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Abstract: Land use/land cover changes (LULCC) have been affected by ecological processes as
well as socioeconomic and human activities, resulting in several environmental problems. The
study of the human–environment system combined with land use/land cover dynamics has received
considerable attention in recent decades. We aimed to provide an integrated model that couples
land use, socioeconomic influences, and ecosystem processes to explore the future dynamics of
land use under two scenarios in China. Under Scenario A, the yield of grain continues to increase,
and under Scenario B, the yield of grain remains constant. This study created a LULCC model by
integrating a simple global socioeconomic model, a Terrestrial ecosystem simulator (TESim), and
a land use allocation model. The results were analyzed by comparing spatiotemporal differences
under predicted land use conditions in the two alternative scenarios. The simulation results showed
patterns that varied between the two scenarios. In Scenario A, grassland will expand in the future and
a large reduction in cropland will be observed. In Scenario B, the augmented expansion of cropland
and a drastic shrinkage of forest area will be the main land use conversion features. Scenario A is
more promising because more land is preserved for ecological restoration and urbanization, which is
in line with China’s Grain for Green Program. Economic development should be based on ecological
protection. The results are expected to add insight to sustainable land use development and regional
natural resource management in China.

Keywords: sustainability; socioeconomic influence; ecosystem processes; land use change model;
scenario simulation

1. Introduction

Research on LULCC has attracted the attention of many scholars due to its important role in
global climate change, food security, soil degradation, and biodiversity [1–4]. We often use different
simulation methods to study LULCC across landscape [5,6], region [7–10], and global scales [11]. The
spatially explicit model of land use change is an excellent tool for quantitatively describing the process
of land use change and extending our understanding of the process [12,13]. The purpose of land use
change simulation is to predict the spatial pattern of change. Therefore, two problems are posed that
need to be solved: How will the amount of land use change? Where will land use change occur? These
two problems are considered “number” and “position” problems [14].

LULCC models are powerful tools for analyzing driving forces and processes, understanding
causes and consequences, and projecting possible future land use patterns [15,16]. Depending on the
research objective, the relevant LULC models can be divided into two categories: (i) empirical-statistical
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models; and (ii) spatially explicit models. The first is fitted using mathematical equations and carry out
statistical analyses such as the regression of factors that affect LULCC, such as System Dynamics (SD)
models [17]; however, few of them include social factors and policy implications, only providing the
quantity demand [18]. The second is widely adopted to simulate LULCC explicitly, such as the cellular
automata (CA) model [19], the Future Land Use Simulation (FLUS) model [20], and Multi-Agent
system (MAS) models [21]. In particular, the Conversion of Land Use and its Effects (CLUE) model is
an excellent tool for interpreting land use change processes [22,23]. It has been successfully applied
to modeling land use change explicitly at different scales [24–26]. These spatial allocation models
are primarily used to determine the pattern and process of LULCC and then project the locations
of future changes; however, it is still difficult to simulate the effect of socioeconomic influences on
LULCC, because of a large number of interacting factors that need to be taken into account, such
as environmental changes, scientific and technological progress, policy changes [27]. Furthermore,
dynamic ecological processes are rarely involved in these models, and most currently published studies
have used a static soil property database as an indicator of ecological effects to simulate simplified
landscapes [28,29].

Land systems are dynamic and are influenced by the interactions between humans and the
environment [30–32]. Therefore, the drivers of LULCC basically originate from two aspects: (i) natural
power; and (ii) socioeconomic drivers. The first aspect, natural power, includes climate change and
ecosystem processes. Some key processes (e.g., net primary productivity) enable various lands to
sustain Earth’s life support systems, which, in turn, provide ecosystem services [33,34]. The second
aspect, socioeconomic drivers, include economic growth and demographic increase [35,36]. The
increase in population and economy has placed unprecedented pressure on cultivated land. The UN
projects that the global population will increase from 7.3 billion in 2015 to 9.7 billion in 2050, with an
increasing demand for resource-intensive meat and dairy products [37–39]. This increase has led to
a higher demand for arable lands around the world [40,41]. This is especially true in China. Since
the onset of reform and openness that started in 1978, China’s population has grown by nearly 1.4
times [42]. Rural land reforms in China have been improving domestic agricultural production in order
to satisfy the nation’s food demands. However, with such a large population, over 10% of agricultural
products still need to be imported in order to meet current food demands [43–45].

Feeding a rapidly increasing population triggers the conversion of many landscapes from natural
vegetation cover to agricultural land use unless an increase in crop yield can reduce the need for new
cropland [46–49]. Although an increase in yield can contribute to improved production, the world’s
arable land may undergo even further expansion by 2050 [50,51]. Even so, improved yield has been
credited with the prevention of transforming uncultivated land to arable land [52]. In recent decades,
the yield growth rate for most crops has been decelerating, and China has experienced this phenomenon
with pronounced fluctuations [53,54]. Yield change is one of the key factors exerting influence on
cropland demand. However, few studies have focused on the effect of yield change on LULCC.
Exploring land use change, especially when cropland is involved, with the driver of changes in yield is
essential for coordinating human–land relationships and achieving regional sustainable development.

In the holistic human–environment system, three pillars of sustainability—society, economy,
and ecology—are emphasized [55]. However, knowledge gaps still exist in simulating future land
use pattern, integrating socioeconomic and dynamic ecological condition to LULCC model. In our
work, land use patterns have been projected by using some drivers, including yield change and key
ecosystem processes, which are discussed in our paper. Several interesting questions are included in
this study: (1) How can we construct an integrated model that combines socioeconomic and ecological
processes and land use? (2) What are the quantitative features and spatial patterns of land use types
in the future? (3) In the context of crop yield change, what guides can we provide to facilitate the
sustainable use of natural resources? The results are analyzed by comparing different projected land
use spatial patterns and quantitative structures under two yield-changing scenarios.
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2. Materials and Methods

In this work, we propose an integrated model to project land use patterns in China that result from
the influences of grain yield and ecosystem processes. The proposed model consists of three linked
components: the first is a simple global socioeconomic model that provides a quantity requirement for
each land sector; the second is a terrestrial ecosystem simulator that identifies the land use suitability
of a site; the third is a spatial modeling component using a land allocation model. Different food
consumption levels result in various demands for land use sectors. Different ecosystem processes also
affect land use suitability, for instance, the loss of nutrients caused by soil erosion processes in cropland
weakens its sustainable utilization. Therefore, site ecological conditions, as well as socioeconomic
factors, are considered the primary drivers of spatial patterns in land. By linking socioeconomic and
ecological processes, from quantity to spatial pattern, we created the integrated model.

2.1. The Global Socioeconomic Model

The global socioeconomic model quantifies the demand for areas of different land use types by
simulating the consumption and production of agricultural commodities. At the same time, global
consumption and production maintain a balance through international trade flows among countries
at the global scale. The global socioeconomic model was developed from the Global Food System
model (GLOBFOOD) [56]; it is composed of 160 country units and has four submodels: consumption,
production, land use, and trade (Figure 1). The detailed description of GLOBFOOD can be found in
Jiang et al. [56]. Here, we highlight some principles established in the model.
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Figure 1. The framework of the linked model. The model integrates three modules: (a) a global 

socioeconomic model [56], (b) a land use allocation model [8,9], (c) a Terrestrial Ecosystem Simulator 

[10]. GDP = Gross Domestic Product, Pop = population; C-Cereal = consumption of cereal, C-Milk = 

consumption of milk, C-Meat = consumption of meat; P-Cereal = production of cereal, C-Yield = crop 

yield; N uptake = nitrogen uptake, N loss = nitrogen loss, C release = carbon release, SOM = soil 

organic carbon, SON = soil organic nitrogen. 
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Figure 1. The framework of the linked model. The model integrates three modules: (a) a global
socioeconomic model [56], (b) a land use allocation model [8,9], (c) a Terrestrial Ecosystem Simulator [10].
GDP = Gross Domestic Product, Pop = population; C-Cereal = consumption of cereal, C-Milk =

consumption of milk, C-Meat = consumption of meat; P-Cereal = production of cereal, C-Yield = crop
yield; N uptake = nitrogen uptake, N loss = nitrogen loss, C release = carbon release, SOM = soil
organic carbon, SON = soil organic nitrogen.

In the consumption module (Figure 1a), a growing population creates a persistent demand for
food consumption. The pressures on food consumption come not only from the growing population
but also from the food consumption per capita and food preferences. The consumption demand is
calculated from the consumption per capita, which is influenced by the population growth and the
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GDP per capita in each country. The three major types of global food consumption structures are cereal,
meat, and milk consumption. The relationship for meat consumption per capita can be described as

Ct = C0 * (Gt/G0)k (1)

where Ct and C0 represent the meat consumption per capita at time t and a reference baseline,
respectively; Gt and G0 represent the GDP per capita at time t and a reference baseline, respectively; k
is a parameter that is calculated by applying a regression relationship between a country’s historic
consumption per capita and its GDP per capita changes. Cereal and milk consumption can be described
with a similar formula.

In the production module, the per capita consumption in each region is converted into the regional
demand for different land use sections by including the interregional trade of crops and animal
products. The production of crops is influenced not only by natural conditions, such as climate change,
but also by technological advances, such as yield increase.

In the land use module, the major conversions between cropland and other land sectors are
determined by different food demands. The Land Required for Food (LRF) is adopted here to represent
the requirements for cropland [57]. The LRF (unit: ha) can be calculated using this equation:

LRF = P * F/Y (2)

where P represents the size of the population (capita), F represents food supply (kg/capita/year), and Y
represents the yield of cropland (kg/year/ha).

As part of the world economy, China plays an active role in global food trade and is influenced by
others as well. In the global trade market module, agricultural commodities are balanced between
production and consumption through import and export among countries.

2.2. Terrestrial Ecosystem Simulator (TESim)

A regional ecosystem model (TESim, Figure 1b) was used to simulate ecosystem production,
nutrient cycling for terrestrial ecosystems, regional carbon balance, and local soil erosion. The
parametrization, validation, and application of the TESim formulation, without land use change, were
specifically described in earlier publications [8,9,11]. The two output variables used in the present
study are (i) SOM (Soil organic matter) and (ii) SON (Soil organic nitrogen). The two variables, derived
from the dynamic ecological model rather than an existing static database (e.g., Harmonized World
Soil Database), were deliberately chosen to especially show the local ecological effects of land use
patterns and evaluate site suitability.

2.3. Land Use Allocation Model

The principles of the Conversion of Land Use and its Effects (CLUE) model [22] were adopted
in our study (Figure 1c). The CLUE model applies many constraints and transformation rules,
including site suitability factors and land use stability factors. Through iterative calculations, land-use
types are gradually assigned to a certain utilization, reflecting accurate simulation results that are
spatially explicit [11–14]. Based on the classification of LULC from Chinese Academy of Sciences
(http://www.resdc.cn/), five types of land use categories were used: cropland (CROP), grasslands
(GRAS), forests (FORE), built-up land (BUIL), and others (OTHE) were used as the five types of
land-use categories in China. Land use spatial patterns, overall, are dominated by ecosystem processes.
Thus, we coupled ecosystem processes with land use change processes. Xu et al. [9] reported their
evaluation of the TESim model integrated with a land use allocation model, and the parameters can
also be found in their studies [8,9].

http://www.resdc.cn/
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Equation (3) was used to allocate a specific land use type to each cell to achieve the maximum
overall suitability:

LU(r) = LTj,
i f max

j=1,...,5
(Fsite, j + Fexp, j + Floss, j + Dj) = Fsite, j + Fexp, j + Floss, j + Dj (3)

where LU(r) is the land use variable, r is the spatial location variable (rth grid cell), and LTj is the value
of LU(r) that specifies the type of land use. In the present study, LTj = CROP, GRAS, FORE, BUIL, or
OTHE for j = 1, 2, 3, 4, and 5, respectively. Fsite,j is a site probability factor that is statistically derived
from the relationship between the land use type and site variables, such as SOM, SON, topography
(i.e., elevation and slope), and population. Fexpt,j is the suitability factor—a weighted average of the
fuzzy expert membership functions. Floss,j is an index derived from land use change data to quantify
the probability that one land use type is transferred to another between 2000 and 2005; therefore, Floss,j
is inversely proportional to land use stability. Dj is a series of constants estimated by socioeconomic
demands for a specified land use structure. Then, land units (grid cells) are allocated to types that have
the maximum suitability and stability, adjusted by the demand.

Logistic regression was used to calculate the probability of the occurrence of events; the argument
is used as a predictive value that may explain the relationship between site variables and land use
types appearing at this site. The advantage is that variables can be either continuous or categorical.
Fsite,j was computed with a multivariate logistic regression, as follows:

Fsite, j =
exp(aj +

∑m
ξ=1 bjξ, Xξ)

1 + exp(aj +
∑m
ξ=1 bjξ, Xξ)

(4)

where j = 1, . . . , 5 denotes the different land use types. Xξ for ξ = 1, . . . , 9 is a series of site variables,
including socioeconomic and ecological variables in our case, namely, (1) population density, (2)
elevation, (3) slope, (4) mean annual temperature, (5) mean annual precipitation, (6) cumulative daily
mean temperature during the growing season, (7) precipitation during the growing season, (8) SOM,
and (9) SON. After TESim outputted the parameters of SOM and SON, the two variables were then
inputted to the land use spatial allocation model, and the other seven variables were derived from
meteorological or topographical data. The coefficients aj and bjξ were fitted by regressing a land use
variable on all of these site variables. The land use variable equals 1 if the site is currently occupied by
land use type j, and it is zero otherwise.

Fexpt,j was calculated using Equations (5) and (6):

Fexpt, j =
n∑

i=1

wi f i(xi) (5)

f (xi) =

 [1 + ( xi−xi0
Bi )2

]
1, otherwise

−1

, xi < xi0 (6)

where Wi is the weight and is determined by the relative correlation between land use and the ith

influence factor xi, and fi(xi) is the fuzzy membership function that was constructed to estimate site
suitability. Xi0 and Bi are parameters set up according to empirical expert knowledge and Food and
Agriculture Organization (FAO) land classification.

Floss,j was used to calculate the loss likelihood in Equation (7):

Floss, j =

q∑
i=1,i, j

µi j (7)
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where q = 6 in this work, indicating the total number of land use types. Equation (7) requires at least
two maps of land use at different time periods to identify the loss likelihood which land use type i is
transferred to land use type j. The variable µij is equal to the approximate number of sites transferred
to land use type j in the second (later) map divided by the total number of sites of land use type i in the
first (earlier) map.

2.4. Coupling the Land Use Allocation Module with the Terrestrial Ecosystem Simulator and Global
Socioeconomic Module

We linked the land use change processes with the global socioeconomic processes and ecosystem
processes in China via an interactive procedure. The framework for combining the three models to
form the integrated model is shown in Figure 1, and some of our steps are as follows: (1) Different
demands for land use quantity, the output of the global food model, are input into land use allocation
model as a quantity constraint for each land use type; (2) TESim was run to generate an initial land use
map and identify the ecological effects, and the outputs for SOM and SON were then inputted to the
land-use allocation model as factors that evaluate land use suitability; (3) the land-use allocation model
was applied to allocate areas of various land-use types to each spatial grid with the best suitability;
Steps 1–3 form the first round of simulations. The given land-use area is expected to be achieved when
all spatial grids are allocated to a specific land use type; (4) as the newly adjusted variables may not
meet the set demand, we implemented several rounds by modifying the interactive constant Dj (in
Equation (3)) in the land use allocation model. The initial condition of the interactive constant was 0. If
the area of the initial distribution was greater than demand, we reduced the iteration variable and
vice versa. Then, we gradually modified the interactive constant until it met the imposed aggregate
quantity. This signaled the convergence of the procedure and the iteration stopped; (5) if the program
is divergent and there is no rational land use pattern with the largest suitable area, then we edit the
land use demand in the global socioeconomic model.

2.5. Data Preparation

Our research required data obtained from various official sources. The data used included three
land use maps of China with a resolution of 1 km that quantify land use changes for 2000, 2005, and 2010
from the Chinese Academy of Resources and Environment Science Data Center (http://www.resdc.cn/).
Floss,j (in Equation (7)) was derived from the Markov matrix calculated from two land use maps for
2000 and 2005, and the land use map for 2010 was used to validate the model. A regional DEM with a
50 m resolution from the State Bureau of Surveying and Mapping (http://en.sbsm.gov.cn/) was used to
calculate topographical variables such as elevation and slope. Spatial variables were resampled using
ArcGIS at a linear resolution of 10 km. All of the spatial variables above were resampled using ArcGIS
(Version 10.2, America, https://www.esri.com/) at a linear resolution of 10 km. Meteorological data for
685 weather stations were downloaded from China National Weather Service (http://www.cma.gov.cn/)
for the time period from 2000 to 2007, and the data were interpolated into raster maps with a resolution
of 10 km and then used to drive TESim. Meteorological data and topographical variables were also
used to identify Fsite,j (in Equation (4)) and Wi in Fexp,j (in Equation (5)). Socioeconomic data, such
as population, GDP per country, and consumption and production of crop, were collected from the
National statistics department (http://www.stats.gov.cn/tjsj/ndsj/), and FAO (http://www.fao.org) was
used to drive the global socioeconomic model and generate different scenarios.

2.6. Scenario Development

Scenarios of land use change help to explore possible trends under a set of simple conditions.
In the current context of rapid economic development and climate change, the scenario approach is
one of the most efficient tools in many sciences and is characterized by different considerations of
a storyline.

http://www.resdc.cn/
http://en.sbsm.gov.cn/
https://www.esri.com/
http://www.cma.gov.cn/
http://www.stats.gov.cn/tjsj/ndsj/
http://www.fao.org
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Based on the background of China’s yield, two plant-yield scenarios for China were selected.
Scenario A: The yield continues to rise in accordance with the existing rate, leading to lower arable
requirements; however, recent productivity growth has slowed down as the profits from the new
technology and advanced farming practices in some sectors become outdated. Moreover, excessive
use of chemical fertilizers degrades the quality of soils and shrinks groundwater supplies [54].
So Scenario B was developed: After reaching the current level, the yield stays constant, but because
of increasing consumption, the cropland requirements will rise (Figure 2b). The parameters for the
global socioeconomic model are shown in Table 1, and the peak consumption is described in the
following paragraphs.

Sustainability 2019, 11, x FOR PEER REVIEW 8 of 17 

The yield in Scenario B will keep increasing at the 

same rate as in Scenario A until the yield reaches 

the current level. 

Notes: The parameters were set with a mean value and an uncertainty level, e.g., 0.5 [–10%, 10%] is 

equal to [0.4, 0.6], and the uncertainty level was estimated by the standard deviation between 

countries. The ※ symbol means real data at the country level that can be used by the model directly, 

and other factors are considered as relative changes compared with year 2005. 

 

Figure 2. Projections of consumption per capita until 2100 (a), and Arable Land Required for Food 

(LRF) for China in two scenarios (b). 

3. Results 

3.1. Model Validation 

The global socioeconomic model was applied to simulate land use requirements for the year 

2010 in different sectors. Here, we compared the simulation results with the monitored area (Figure 

3). The results indicate that in the simulated demand, the cropland and built-up areas are relatively 

similar to the corresponding classes in the actual land use demand for 2010, but the area of forest and 

grassland was overestimated by 8.2% and 5.8%, respectively. This overestimation bias might be 

related to the decrease in the food stock in recent decades. Specifically, consumption of grain has 

outpaced the production for years. Food stocks were used to make up for the deficit in production, 

alleviating the demand for land. However, we did not include food stock as they were too random 

to be simulated either on the country or international level. So the land use was overestimated to 

some extent [58]. The spatial verification of the model was performed in Xu et al. [9]. We regard the 

driving forces, such as terrain, elevation, and meteorological factors, to be unchanged, so the model 

was adopted in the next analysis. 

 

Figure 3. Comparison between simulated and monitored land use areas. 

0

500000

1000000

1500000

2000000

2500000

3000000

3500000

Cropland Forest Grassland Built-up Others

A
re

a
 (

k
m

2
)

Simulated area

monitored area

Figure 2. Projections of consumption per capita until 2100 (a), and Arable Land Required for Food
(LRF) for China in two scenarios (b).

Table 1. The parameters for the global socioeconomic model.

Variables Parameters Description

Population ※
[–1%, 1%]

At country level from Xu et al. [9]GDP ※
[–4%, 4%]

Cereal consumption ※
[–2%, 2%]

Meat consumption 0.5
[–10%, 10%]

Extension of the regression relationship between
a country’s historic consumption per capita and

its GDP per capita changesMilk consumption 0.3
[–10%, 10%]

Land degradation or natural loss –0.033
[–10%, 10%]

Soil is degraded mainly through deforestation
and agricultural activities. We assigned 0.2% of
the cropland and 0.5% of the natural forest as

degraded into grassland and a grassland
degradation rate of 0.3% (FAO, 2003;

Jiang et al. [56])

Trade (integrated market level) 0.4
[–50%, 50%] This determines the rate of trade to meet demand

Yield changes due to technology
advancement

Scenario A: 0.02 [–10%, 10%]
Scenario B: 0

The yield in Scenario A will keep increasing;
The yield in Scenario B will keep increasing at the
same rate as in Scenario A until the yield reaches

the current level.

Notes: The parameters were set with a mean value and an uncertainty level, e.g., 0.5 [–10%, 10%] is equal to [0.4, 0.6],
and the uncertainty level was estimated by the standard deviation between countries. The ※ symbol means real
data at the country level that can be used by the model directly, and other factors are considered as relative changes
compared with year 2005.

We identified all of the changes in the future per capita consumption by comparing developed
countries or regions, such as the United States of America (USA) and the European Union (EU), and
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the predictions were divided into two categories: plants and animals. On the basis of the number of
plants, we selected five aspects: cereal, oil crop and vegetable oil, starchy roots, fruits, and vegetables.
With regard to animals, we calculated the sum of animal production/consumption, including animal
fats, eggs, meat, milk, and offal.

When predicting the consumption peak in China, we referred to the US and the EU consumption
structure, which has reached maturity (Figure 2a) [57]. Annual per capita cereal consumption in the
EU and the US is 120 kg and 110 kg, respectively. We chose the average of both as part of our case.
When cereal consumption reaches 115 kg per capita/per annum, it remains stable. According to the
current rate of growth, oil consumption will not reach the level consumed by the USA and the EU
even by the year 2100; thus, we followed the current growth rate and did not set consumption peaks.
Regarding annual per capita fruit consumption, both the EU and the US remain at approximately
100 kg. Therefore, we set China’s peak to occur when fruit consumption reaches 100 kg and will remain
stable thereafter. The consumption of starchy roots has fluctuated since the 1990s; therefore, we set the
average of these years, 67.64 kg, as the future consumption rate. Regarding vegetable consumption,
China’s vegetable supply is ranked first in the world and thus cannot be set using other countries’
consumption peaks. Therefore, we referred to the data from China’s National Bureau of Statistics.
While vegetable consumption in both urban and rural areas is declining now, we assume that future
vegetable consumption corresponds with rates that are expected to increase until reaching the 2015
levels, after which they will stay constant. For animal products, we used the sum of the five animals’
production/consumption, and referred to the EU’s consumption, which stabilized once it reached
350 kg per capita/per annum.

3. Results

3.1. Model Validation

The global socioeconomic model was applied to simulate land use requirements for the year 2010
in different sectors. Here, we compared the simulation results with the monitored area (Figure 3). The
results indicate that in the simulated demand, the cropland and built-up areas are relatively similar to
the corresponding classes in the actual land use demand for 2010, but the area of forest and grassland
was overestimated by 8.2% and 5.8%, respectively. This overestimation bias might be related to the
decrease in the food stock in recent decades. Specifically, consumption of grain has outpaced the
production for years. Food stocks were used to make up for the deficit in production, alleviating the
demand for land. However, we did not include food stock as they were too random to be simulated
either on the country or international level. So the land use was overestimated to some extent [58]. The
spatial verification of the model was performed in Xu et al. [9]. We regard the driving forces, such
as terrain, elevation, and meteorological factors, to be unchanged, so the model was adopted in the
next analysis.
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Figure 3. Comparison between simulated and monitored land use areas.

3.2. Conversion Matrix of Land Use Types

The conversion rate of different land use types was calculated by using quantitative transition
features of different land use types between 2000 and 2005 using a Markov chain model (Equation (7)).
Table 2 shows the quantification of the statistical frequency values of land use change and the transition
relationship values of each land use type. The smaller the transition indices, the smaller the change
in land use type and vice versa. The two largest transition indices were built-up and forest areas,
with 52.66% and 41.36%, respectively. The increase in forest was mainly due to the strengthening of
environmental awareness. The expansion of built-up was attributed to the rapid economic development
and urbanization, which also took responsibility for higher transition indices in unused land with the
proportion of 38.82%. The conversion rates of grassland and water areas were smaller than those of
others, with values of 23.46% and 22.28%, respectively.

Table 2. Land use conversion rate comparison for two years (2000, 2005) (%).

Cropland Forest Grassland Water Areas Built-up Other

Conversion rate 34.96 41.36 23.46 22.28 52.66 38.82

For significant ecologically protected lands, such as water areas, considering the practical situation,
the conversion rule was set to 0, which means that significant ecologically protected lands are not
allowed to be transferred to any other land use type during the space allocation process.

The land use change matrix (Figure 4) shows the situation of various land use type transformations.
The more intensive transitions between different types of land use are reflected in the mutual conversions
among cropland, forest, and grassland, where 12.29% of cropland had been converted into grassland
and forest. The probability of grasslands being converted into cropland and forest was 6.76% and 7.24%,
respectively. A significant change was also reflected in the expansion of built-up areas, with 26.90% of
cropland, 5.2% of forest, and 3.02% of grassland being converted into built-up areas. This may lead to
the degradation of the ecological environment, thereby affecting the existing urban patterns, economic
development, and the process of urbanization.
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3.3. Quantifying Change in Projected Land Use

Figure 5 shows the proportional composition of each land use type in different scenarios simulated
by the integrated model. In Scenario A, cropland yield is expected to increase at the current rate.
The expected trend of cropland area change is expected to gradually decline as forest, grassland, and
built-up areas increase. The projected cropland in 2080 is expected to be 27.37% lower than that in
2020. Forests, grassland, and built-up areas will increase by 6.66%, 4.50%, and 88.18%, respectively. In
Scenario B, cropland yield remains constant and the proportion of cropland area is projected to show a
significant increase, reaching approximately 29.41% between 2020 and 2080. Forest, grassland, and
built-up areas are expected to decrease by 11.15%, 5.88%, and 29.03%, respectively. In addition, when
we compared land use in 2020, 2050, and 2080, excluding cropland, the different land use types in
Scenario B all presented significantly smaller areas than those in Scenario A.
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3.4. The Spatial Pattern of Land Use

Figure 6 presents the land use spatial distribution pattern with significant spatial heterogeneity in
China. Overall, the pattern had not changed very much since the distribution patterns of various land
use types is formed by a long historical development process. Agricultural crops have high solar and
water requirements. Cultivated land is mostly near the eastern coastal and central areas, the Northeast
China Plain, the North China Plain, and the Yangtze River Valley. They have predominantly humid
climates, flat terrain, superior natural ecological conditions, and highly concentrated populations.
China’s forests are mainly distributed in the north along a sand prevention belt, along the desertification
control areas, and in the south and northeast mountain hilly areas. These areas have a relatively
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good ecological environment and small populations, so they experience less human disturbance.
Grasslands are mostly in the northwest. They are predominately the arid and semi-arid regions of
the Inner Mongolian Plateau and Qinghai–Tibet Plateau ecological barrier area, which comprise the
largest cold-desert steppe and natural grasslands in China. Built-up areas are primarily in the densely
populated eastern coastal regions, basins, and plains and intersect with cropland areas.
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Figure 7 shows some hotspots of LULCC in the two scenarios. Generally, the distribution changes
in large-scale land cover are less pronounced in the short term owing to the long development of the
formation of a land use type. In Scenario A in 2080, in Northern China, the Loess Plateau (Figure 7a)
and Inner Mongolia farming-pastoral areas will see some croplands being converted into grassland or
forests. The land use change will most likely be reforestation and afforestation of cropland. Built-up
land is expected to expand extensively, mainly at the expense of high-quality cropland; this will most
likely be mainly observed in the eastern coastal regions of China such as the Circum-Bohai-Sea Region
(Figure 7b), the Yangtze River Delta, and the Pearl River Delta. The initial growth in urbanization is
expected to occur in the North China Plain and in the southeast coastal areas in 2020. This may lead to
the conversion of paddy to artificial infrastructures. However, in Scenario B, the cropland areas are
expected to show a long-term increase. In the Sichuan Basin, the northwest agro-pastoral transitional
zone, the East Inner Mongolia region, the south inter-mountain basin, and the edge of the oasis at the
foot of the Tianshan Mountains, grassland or forests are expected to be converted into arable lands,
triggering deforestation (Figure 7c).
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Figure 7. Hotspots of LULCC change in two scenarios. (a) Comparison between 2020 and 2080
under Scenario A in the Loess Plateau. (b) Comparison between 2020 and 2080 under Scenario A
in the Circum-Bohai-Sea Region. (c) Comparison between 2020 and 2080 under Scenario B in the
Sichuan Basin.

Figure 8 displays the different spatial distribution patterns predicted in both scenarios. Also, it
shows how LULCC is affected by the different effects of the yield change that is expected to occur.
Comparing Scenario A with Scenario B, we can see that the reduction of cropland will most likely be
mainly distributed in the Loess Plateau farming-pastoral areas and Inner Mongolia, where the cropland
will be converted into grassland. In the south and southwest mountains, where the reclamation of
terraces on steep slopes easily leads to soil erosion and natural disasters, cropland will be converted
into forests. Some croplands on the North China Plain and in the eastern coastal areas may restrain the
expansion of cities and are more likely to be converted into built-up areas. At the same time, fertile soil
is expected to contribute to the high yield of grain in the Northeast Plain, the Huang-Huai-Hai Plain,
and the Sichuan Basin, all of which are places where cropland is expected to remain stable.
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4. Discussion

Given the broad range of future uncertainties, LULC projection could be a useful tool that allows
land managers to visualize alternative landscape futures, improve planning, and optimize management
practices. Multiple processes lead to complex and interdependent dynamics under the condition of
cross-scale and multi-factor interactions [59,60]. It is difficult to analyze and subsequently simulate
complicated social phenomena and realities, such as technological development, implementation of
agricultural policies, and the increasing demand for food. However, integrative modeling is designed
to abstract and extract the real world as much as possible. When thinking of “strong” sustainability,
rapid economic development at the expense of environmental quality is not to be considered as being
sustainable [29]. Therefore, these measures, which are a part of human intervention, should be added
to the ecological processes module in order to take into account the effects on soil organic matter and
soil nitrogen. Before governments and stakeholders make land use decisions, local environmental
conditions should first be assessed in order to identify stable equilibrium points between ecological
efficiency and economic profit.

The results of this integrated model for China illustrate an exploration of future spatial dynamics
of LULCC in different scenarios, and they agree with the results of Xu [8] and Liu [61]. In Scenario
A, the growing efficiency of land use and the intensification of agricultural production leads to a
reduction in demand for cropland, so more land can be returned to nature to increase ecological
benefits. This is in line with the goals of the China Grain for Green Program [62]. Cropland in the
southwestern mountains and southern low hill areas face land abandonment owing to steep slopes and
poor nutrients [63,64]. The vulnerable ecological conditions here render it susceptible to damage due
to soil erosion. Therefore, areas such as those listed above are presumed to be returned to grasslands
or forests, which is consistent with the Sloping Land Conversion Program in China [63,64]. In Scenario
B, yield stays constant, and as the population increases, the area of cropland significantly increases as
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well. This cropland expansion is expected to cause massive deforestation and will consume many of
the lands that have been set aside for conservation, so there is a consequential reduction in ecological
benefits for the region. Compared with land use in different periods, all land use types in Scenario B
have significantly fewer areas than those in Scenario A, excluding cropland. Extensive agricultural
production requires more arable land, China may require twice or three times croplands to meet
current food demands [65]. Some grasslands and forests are expected to be converted into cropland,
especially the inter-mountains in the south of China, and the expansion of cropland may cause the
severe degradation of natural environments.

The role of China is important for maintaining future global food security, not only by reducing
its own hunger index, but also by increasing multilateral trade and technology exchanges. China is
expected to be the world’s second largest importer and exporter by 2020, and it will shift its status
from net exporter to net importer in order to be self-sufficient in the future, bringing opportunities
for agricultural development and cropland adjustment in many countries, especially developing
countries [66]. However, importing food products is the equivalent of exporting ecological impacts [66].
In other words, cropland in China that is converted back into conservation land can essentially be
perceived as the direct displacement of ecological lands by croplands in other countries [67]. Therefore,
increasing yield through technology could not only ensure China’s food security goals and continued
economic prosperity, but could also contribute to achieving sustainable development goals on a global
scale via trade flow. Being well-integrated among nations in matters of trade can also contribute to
increasing land use efficiency via regional specialization and increased productivity. However, the
homogenization of cultivation practices may lead to the simplification of ecosystem services; this
phenomenon has been shown to indicate the declining resilience and growing instability of a land
system [68,69]. Especially in arid and semi-arid regions, the dual pressure of economic development
and ecological degradation may increase the vulnerability of land systems.

Technological advancement is one of the main mechanisms of boosting yield. There is a positive
feedback cycle between increasing yield and returning farmland to forests/grassland [70]. In the Loess
Plateau, the increase in yield has saved more cropland, reflecting the implementation of the Grain
for Green Program in the past decade. Then, because of the implication of the program, the area of
sloping farmland with thin harvests has been greatly reduced. More production technologies, such as
agricultural mechanization, can be developed for high-yield cropland, thus maintaining high-yield
and stable production. Scenario A is more promising for a sustainable land system; the ecological
environment is maintained and improved while meeting human needs because of the positive feedback.
From 1979 to 2016, the amount of N, P, and K fertilizer used in agricultural land in China increased
by 179.8%, 271.4%, and 1915.5%, respectively (China Statistical Yearbook). Regrettably, too much
fertilization can lead to soil degradation and water eutrophication in low-yield agricultural systems [71].
Farming accounts for approximately 70% of the water used worldwide, and some irrigation processes
may lead to water pollution from excess nutrients, soil salinization, and other contamination [72,73].
Continuous investments are still required for advanced technologies to reduce pollutants and limit soil
erosion. Furthermore, cropping intensity is needed for China to rely on to enhance the production and
decrease the LRF by increasing the effective area of cropping [74].

The results of this simulation only represent a possible blueprint for future LULCC. However, it
must be understood that this comes with great uncertainty regarding the environment, national policy,
economic development, and other factors. On the one hand, integrated modeling assumes that the
relationship between land use change and multiple driving factors is stable or shows little variation in
the short term. On the other hand, model parameters, such as spatial policies and restrictions and the
stability of land use conversions, are set using expert knowledge or observed behavior in the recent past
and incorporate a certain degree of uncertainty. These scenario conditions are set to simulate possible
trends of land use change in the future. In the future, we will improve the simulation in the following
aspects. First, we will use medium- to high-resolution remote sensing data to quantify LULCC with
greater precision [75]. Second, we will combine more ecological effects, such as soil moisture and net
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primary production to assess local suitability. Third, the IMAGE model can be used to evaluate the
mechanisms that how import or export of agricultural commodities influence on LULCC [76].

5. Conclusions

In this study, a global food model was used to represent the major impacts of socioeconomics
on land-use demands; we addressed ecological effects and integrated the LULCC dynamics into
this model.

The coupling model was applied in order to simulate future land use patterns for 2020, 2050,
and 2080 in China under two scenarios with different yield rates. The results indicate numerous
changes in land use. In Scenario A, the development of technology could save more land for ecological
restoration and urbanization, and this potential result is in line with China’s Grain for Green Program.
In Scenario B, cropland is expected to be expanded in order to satisfy expected food demand, which
may cause the degradation of ecological environments, especially in the areas with steep slopes.
Regarding the sustainability of the human–environment system and given the limited opportunities
and high costs associated with expanding agricultural land, Scenario A is the most promising scenario
if environmental protection policy is strictly implemented with the simultaneous pursuit of economic
development. This study could serve as a reference for planners of sustainable land use management.
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