analysis, considering the interaction of driving factors with
land uses and adjacent pixels, and simulating the spatio-temporal patterns of all kinds of land use
types at regional scale [30,31]. This model has been applied widely in many studies to simulate the
dynamics of land systems at different scales [28,29,31-35]. Analyzing the land use changes in Punjab
province with the DLS model provides information on the dynamics of land use changes to policy
makers and planners for sustainable land use management.

Punjab province has experienced population growth and economic development over the past
several years. From 1951 to 1998, the population increased by 258% and from 1998 to 2010 by 26%.
Its population density increased from 100 persons/km? in 1951 to 492 persons/km? in 2010. Due to high
population growth, the province witnessed an accelerated process of urbanization [36]. In addition,
with huge government investment, agricultural area in the country has increased more than 50%
over the past several decades [37-39]. Hence, demographic changes and economic development have
caused extensive land use changes in the province, for example, deforestation and conversion of prime
agricultural land to built-up area [27,40]. The limited forest cover of only 3% is declining—forest
cover of 20-25% is required for a balanced economy [41]—by 2900 hectares per annum [42]. This issue
received the attention of the government to protect the environment and aimed at 7% forestry by 2015
which has not been achieved yet [43]. Recently, Punjab Growth Strategy aimed to catalyze GDP at
8% by 2030 based on developing agriculture, manufacturing and energy sectors [44]. Furthermore,
implementation of the China-Pakistan Economic Corridor (CPEC) project is expected to have impacts
on quality of life in the province [45] and would bring significant land use changes [33].

Not many studies on land use changes have been conducted in Pakistan in general and for Punjab
in particular. Specifically in Punjab province, land use change studies are very limited. For example, Ali
and Nitivattananon [43] conducted a study using remote the sensing technique at Lahore Metropolitan
area. They found that from 1975 to 2009, urban area increased dramatically while areas of agriculture,
sparse trees and grasses shrunk. Bhatti et al. [46] used a multilayer perceptron neural network to
simulate land use changes in the city district of Lahore and projected maps for 2021 and 2035. The
results projected considerable expansion of built-up area and shrinkage of agriculture and vegetation
areas. Furthermore, Bhalli et al. [47] used GIS and remote sensing techniques in Faisalabad city. Their
results indicated that built-up area increased and agricultural area decreased consistently during the
period 1992 to 2010. Mehmood et al. [48] used remote sensing and GIS techniques to understand the
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urban land use pattern. The results showed that built-up area increased significantly and areas of
vegetation cover reduced from 1990 to 2015.

Thus, a limited amount of research has been found on land use/cover changes in Punjab province
and most of the research was carried out at city scale using remote sensing techniques. None of
these studies have focused on a regional /provincial level of understanding the mechanisms of land
use changes for future land use projections. Furthermore, applications of various spatial models
for projecting future land use changes are scant in this study area. Hence, it is vital to simulate the
processes involved in the spatial pattern of land uses which eventually help in the decision making of
land use planning and management [28].

In the study presented here, the aim is to explore the dynamics and future spatial patterns
of land use changes from 2010 to 2030 using the Dynamics of Land System (DLS) model under
three scenarios: Business-as-Usual (BAU), coordinated environmental sustainability (CES) and rapid
economic growth (REG). The BAU scenario was set for future land transitions based on historical and
recent socioeconomic trends of, e.g., economic and population growth without any new sustainable
environmental or economic policies. The CES scenario was set for future LULCC based on government
initiatives to increase forestry area by 7% while some effective measures would be taken to protect the
environment such as economic and population growth being maintained at a lower rate. The REG
scenario was set based on the economic growth preference for future LULCC, and both the population
and economic growth rate would be higher than the BAU scenario. The findings can provide
worthwhile knowledge for future land use planning and management in the study area.

2. Data and Methodology

2.1. Study Area

In this study, we focus on the second largest of four provinces in Pakistan, Punjab, with an area of
205,344 km? (Figure 1) which represents approximately one-quarter of the country [49] and is located
at the northwestern border of the geologic Indian plate in South Asia. Furthermore, it has the strongest
economy [50] and hosts more than half of the country’s population, driving rapid urbanization and
agriculture [51]. Punjab is the land of five rivers, namely Jhelum, Chenab, Ravi, Sutlej that are the
tributaries of the Indus River. These five rivers carry alluvium originating from the rapidly eroding and
deteriorating south Mountains of Himalaya into the Indus River Delta and the Arabian Sea. The region
is also known as the country’s lifeline and the granary of East Pakistan. Punjab’s topography is
plain and predominantly consists of fertile land along river valleys bound by the bare land of the
Cholistan desert in the southeast, hilly landscapes in the south and northwest, and the Potohar Plateau
in the north. Overall, the climate is dry with an annual rainfall ranging from 100 mm in the south to
600 mm in the northwest, approaching 1000 mm by the northeastern boundary. About three-quarters
of yearly precipitation is brought by monsoon rains in June to September [52], resulting in floods. The
temperature varies between —2 °C and 45 °C but can reach as high as 47 °C in summer and as low
as —5 °C in winter. The province has the biggest irrigation system in Pakistan covering about 3000
irrigated channels allowing for a plentiful agricultural production of wheat, rice, cotton, sugarcane,
oilseeds, millet, corn, vegetables, pulses, and fruits such as mango and orange. Besides agriculture,
it has also progressed considerably in industrial production, including sports goods, textiles, cement,
heavy machinery, sugar mills, agricultural machinery etc. In response to economic development and
rapid urbanization, the province has gone through extensive land use changes during the past several
years. Several researchers in the study area have documented the substantial changes in land use
pattern [43,53]. For example, substantial conversion of high quality cultivated lands to urban areas,
deforestation, abstraction and extraction of river waters. Consequently, land use changes—especially
deforestation in northern mountainous areas—badly affected the environment through changes in the
hydrological cycle that led to soil erosion, siltation and floods [54-58].
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Figure 1. Location and land use structure of Punjab province in 2010.
2.2. Data

2.2.1. Land Use Data

Reliable and up-to-date land cover data with spatial resolution of about 30 m for the years 2000 and
2010 in Punjab province were obtained from Pakistan Space and Upper Atmosphere Research Commission
(SUPARCO). By analyzing, interpreting and validating, FAO in consultation with SUPARCO and Crop
Reporting Services of Punjab have identified 13 main land use classes in the high resolution spatial satellite
data of SPOT-5 at a scale of 1:25,000 [59]. For meeting the requirement of DLS, we prepared all land use
and driving data in uniform spatial resolution and projection of 1 km x 1 km [29,60]. Subsequently, 13
land use types were reclassified into six classes [28,31,32,35] with coding O to 5 (Table 1) and generalized
via a separate spatial representation scheme [28]. For the study analysis, we adopted the land use data
from 2010 to evaluate the accuracy of simulation results from the DLS model.

Table 1. Land uses/covers in Punjab province.

Code Land Use Type Description

Land covered by orchard that includes cultivated or maintained area for
fruit production; crop irrigation that includes area for production of
annual crops; crop marginal and irrigated saline that include
herbaceous crops in irrigated saline fields and rainfed in desert area;
crops in flood plains, including herbaceous crops located in the
proximity of a river bed and receiving water either from annual floods
or by irrigation; and rainfed crops that include herbaceous crops in
rainfed and sloping land dependent on only rainfall.

0 Cultivated land

Land covered by both natural and planted forest with a height greater
than 6 m. Planted forest refers to plantation by government. This forest

1 Forestry area is identified by a large area and block shape. Natural forest includes
closed forest with canopy cover more than 60% and open forest with
canopy cover between 10% and 60%.
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Table 1. Cont.

Code

Land Use Type

Description

Grassland

Land covered by natural vegetation in wet areas and rangelands with
height less than 6 m tall. Natural vegetation in wet areas includes
herbaceous vegetation with cover 60 to 100%; closed to open shrubs
with cover 20-100%, closed woody vegetation with cover 60 to 100%
and woody vegetation with cover 10 to 60%. Rangelands include
grasslands, shrublands and woodlands. These areas are not under
intensive management but can be used for grazing.

Built-up area

Land covered by all built up area such as urban, industrial, airport,
roads etc.

Water area

Land covered by lakes and rivers.

Unused land

Land covered by bare areas and bare areas with sparse natural
vegetation. Bare areas include sand dunes and barren land. Barren land
represents bare soil area with very low density of shrubs and no
agricultural activity. Sand dunes represent low ridges or hillocks of
drifted sands mainly moved by wind. Bare areas with sparse natural
vegetation consist of sand dunes with natural vegetation, bare rocks
with sparse vegetation and desert flat plain.

2.2.2. Data on Various Influencing Factors of Land Use Changes in Punjab Province

Many factors potentially influence land use dynamics [31]. In the present study, twelve influencing
factors were grouped into four categories: (i) geophysical; (ii) climatic; (iii) proximity; and (iv)
socioeconomic that have been generally considered as predictors of land use distribution. Table 2 lists
the driving factors that were used in simulation of our scenarios.

Table 2. List of influencing factors exploring the dynamics of land use changes in Punjab province.

Influencing L.
Factor Category Factors Year Description Source
Slope 2000 SRTM Digital Elevation Model (DEM) 90 m DIVA-GIS [61]
. Elevation
Geophysical
. 1 1 *

variables 8911 pH Depth for pH is 5 cm (Index *10) World Soil
Soil depth 2013 Depth up to 200 cm Information [62]
Silt content (2-50 micro meter) mass fraction in % (5 cm depth) ° o

. . Temperature Annual mean air temperature (°C) Pakistan Meteorological
Climate Variables Precipitation 2010 Annual cumulative precipitation (mm) Department
Distance to Euclidean distance to nearest urban center (Km) DIVA-GIS [61]
urban centers 1993
I::;(;)i(:];llletg, tE;s}tl?;lingoy Euclidean distance to nearest highway (Km)
Distance to the Euclidean distance to nearest expressway (Km)
expressway
. . Estimates of number of people per grid .
Population density 2010 square (persons/km?) [28] World Population [63]
SOCiO‘{“]’;lwmiC Interpolated gross domestic values (GDP; USD
variables 2 3 . .
GDP 2010 dollars/km* founded on spatially explicit analysis of EIU Canback [65]

linking economic growth and factors which may
influence economic growth) [64]

* pH index measured in water solution.

Data on driving factors were gathered from various sources. Meteorological data consisting of
annual temperature and precipitation were obtained from Pakistan Meteorological Department (PMD).
These climate variables were interpolated by means of Krigging algorithm [28,66]. Data on slope
and elevation were derived from Digital Elevation Model covering the entire province from CGIAR
STRM. Data on soil properties came from International Soil Reference and Information Center (ISRIC)
World Soil Information Service [67,68]. The measures on proximity variables including distance to
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nearest urban centre, highway and expressway were estimated using the minimum Euclidean distance
from each cell with the ArcGis 10.1 software (Environmental Systems Research Institute, New York,
NY, USA) [69]. The socioeconomic data consisting of population and GDP were obtained from EIU
Canbank and World population websites, respectively. Finally, a logistic regression was estimated to
find out the statistical relationship between each land use type and influencing factors with STATA,
Version 12 software. These regression results were used in the DLS.

2.3. Methodology

2.3.1. Spatial Allocation of Land Use Area Changes

Based on historical LULCC, we define decision rules for the spatial allocation process of land
use changes necessary for DLS. The conversion rule for certain kinds of land use is set by assigning
a value between 0 and 1. The closer the value to 1, the more difficult the conversion of one land
use type to another appears, e.g., urban land is unlikely to be converted back into cultivated land.
The closer the value to 0, the more likely the conversion of one land use type to another appears,
e.g., agricultural land is easy to convert into another land use type. In order to calculate the decision
rules, a transition probability matrix was estimated. Table 3 shows the transition probability matrix
which depicts transfer directions of different land uses from 2000 to 2010. Transition matrix gives the
probability that one land use type will change to another class in the future, e.g., from 2000 in column
to 2010 in row, the probability of converting cultivated land to cultivated land is 0.94, cultivated land to
forestry land is 0.16, cultivated land to grassland is 0.15 and cultivated land to unused land is 0.1. The
transition probability in Table 3 depends on area-based transitions which come from overlying two
classified images and land cover maps of different dates in a geo information system framework [70].

Table 3. Transition probability matrix of land uses in Punjab province from 2000 to 2010.

To 2010
From 2000
Cultivated Land  Forestry Area  Grassland  Water Area  Built-Up Area  Unused Land

Cultivated land 0.94 0.16 0.15 0.17 0.11 0.10
Forestry area 0.00 0.62 0.01 0.00 0.00 0.00
Grassland 0.00 0.02 0.68 0.02 0.00 0.00
Water area 0.00 0.03 0.01 0.36 0.00 0.01
Built-up area 0.00 0.00 0.00 0.00 0.86 0.00
Unused land 0.05 0.17 0.15 0.45 0.03 0.89

The transition probability matrices are used to estimate the quantity of each land use type for a
preferred date to project the future land [32]. Using a transition probability table, we projected the
land uses in 2030 for the study area.

2.3.2. Scenario Development

Scenario analysis is important for projecting the future land use changes. Three scenarios
were designed for our study, namely Business-as-Usual (BAU) scenario, Coordinated environmental
sustainability (CES) scenario and Rapid economic growth (REG) scenario [29]. We developed these
scenarios after identifying regional land use characteristics and reviewing the literature related to
future plans of Pakistan and Punjab province [41,44,54,71-74] including expert judgments that relied
on discussion and consultation with experts from different organizations in Punjab province. We used
land use data from 2010 as a base year and projected land use changes by the year 2030 under
different scenarios.
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Business-As-Usual (BAU) Scenario

The BAU scenario is a reference case scenario based on past and recent (2000-2010) socioeconomic
trends of, e.g., economic and population growth. In the absence of new sustainable economic or
environmental policies, future land use distributions follow past trends determined by the influencing
factors in Table 2.

Coordinated Environmental Sustainability (CES) Scenario

The core goal of the CES scenario is to organize the hand-in-hand development of environmental
protection services and economic growth. In our scenario, the government strives to increase forestry
area from 3 to 7% by 2030 mainly on current grasslands. While environmental protection measures
would be introduced, economic and population growth as well as urbanization would be maintained
at a lower rate.

Rapid Economic Growth (REG) Scenario

In the REG scenario, both population and economic growth will be higher compared to the
BAU scenario. This development is driven by favorable economic policies towards industrial growth,
introduction of modern techniques and improvements of infrastructure. One key consequence will be
the expansion of built-up area into currently cultivated land.

2.3.3. The Dynamics of Land System (DLS) Model

We employed the Dynamics of Land System (DLS) model developed by Deng et al. [28] which
has the ability to solve the problems in presently available methods. For example, specification of
transition rules in the cellular automat model is decided on the basis of the individual’s knowledge
and experience without quantitative understanding of the relationship of land use with individuals
which can create problems in simulation results [8]. An agent-based model represents a simpler
relationship of land use with agents, as the land system is inherently complex and can lead to bigger
bias in simulation [23]. Furthermore, these models are usually capable of simulating the changes of one
or two land use types and seldom thoroughly simulate macroscopic changes in all land use types in a
systematic way [8,16]. Based on the Conversion of Land Use and its Effects (CLUE) model developed
by Verburg et al. [8], the DLS presents two special features. Firstly, it works in dual strategy to attain a
balance: perform land demand scenario analysis at a regional level and spatial desegregation of land
uses at a pixel level. Secondly, it considers spatial regression between influencing factors and land uses.
The model simulates the land use pattern at both regional and grid pixel scales. At regional level, land
use changes occur in accordance with changing land demand under socioeconomic development while
at the pixel level land use changes occur through the estimated relationship between land uses and
their influencing factors (e.g., socio-economic, geophysical, proximity and climatic factors) (Figure 2).
DLS comprehensively considers the control of external demand and influences of various adjacent
driving factors, emphasizes internal suitability, controls random disturbances, has specific decision
rules and constructs multiple objective functions. Therefore, it is robust for simulating land use pattern
changes in terms of both expressions of mechanism and simulation effects [28,75]. As DLS has the
capability to control external driving factors, performing scenario analysis under the hypothesis of key
explanatory variables, the DLS model can improve the robustness of simulation results [29].
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Figure 2. Spatial allocation of projected land use changes using the Dynamics of Land System
(DLS) model.

The DLS model has three main modules consisting of a spatial regression module, a scenario
analysis module and a spatially explicit allocation module [28,30,35,76]. The scenario analysis module
shows changes in land demand of different land use types at regional level for a specified period.
The spatial explicit allocation module allocates the spatial distribution of different land use types under
different scenarios to disaggregated grid cells. The spatial regression module calculates the probability
value of each land use type in every grid cell through spatial regression analysis of driving factors.
In our study, these three processes occurred during the simulation of spatio-temporal land use changes.

2.3.4. Validation of the DLS Model

Despite having some bottlenecks [77,78], the Kappa coefficient is extensively applied to assess the
performance of the model [79,80]. Kappa can be applied to check the accuracy of simulation results
obtained from spatial models including DLS [32,35]. We used land use and driving factors data from
2000 and simulated data for the year 2010. Afterwards, the Kappa coefficient was calculated to assess
the agreement between the actual 2010 map and the simulated 2010 map.

3. Results

3.1. Performance of DLS Model

The value Kappa statistic is found to be 0.713 whereby coefficients above 0.6 represent
substantial [81,82] and/or good [80,83] agreement between simulated and observed land use patterns.
Hence, the DLS model was found to be suitable for simulating the land use patterns of Punjab province.
The results indicate that in the simulated map the area of cultivated land, forest and unused land
was a little underestimated but the area of water, built-up and unused land was a little overestimated
(Figure 3).
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Figure 3. Land use maps: (a) actual land use in 2010 (b) simulated land use in 2010 (c) comparison of
area extents between actual and simulated land uses.

3.2. Analysis of Influencing Factors for Dynamics of Land Use Changes

Table 4 shows the regression coefficients of different factors affecting land uses including cultivated
land, forestry area, grassland, water area, built-up area, and unused land in Punjab province in 2010.
The results indicated that driving factors can reasonably describe the spatial pattern of six classes
of land use. Particularly, for each land use type, the significance level of all influencing factors and
driving mechanisms were found to be different. For example, changes in cultivated land, forestry area,
water area and unused land were significantly driven by 12 influencing factors, whereas changes in
grassland and built-up area were carried out by less driving factors.
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Table 4. Significant values of regression coefficients of explanatory variables for land use categories in

Punjab province, 2010.

Driving Factors Cu{t;za:;ed F(X::;ry Grassland Water Area Blzlé—ilp U{l:;ded
Slope —0.5000 () 0.3659 () 0.0716 —0.54094 O - —0.1200 D

Elevation —0.0070 O 0.0009 0.0013 M —0.007 M - 0.0055 1)

Soil ph —0.0197 D —0.0701 D - —0.117 M —0.0222 @ 0.0950 ()

Soil depth —0.0078 M 0.0227 M —0.0119 M 0.027 M 0.0353 0.0036 @
Silt content 0.2500 M 0.0447 M 0.0769 M 0.144 M —0.0161 M —0.2203 M
Temperature —0.4923 M 3.5949 M —2.3493 M —0.654 M 3.8602 -0.9810 M
Precipitation —0.0009 M 0.0075 M 0.0017 M 0.001 M 0.0066 —0.0008

Distance to urban centers —0.0009 M —0.0009 M 0.0004 M —0.001 @M —0.0004 0.0010 M

Distance to the highway —0.0005 M 0.0004 M 0.0002 M 0.002 M —0.0009 (O 0.0005 M

Distance to the expressway 0.0008 M —0.0001 M 0.0003 M 0.003 M —0.0006 (D 0.0001 M
Population density —0.0003 M —0.0049 M —0.0052 M —0.011® 0.0009 —0.0023 1
GDP —0.0002 M 0.0002 —0.0003 @ 0.002 M 0.0007 (D —0.0001 M

Constant 9.6001 —99.0562 52.3665 13.431 ~109.9696 23.0897

Number of significant factors 12 12 11 12 10 12
Pseudo R2 0.4979 0.2389 0.2238 0.1870 0.5375 0.5064

Note: M and @ represent significance at 1% level and 5% level, respectively.

We selected only significant drivers for each land use type for simulation of the land use pattern.
Based on driving processes of land use changes, the spatially explicit allocation module of the DLS
model can transform the land demands into location specific land use/cover changes under various
scenarios [35].

3.3. Simulation of Land Use Changes

Table 5 and Figure 4 illustrate the simulation results of land use changes among three scenarios:
business as usual, coordinated environmental sustainability and rapid economic growth during
the period 2010-2030. Scenario analysis indicated that there was competition among land uses in
Punjab province. Cultivated land and built-up area increased while the area of water and grass
land decreased in each scenario. Forest area showed only an increasing trend in the coordinated
environmental sustainability scenario. Built-up area increased dramatically under the rapid economic
growth scenario.

Table 5. Simulated changes in land uses/covers under different scenarios (Unit: km? and %).

Base Year BAU (a) CES (b) REG (¢)
Land Use Types 2010 2030 2030 2030
Area Area Y% Area % Area %
Cultivated land 163,725 166,973 2 166,318 1.6 165,460 1.1
Forestry area 3255 1540 —-52.7 3330 23 1483 —54.4
Grassland 2525 1550 —38.6 1557 —38.3 1551 —38.6
Water area 2881 2675 —7.2 2629 —8.7 2644 —8.2
Built-up area 2630 2947 121 3033 15.3 3796 44.3

Unused land 102,686 102,017 -0.7 100,835 -1.8 102,768 0.1
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Figure 4. Land use and land cover change (LULCC) maps in Punjab province; actual changes in 2010
and simulated changes in 2030 under BAU, CES and REG scenarios.

The simulation results of land use changes over the study period under three scenarios are
as follows.

Under the Business-as-Usual(BAU) scenario (reference scenario), the area of forest, grassland,
water and unused land shrank by 52.7%, 38.6%, 7.2% and 0.7%, respectively by 2030 compared with the
base year 2010. The area of cultivated and built-up lands increased by 2% and 12.1%, respectively in
the simulated period. The area of forest, grassland, water and unused land was substantially changed
to cultivated land. Thus, conversion of these lands to cultivated land was expected to occur mostly
in flat areas of central and southern Punjab. The increase in built-up area was mainly derived from
conversion of cultivated land to built-up area. Moreover, the expansion of built-up area concentrated
in administrative districts and their surrounding areas.

Under the coordinated environmental sustainability (CES) scenario, we assumed that the land
use was under a strict environmental protection policy from 2010 to 2030. The area of grassland, water,
and unused land was contracted by 38.3%, 8.7% and 1.8%, respectively. At the same time, forest
area experienced an obvious expansion (2.3%), and areas of cultivated and built-up land increased by
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1.6% and 15.3%, respectively. The expansion of forest area was mainly derived from cultivated and
unused land compared to other land uses such as grassland and water areas. The increase in area of
cultivated land was due to shrinkage of forest, grassland, water and unused land areas. Built-up area
was expanded mainly by occupying areas of cultivated land.

Compared with the Business-as-Usual scenario, land use demand was relatively different in the
coordinated environmental sustainability scenario. In CES, there was more demand for areas of forest,
grassland and built-up land while less demand for areas of water, cultivated land, and unused land
than in the BAU scenario. On the spatial scale, some differences in distribution of land uses were
found, especially in mountainous areas. More bare areas of mountains in northwest changed to forest
cover. In the southwest region, more grassland was observed in the CES scenario.

Under the rapid economic growth (REG) scenario, cultivated land, built-up area and unused
land increased (in comparison with values in base year 2010) by 1.1%, 44.3% and 0.1%, respectively.
Forest area, grassland and water area reduced by 54.4%, 38.6% and 8.2%, respectively. An obvious
expansion of built-up area was mainly derived from cultivated land. The conversion from cultivated
land to built-up land primarily happened in metropolitan and neighboring areas. The conversion of
unused land to built-up area was distributed in the regions along roads and river valleys. Cultivated
land expanded mostly in plain areas of the province due to conversion of forest, grassland, water and
unused land areas.

The comparison of the REG scenario with the BAU scenario showed considerable differences in
land use demand. The area of built-up (849 km?) and unused land (751 km?) was greater than that in
the reference scenario, while the area of forest (1513 km?) and cultivated land (57 km?) was higher in
the BAU scenario than the REG scenario. Built-up area was concentrated more towards urban centers
and their neighboring areas in the REG scenario. More cultivated land and forest degraded to unused
land, particularly in Potohar region and around Cholistan desert in comparison with the BAU scenario.

4. Discussion

In the present study, we used the Dynamics of Land System (DLS) model to simulate the land use
changes from 2010-2030 for all land use categories in Punjab province under Business-As-Usual (BAU),
Coordinated Environmental Sustainability (CES) and Rapid Economic Growth (REG) scenarios. These
scenarios were designed considering the characteristics of land uses and socioeconomic developments
in the study area.

The BAU scenario was based on past and recent socioeconomic trends of population and economic
growth without any implementation of new economic or environmental policies. In this scenario,
areas of cultivated and built-up land expanded due to the shrinkage of water, grassland and unused
land areas. The incremental trend of cultivated area was higher than the other two scenarios, implying
that land demand for cultivated land would increase with increase in population to meet the food
requirements in the future. Built-up area also increased but land demand was lower than in the CES
and REG scenarios.

In the CES scenario, we gave priority to environmental protection. In this scenario, the area of
forest increased significantly while the rate of decline in grassland area was slightly lower than the
other two scenarios, implying that environmental protection policy plays a positive role in conserving
the forest and grassland areas. Additionally, this policy promoted a decrease in the water area and
unused land. Furthermore, maintaining cultivated and forested land required water bodies and
unused land due to increasing food supplies for domestic needs. It is possible for the government to
meet the target of forest cover if it controls deforestation by managing population growth, firewood,
timber production and the expansion of built-up area on forest area. Moreover, the suitable regions for
reforestation are semi-hilly areas and cool regions in the northwest of Punjab.

The REG scenario based on high population and economic growth showed that built-up area
increased at a relatively high speed compared to BAU and CES scenarios. In this scenario, the increase
in built-up area was at the cost of a decrease in area of forest, grassland, water and an increase in
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area of unused land. In other words, an increase in built-up area would lead to a greater trade-off
for ecologically important land uses such as forest and grasslands. Moreover, an incremental trend
in cultivated land area was lower than the other two scenarios, implying that demand for cultivated
land would decrease. The decrease in cultivated land demand may increase the pressure on food
production with a rapidly increasing population.

Our findings indicate that the study area would experience rapid urbanization in the future with
26,300 hectares in the BAU scenario, 34,900 hectares in the CES scenario and 70,700 hectares in the
REG scenario of mainly cultivated land converted to built-up area over the study period. At the
same time, cultivated land would experience expansion due to conversion of mainly unused land to
cultivated land in each scenario. On the whole, it can be stated that with the expansion of built-up area
(resulting from different factors, particularly rapid population growth), the cultivated land would also
experience an incremental trend [84] due to simultaneously increasing demand for natural resources.

Our findings suggest that the CES scenario is the most ideal of the three scenarios, provided
that environmental policy was strictly implemented. It can offer both environmental and economic
benefits. Therefore, this scenario can be a reference for policy makers for future sustainable land use
management. In the REG scenario, sustainability will decrease and can be suitable only for economic
development; in terms of ecological sustainability, it is very poor. Moreover, choosing REG may cause
food security problems due to decline in cultivated area compared to the other two scenarios.

Generally, land system dynamics is a complex process and any land model is unable to describe
the pattern of land use changes completely [10]. Evaluation of the performance of various spatial
models in recent studies indicated that there were still uncertainties present in the projection of land
use changes [85]. In our study, we focused only on geophysical, climatic, socioeconomic and proximity
variables but could not consider other factors such as the housing factor and land use policy related
variables (e.g., infrastructure policy, zoning of land uses) due to data availability and the quantification
problem. Thus, absence of these factors may cause differences in simulation results of land use
structure. A future study could use policy and other factors along with current study variables to
achieve accurate simulation results of land use changes in the study area. In addition, we focused here
only on future land use changes but did not take into account impacts from these changes. Future
research should consider the impacts of land use changes on regional climate. Finally, the simulation
results of land use changes under the three scenarios in our study can guide the planners and policy
makers in the decision making of sustainable land use.

5. Conclusions

We used the Dynamics of Land System (DLS) model to simulate the future land use pattern from
2010 to 2030 in Punjab province.

Simulation results indicate wide changes in land use between the scenarios. The area of cultivated
and built-up land would increase under all three scenarios; BAU, CES and REG. Under the BAU
scenario, cultivated land and built-up area would expand while areas of forest, grassland and unused
land would decrease. Moreover, in the BAU scenario, the incremental trend of cultivated land would
be higher than in the other two scenarios. Under the CES scenario, the area of forest would increase
significantly while the rate of decline in grassland area would be slightly lower than the BAU and REG
scenarios. Under the REG scenario, steep inflation of built-up area and drastic decrease in forest area
would be the main features of land use changes in Punjab province. In addition, the incremental trend
of cultivated area would be slower than the BAU and CES scenarios. In each scenario, the grassland
area continues to decline at almost the same rate whereas the water area would decline with a small
change in rate. The shrinkage of the water area would be a serious threat in the future for the province.

The likely expansion of built-up and cultivated land at the cost of forest and grassland may
cause serious consequences for ecosystems and the natural environment. For the sustainability of
the study area, the CES scenario is the ideal scenario if environmental protection policy is strictly
implemented. This scenario can be a reference for policy makers for sustainable land use management.
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If the environmental initiative to realize 7% forest fails, then the BAU scenario would be relatively
better than the REG scenario for land use management. Though both BAU and REG scenarios can cause
environmental problems, the BAU scenario is preferable for land use management as sustainability
measures would decline more in the REG scenario. Hence, our scenario analysis findings on land use
changes can provide a reference for sustainable land use planning and management in Punjab province.
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