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Abstract: Henan, China, is likely the most populous agricultural province worldwide. It is 
China’s major grain-producing area, with a continuously increasing population (96 million), 
which is greater than 93% of countries worldwide. However, this province has been experi-
encing unprecedented urbanization recently due to national policies and measures, such as a 
plan to build the capital city of Henan into a national center, resulting in severe conflicts in 
land use that endanger food security regionally and globally. To facilitate decision-making on 
this problem, we explored the detailed urban-rural development of Henan by modeling these 
land-use conflicts. Conventional modeling of a region’s urban-rural development is to navi-
gate trade-offs (a) solely between different land-use types (b) by assuming that each type 
provides a single service (e.g., croplands produce all the food), and (c) under a polynomial 
regression-based projection of population. In contrast, we considered both land-use type and 
intensity, resulting in a detailed land system for Henan. By introducing the concept of land 
system services (e.g., food production), we established a many-to-many relationship between 
land system classes and services. These allowed us to carry out the most comprehensive 
modeling of Henan’s urban-rural development under eighteen combined scenarios of popu-
lation growth and land-use policies on food production. The modeling results of these sce-
narios provide a solid basis for making decisions regarding Henan’s urban-rural development. 
We also revealed the influence mechanism of population growth, land-use policies, and their 
combinations, highlighting the benefits of securing food production by agricultural intensifica-
tion rather than merely expanding the area of cropland. 
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1  Introduction 

Located in the Yellow River Valley and with over 5000 years of recorded history, Henan 
Province is widely considered the cradle of Chinese civilization. Among the most agricul-
turally productive areas of China, it feeds a large population. According to the National Bu-
reau of Statistics of China (NBSC, 2019a), its food production in 2019 was 67 million tons, 
ranking second out of all 31 statistical units, following the most agriculturally productive 
province, Heilongjiang, which has a food production of 75 million tons. In contrast, the 
populations of Henan and Heilongjiang are 96 and 38 million, respectively, according to the 
latest published statistics (NBSC, 2019b). Therefore, Henan is China’s most populous agri-
cultural province, and given its large population, it is likely the most populous agricultural 
province worldwide. 

Since the population of both Henan and all of China is expected to continue increasing 
(Deng et al., 2015), many efforts are required to ensure food security by narrowing the gap 
between a growing population and rising food demand (e.g., Jin et al., 2020; Tang et al., 
2021). Usually, food production can be increased by converting diverse land-use types to 
cropland (Kuang, 2019; Peng et al., 2020), which offers a solution for Henan. However, 
Henan faces a surge in demand for construction land because promoting central China’s (in-
cluding Henan) urban and rural development has recently become a focus for the whole 
country. A series of policies and measures have been launched by the central government, 
such as the strategy for the rise of central China, which is a plan to build the capital city of 
Henan into a national central city (similar to Beijing and Shanghai), and the high-quality 
economic development of the Yellow River Basin. As a result, land-use conflicts have be-
come increasingly prevalent in Henan, so trade-offs should be considered (e.g., Jin et al., 
2018; Sun et al., 2018; Peng et al., 2019a; 2019b; Wang et al., 2019b; Dai et al., 2020). 

The current study aimed to progress the consideration of such trade-offs by exploring 
Henan’s urban-rural development trajectories under intersecting population growth and food 
production scenarios. This exploration is, however, challenging for three reasons. First, pop-
ulation growth in Henan increases the demand for both food and accommodation. Efforts to 
meet the former demand result in more cropland and/or agricultural intensification, whereas 
efforts to meet the latter lead to urbanization and/or the development of rural settlements. It 
can be seen the results of these efforts are generally conflicting. According to Liu et al. 
(2010), most croplands in China have been lost due to urbanization and the development of 
rural settlements. Second, we needed to consider both the type and intensity of land 
use/cover. Third, the conversion of land use/cover may be subject to constraints, such as 
land-use policies on food production (Gao et al., 2021a). To the best of our knowledge, no 
previous attempts have been made toward this specific aim or to model Henan’s urban 
and/or rural change trajectories. 

In this study, we have three specific research questions. First, how can the land changes in 
Henan be projected by considering both the types and intensity of land use/cover? Second, 
what are the future trajectories of Henan’s urban-rural development as a trade-off of popula-
tion growth and food security? Third, how can land-use conflicts regarding land-use policy 
on food production be address in the projection? 

 



224  Journal of Geographical Sciences 

 

2  Study area and related works 

2.1  Study area: Henan, China 

Henan, a landlocked Chinese province, is located between 31°–36°N and 110°–116°E (Ma et 
al., 2008). Its neighboring provinces are Shaanxi (west), Shanxi (northwest), Hebei (north), 
Shandong (northeast), Anhui (southeast), and Hubei (south). Henan has a relatively small 
geographical area but a large population. Its total area is approximately 167,000 km2, con-
stituting only 1.7% of the total land area of China and ranking 17th out of all 34 Chinese 
provincial-level regions. In contrast, Henan is among the most populous provinces in China, 
ranking second or third over the last decade. Its population is nearly 100 million, which is 
greater than that of most countries worldwide. Its population constitutes more than 7% of 
China’s total population. 

The climate in Henan is suitable for crop growth, with an average annual temperature 
range of 12.7–16.2℃, an average annual precipitation range of 478–1167 mm, an average 
annual sunshine hour range of 1468–2247, and an average annual frost-free period (i.e., 
growing period) range of 208–272 days. As a result, Henan’s lands are dominantly used as 
cropland (Figure 1). The province is one of the major grain-producing areas of China, 
ranking first in food production among all provinces before 2009 and second since 2010. 

 

 

Figure 1  Land use in Henan province in 2017 (spatial resolution: 10 m; derived from Gong et al., 2019) 
 

2.2  Related works 

To the best of our knowledge, no previous attempts have been made toward this specific aim 
or to model Henan’s urban and/or rural change trajectories. However, considerable research 
has been focused on other areas worldwide. Examples of such research are the estimation of 
land-use/cover changes in the Dwarakeswar–Gandheswari river basin, India (Sahoo et al., 
2018), the prediction of urban expansion in the Moscow region, Russia (Vasenev et al., 
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2018), and the simulation of land-use change in the southeast coastal region of China to 
identify future land-use conflicts (Zou et al., 2019). More recent examples include a predic-
tion of future wetland areas in an India–Bangladesh river basin (Talukdar and Pal, 2020) and 
simulations of China’s land-use changes under policy constraints (Li and Chen, 2020) or 
different management scenarios (Zhu et al., 2020). 

The current study differs from previous research efforts in three ways. First, future tra-
jectories of urban-rural development were explored in terms of not only land-use type but 
also land-use intensity; for example, croplands were divided into high, medium, and low 
levels of productivity. This land-use classification, referred to as a detailed land system in 
the current study, allows for a more explicit description of urban-rural development. Second, 
a new concept was introduced, land system services, whereby a land system class can be 
defined as providing multiple land system services. This allowed for the establishment of 
many-to-many relationships between land system classes and services. For example, food 
production comes from not only cropland—which is the case in most previous studies—but 
also from urban areas. Third, population growth was considered more scientifically than in 
previous studies, using the five shared socioeconomic pathways (SSPs) developed by the 
Intergovernmental Panel on Climate Change (Riahi et al., 2017). 

3  Methodology 

3.1  A detailed land system: Raw data and system establishment 

To consider both the type and intensity of land use/cover, we established a detailed land 
system, a highlight of this paper. In landscape ecology, such a detailed land system can be 
understood as a combination of landscape mosaics (Shaker et al., 2019; Zhang et al., 2020; 
Gao et al., 2021b) and gradients (McGarigal and Cushman, 2005; Gao et al., 2017; 2019). 
Intensity is quantified using either the property of a land-use/cover type, such as the food 
production of cropland, or the proportion of a specific land-use/cover type in a landscape 
mosaic cell. 

To establish a detailed land system, we first prepared high-resolution land-cover data for 
Henan from the latest 10-m resolution global land-cover dataset, FROM-GLC10 (Finer Res-
olution Observation and Monitoring of Global Land Cover 10 m), Version 0.1.3 (Gong et al., 
2019), as shown in Figure 1. Note that FROM-GLC10 has the highest spatial resolution 
among various useful land-use/cover data products (e.g., Kuang and Dou, 2020). The 
FROM-GLC10 dataset includes ten types of land cover, namely, cropland, forest, grasslands, 
shrubland, wetland, water, tundra, impervious surface, barren land, and snow/ice, as de-
scribed in detail by Gong et al. (2013). Henan contains eight of these ten land cover types; it 
contains no tundra or snow/ice. 

Then, we designed the framework of the detailed land system according to the research 
questions (Section 1) and original types of the high-resolution land-cover data. It consists of 
four primary categories and a total of 16 land classes. The first category, human settlement, 
consists of compact city, scattered city, urban-rural fringe, compact town, and scattered town. 
The second category is agriculture, comprising heavily utilized, moderately utilized, and 
underutilized agricultural land. The third category is environment, comprising forest, grass-
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lands, shrubland, wetland, water, and mixed. These three categories have also been em-
ployed in other studies of land-use dynamics (e.g., Kirch et al., 2004). The fourth category 
consists of barren land and others (i.e., unclassified). 

With this designed framework, a detailed land system was established by upscaling the 
high-resolution land-cover data from a spatial resolution of 10 m to 1 km. To perform up-
scaling, a set of classification rules (Figure 2) iteratively developed according to expert ex-
periences. Specifically, we first performed upscaling using a set of subjective rules. Then, 
the result of the upscaling was investigated at the 1-km pixel level (formal results will be 
shown later in Figure 5). The investigation was made to see the components, which were a 
great number of 10-m pixels, and their proportions. If the composition of a 1-km pixel did 
not match the name of its corresponding land class, then the rules were refined, and upscal-
ing was reperformed. An example of mismatch can be as follows: A 1-km pixel of the land 
class “underutilized agricultural land” consisted of all 10-m pixels of cropland.  

3.2  Many-to-many relationships between land classes and services 

We first defined land system services and then established a many-to-many relationship be-
tween land system services and classes by identifying and quantifying the multiple services 
of different land system classes. 

Readers may be familiar with the concept of ecosystem services, which refer to the goods 
(e.g., air, water, and food) and services (e.g., tourism, spiritual experience, and aesthetic 
provision) that ecosystems provide for humans (Wallace 2007). In the paradigm of ecosys-
tem services research, an ecosystem is usually specified in terms of type (e.g., aquatic or 
terrestrial) or scale (e.g., regional or national). In the current study, we proposed a similar 
but distinctly different concept and paradigm: land system services. We defined this con-
cept as the goods and services that a land system provides for humans, whereby a land 
system is specified in terms of land-use/cover type and intensity. Note that the term “land 
system services” has been occasionally used in the literature without formal definition 
(Eitelberg et al., 2016; Debonne et al., 2018; Ellis et al., 2019). This study presents the 
first formal definition. 

Before quantifying land system services (i.e., quantifying the capability of each land class 
to provide every service), we need to identify key demands as the driving factors of land 
system change. As shown in Figure 3, the expected growth of Henan’s population will in-
crease two conflicting human demands: accommodation and food. Human demand for ac-
commodation is a major driving force of the conversion of agricultural to urban-rural land 
systems (Long et al., 2009; Ahmed et al., 2014; Lan et al., 2019), whereas the human de-
mand for food can drive the expansion or intensification of agricultural land systems 
(Grundy et al., 2016; Delzeit et al., 2017). In this study, both accommodation and food 
were identified as the key demands, as well as cropland. Cropland is also of interest be-
cause it is a good proxy for the demand for food and can be used to analyze land-use poli-
cies in this study (will be shown in sections 5–6; either to expand the area of agricultural 
land systems, i.e., heavily/moderately/underutilized agricultural land, or to intensify the 
use of agricultural land systems, e.g., convert underutilized agricultural land to moderately 
or heavily utilized). 
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Figure 3  Population-driven changes in land use as the exploration framework 
 
Then, we quantified the capability of every land class to provide each of these three land 

system services. In other words, each of the 16 land classes modeled in this study (Figure 2) 
was assumed to have the capability of providing accommodation, food, and cropland ser-
vices to some extent, to meet the three key demands. The quantification was performed as 
follows:  
 Land system services for accommodation (ai) were quantified using the population of 

each land system class, which was estimated using the highest-resolution dataset avail-
able for the spatial distribution of the population and then corrected using official sta-
tistics. This quantification process involved five steps. First, we obtained the Global 
Human Settlement Layer (GHSL) for the latest available year with the finest resolution 
(Pesaresi et al., 2013; Freire et al., 2016), that is, GHSL 2015 (250 m). Second, the 
GHSL dataset was overlaid with the detailed land system to derive the total population 
of Henan (P) and the population of each Henan land system class (Pi). Third, the data 
for Henan’s population (P′) in 2017 were obtained from the statistical yearbook re-
leased by the Henan Bureau of Statistics (2018). Fourth, every Pi was corrected as 

i iP P P P′ ′= ÷ × . Fifth, ai was determined using the following equation:  

 2
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= =  (1) 

where Si and Ni are the total area (km2) and the total number of cells of the ith land 
system class in Henan, respectively, and 1:R(km) denotes the spatial resolution of the 
detailed land system. The ai units are persons per square kilometer (km2). 

 Land system services for cropland (ci) were quantified as the total area of cropland 
included in a single cell of each land system class. This quantification was achieved by 
overlaying the detailed land system and the high-resolution land-cover data for Henan 
and then employing the following equation:  
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To facilitate the explanation of cij, let us refer to the cropland cells of the 
high-resolution land-cover data for Henan as small cropland cells. Accordingly, cij is 
the total number of small cropland cells that are overlaid with the jth cell of the ith class 
of the detailed land system. 1:r(km) denotes the spatial resolution of the high-resolution 
land-cover data for Henan. The units of ci are km2/km2 

 Land system services for food ( if ) were quantified as the grain production (t) per 
square kilometer of the i th land system class using the following equation:  
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where fijk is the grain production (t) of the kth (1≤k≤cij) small cropland cell that is 
overlaid with the jth cell of the ith class of the detailed land system. The value of fijk 
depends on the spatial resolution of the data on grain production. To the best of our 
knowledge, the highest-resolution data available are the county-level (158 counties in 
total) grain production data of Henan in 2017 (HBS, 2018). Therefore, the determina-
tion of fijk was performed as follows. First, we divided the grain production of each 
county by its total area of cropland to derive the average grain production of the 
cropland of each county. Second, the value of fijk equals the average grain production of 
the cropland of a county if the small cropland area belongs to that county. 

3.3  Scenario design based on population growth and land-use policy 

We developed a total of eighteen scenarios by combining six population projections and 
three land-use policies. Six population projections were adopted for two reasons. First, pop-
ulation growth was regarded as the initial driving force of land system changes, as previ-
ously shown in Figure 3. Second, these six projections serve as the most comprehensive 
prediction of population changes under different representative assumptions, as will be ex-
plained in this section. Of these population projections, five were estimated by Chen et al. 
(2020) under the SSPs (shared socioeconomic pathways) or, more specifically, five 
SSP-based demographic assumptions specific to Chinese provinces. The five SSPs were 
developed by the Intergovernmental Panel on Climate Change (O’Neill et al., 2014; Liao et 
al., 2020) as descriptions of the world’s future in five assumptions, namely, sustainable de-
velopment, business-as-usual, global/regional rivalry, inequality, and fossil-fueled develop-
ment. The corresponding five SSP-based demographic assumptions by Chen et al. (2020) 
differed in fertility rate, mortality rate, interprovincial migration, educational attainment, and 
China’s fertility policy (i.e., two-child policy, fully open policy, or none), as summarized in 
Table 1. However, these SSP-based population projections were initially based on 2010 
population data, which is a different reference year from that of the current study, namely, 
2017. Therefore, we calibrated these projections for our research period, 2017–2030, using 
the actual population of Henan in 2017, as shown in Table 2. To the best of our knowledge, 
this study is the first of its kind to employ SSP-based population projections at China’s pro-
vincial level and consider China’s latest fertility policy, namely, the two-child policy 
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launched in 2016 that allows all families to have two children (rather than only one, as be-
fore). 
 
Table 1  Comparison of the five SSP-based demographic assumptions (Chen et al., 2020) 

No. Framework Fertility rate Mortality Migration Education Fertility policy 

1 SSP1 Low Low Medium High None 

2 SSP2 Medium Medium Medium Medium Two-child 

3 SSP3 High High Low Low Fully open 

4 SSP4 Low Medium Medium Medium None 

5 SSP5 Low Low High High None 
 
In addition to these five SSP-based population projections, we made another projection 

according to Henan’s latest population control plan (Government of Henan, 2017). This plan 
outlines controlled population growth from 2015 to 2030 as follows:  

 The population was 107.22 million in 2015. 
 The average annual rate of population growth should be limited to approximately 

0.78% from 2016 to 2020, leading to a population of approximately 111.50 million in 
2020. 

 The average annual rate of population growth should be limited to approximately 
0.03% from 2021 to 2030, leading to a population of approximately 115.00 million in 
2030.  

Using these specifications, we calculated the planned population of Henan from 2018 to 
2030 using 2017 as the reference year, as shown in Table 2. 

 
Table 2  Six projections for Henan’s population (in millions) from 2018 to 2030, with 2017 as the reference year 

  SSP1 SSP2 SSP3 SSP4 SSP5 Planned 

2017 108.530 108.530 108.530 108.530 108.530 108.530 

2018 109.221 109.325 109.440 109.199 109.187 109.377 

2019 109.896 110.125 110.369 109.847 109.827 110.230 

2020 110.555 110.930 111.315 110.475 110.448 111.089 

2021 111.181 111.692 112.226 111.064 111.039 111.423 

2022 111.775 112.412 113.103 111.615 111.603 111.757 

2023 112.331 113.084 113.936 112.121 112.133 112.092 

2024 112.851 113.707 114.724 112.582 112.631 112.429 

2025 113.330 114.278 115.463 112.995 113.092 112.766 

2026 113.768 114.796 116.154 113.360 113.516 113.104 

2027 114.165 115.264 116.799 113.679 113.904 113.443 

2028 114.517 115.677 117.394 113.947 114.249 113.784 

2029 114.823 116.037 117.944 114.166 114.553 114.125 

2030 115.085 116.345 118.449 114.337 114.815 114.467 

 
For land-use policies, we considered three strategies concerning cropland: the total area of 

cropland remains stable, the food production of cropland remains stable, and no policies for 
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cropland or its food production. It is important to note that in our study, both cropland and 
food can come from any land system class, including cities. 

By combining different population projections and land-use policies, we obtained a total 
of eighteen scenarios, as shown in Table 3. 

 
Table 3  Scenarios (S01–S18) designed by combining population projections and land-use policies 

Land-use policies SSP1 SSP2 SSP3 SSP4 SSP5 Planned 

P1: Area of cropland remains stable S01 S02 S03 S04 S05 S06 

P2: Food production remains stable S07 S08 S09 S10 S11 S12 

P3: No policies for cropland or food S13 S14 S15 S16 S17 S18 
 

3.4  Explanatory factors for land dynamics: Selection through regression 

To understand land dynamics, we first prepared a number of candidate factors and then test-
ed their explanatory powers of historical land-use/cover change using regression analysis. 

In preparing the candidate factors, we established three rules: the factor is or should be 
relevant to land dynamics, the factor data are easily accessible, and as many factors and 
categories as possible should be included. Using these three rules, we collected eight cate-
gories, a total of 27 candidate factors, summarized in Table 4. 
 
Table 4  List of candidate factors 

Category Factors Source 

Socioeconomy 

1 Gross domestic product     DOI: 10.12078/2017121102 

2 Nighttime lights     Defense Meteorological Satellite Program 

3 Population distribution     Global Human Settlement 

Accessibility 
4 Accessibility to cities     (Weiss et al., 2018) 

5–8  Accessibility to rivers/lakes/ rail-
ways/roads     Calculated from OpenStreetMap 

Soil property 

9 Bulk density 10 Clay content 

(Hengl et al., 2017) 

11 Cation exchange capacity 12 pH in H2O 

13 Organic carbon density 14 Sand content 

15 Coarse fragments volumetric 16 Silt content 

17 Water capacity 18 Texture class 

Vegetation 19 NDVI     DOI: 10.12078/2018060601 

Agriculture 20 Potential crop yield     DOI: 10.12078/2017122301 

Temperature 21–22  Mean February/August temperature     
(Peng et al., 2019c) 

Precipitation 23–24 Total May/September precipitation     

Topography 
25 Elevation     Shuttle Radar Topography Mission 

26–27  Slope/Aspect     Calculated from elevation 

 
We then performed a regression analysis between these candidate factors and the land 

system classes. To make the regression analysis more robust, we first removed highly corre-
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lated candidate factors. Specifically, we calculated the correlation coefficients between every 
pair of candidate factors. For any pair where the correlation coefficient was greater than 0.8, 
the member that was more correlated to all the other candidate factors was removed. By do-
ing so, we removed the 23rd (total May precipitation) and 25th (elevation) candidate factors. 
The regression analysis was performed using a binomial logit model as follows:  

 , ,
0 1 1, , 2 2, , , ,

, ,
log

1
i j k

i j i j n n i j
i j k

P
X X X

P
β β β β

 
= + + + +  − 

  (1) 

where Pi,j,k is the probability of the land unit (i,j) being the jth land system class; X1,i,j, X2,i,j, 
and Xn,i,j are the values of the first, second, and nth candidate factors for the land unit (i,j), 
respectively; and β0, β1, β2, and βn are the coefficients to be estimated. 

3.5  Simulation model selection 

Following the preceding design, we then needed a model to simulate changes to our detailed 
land system by considering the many-to-many relationship between supply (i.e., land classes) 
and demand (i.e., services). A number of available and frequently used models would have 
been suitable if the purpose was to only simulate changes in the detailed land system, for 
example, CLUE-S (Verburg et al., 2002; Bai et al., 2018), FLUS (Liu et al., 2017), 
LUSD-urban (He et al., 2017), LUTO (Gao and Bryan, 2017), SLEUTH (Chaudhuri and 
Clarke, 2019; Bajracharya et al., 2020), and Markov chain (Lu and Chen, 2017). However, 
to consider the many-to-many relationship between supply and demand, we chose the 
CLUMondo model. For readers interested in the principles and implementation of the 
CLUMondo model, please refer to publications by its developers (e.g., Pouzols et al., 2014; 
Eitelberg et al., 2016; van Vliet et al., 2017; Wolff et al., 2018; Debonne et al., 2019), 
especially their brief introduction to the beginners of the model (van Vliet and Verburg, 
2018). 

4  Results 

4.1  Established detailed land system and quantified services 

The detailed land system established for Henan is shown in Figure 4. It consists of 14 of the 
16 initial land classes designed in the classification scheme (Figure 2). The proportion of 
each land class is shown in Table 5. The primary two categories of land class in Henan are 
agricultural land and urban-rural fringe. The spatial resolution of the established land system 
is 1 km, where every single pixel (Figure 5) was generated based on 100 pixels of the 10-m 
resolution Henan land-cover data (refer to Figure 1). 

The quantified land system services are presented in Table 6. Each land class provides all 
three services. For example, the compact city class provides not only accommodation ser-
vices but also food and cropland services, meaning that the expansion of a compact city can 
also lead to an increase in food and cropland. This type of many-to-many relationship be-
tween land classes and services is a highlight of this study. 
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Figure 4  Detailed land system for Henan (spatial resolution: 1 km) 
 

Table 5  Numbers and proportions of pixels for each class of detailed land system 

Category No. Land class # of pixels Proportion (%) Sum (%) 

Human settlements 

1 Compact city 2742 1.65 

21.65 

2 Scattered city 2683 1.62 

3 Urban-rural fringe 5067 3.05 

4 Compact town 5235 3.16 

5 Scattered town 20,203 12.17 

Agriculture 

6 Heavily utilized 82,117 49.48 

58.56 7 Moderately utilized 8551 5.15 

8 Underutilized 6527 3.93 

Environment 

9 Forest 30,288 18.25 

19.69 

10 Grasslands 752 0.45 

11 Shrubland 0 0 

12 Wetland 0 0 

13 Water 1213 0.73 

14 Mixed 437 0.26 

Others 
15 Barren land 23 0.02 

0.10 
16 Unclassified 137 0.08 

 

4.2  Detailed land systems simulated for Henan in 2030 

We simulated a detailed land system for Henan in 2030 under each of the 18 scenarios (Fig-
ure 6 and Appendix A). A quick comparison between the simulated detailed land systems 
(Figure 6) and the original (Figure 4) shows that they are similar from a macro perspective, 
demonstrating the inertia of land use (Wang et al., 2019a). 
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Figure 5  Detailed land system pixels (spatial resolution: 1 km; each subpicture is a single pixel in the system) 
and their components (spatial resolution: 10 m) 
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Table 6  Services per square kilometer of each land system class 

No. Land class Accommodation (persons) Food (tons) Cropland (km2) 
a Compact city 6572.76 1.410 0.002349 
b Scattered city 2139.43 1.682 0.002855 
c Urban-rural fringe 2115.55 161.313 0.298364 
d Compact town 1695.26 371.060 0.634181 
e Scattered town 1114.86 490.878 0.809012 
f Heavily utilized 450.65 578.799 0.944807 
g Moderately utilized 286.74 285.485 0.706417 
h Underutilized 170.87 191.109 0.498408 
i Forest 45.50 34.881 0.095807 
j Grasslands 456.12 34.245 0.111823 
k Water 128.94 45.871 0.102480 
l Mixed 344.39 100.857 0.319964 

m Barren land 408.70 88.055 0.161213 
n Unclassified 283.21 129.101 0.312731 

 

 
Figure 6  Detailed land system simulated for Henan in 2030 under S18 (a. The simulated system; b–e. Two 
comparisons between 2017 and 2030, and Distributions of (f) compact cities and (g) Heavily utilized agricultural 
land in the simulation system) 
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However, on closer inspection, we can observe changes in the land system between 2017 
and 2030 in terms of not only the configuration (i.e., the spatial location of each class) but 
also the composition (i.e., the quantity of each class), as shown in the comparisons presented 
in Figures 6b–6e). To represent the configurational changes more accurately, we examined 
the proportions of cells where the land system class in 2030 differed from that in 2017, as 
shown in Figure 7. In addition, a more accurate comparison of the compositional changes is 
presented in Figure 8. Note that in making this figure, all land system classes from the cate-
gories of “environment” and “other” were combined and visualized as a single category, 
“natural,” because our focus was on the human settlement and agriculture categories. 

 

 

Figure 7  Proportions of cells where the land system class in 2030 differs from 2017 under all scenarios 
 

 

Figure 8  Comparison between the detailed land systems under 18 scenarios (S01–S18) and those of 2017 in 
terms of the composition of cells with different land system classes 
 

4.3  Quantity and spatial distribution of land system services in 2030 

The quantity of the three land system services in 2030 under each scenario is shown in Fig-
ure 9. Some general findings can be obtained. First, the amount of accommodation has im-
proved in all scenarios to meet the needs of the growing population. Second, the quantity 
pattern shown by the cropland services of the 18 scenarios is similar to that of the food pro-
duction services. This is understandable because food is produced from cropland. However, 
these two patterns are not identical, because croplands incorporated in different land system 
classes do not necessarily have the same production quantities. It is also important to note 
that two scenarios with the same (or similar) quantity of service do not necessarily correspond 
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to the same (or similar) land system. For example, as shown in Figure 9(c), 2017 and S07 have 
similar food production quantities, but they have different compositions of land system classes, 
as previously shown in Figure 8, with different configurations (see Appendix A). 
 

 
Figure 9  Quantity of services in 2030 (a. Accommodation; b. Cropland; c. Food) 

5  Analysis and discussion 

5.1  Response of land system classes to land-use policy and population 

From the perspective of decision-makers, it is useful to understand the response of land sys-
tem classes to different land-use policies and population projections. In this section, we first 
investigated the response to a combination of these two factors, namely, under each scenario. 
Then, we investigated the response to every single factor. 

For the first investigation, we calculated the relative changes in the areas of each land 
system class from 2017 to 2030. Such calculations were performed for all 18 scenarios, as 
shown in Figure 10. The relative changes in these land system classes can be classified into 
three cases. The first case is “increase in all scenarios,” namely, compact city and heavily 
utilized (agricultural land). The second case is “decrease in all scenarios,” that is, compact 
town, moderately utilized, and underutilized (agricultural land). The third case is “in-
crease/decrease in some scenarios,” which includes all the other land system classes. These 
three cases highlight the complexity of future land system changes. 

For the second investigation, we determined two sets of standard deviations for each land 
system class. One set was calculated by setting the land-use policy as the control variable 
and the population projection as the independent variable; the other set was calculated using 
the reverse setting: the population projection as the control variable and the land-use policy 
as the independent variable. For both sets, the standard deviation was treated as the depend-
ent variable. All the results can be found in Appendix B, and Table 7 presents the results for 
the heavily utilized agricultural land. In Table 7, the data of the last column, “SD by row,” is 
the first set of standard deviations, and the data in the “SD by column” row is the second set. 
The land-use policy is the dominant factor driving the change in heavily utilized agricultural 
land because the second set of standard deviations is greater than the first set. A similar 
analysis was performed for all the other results to determine the dominant factor for each 
land system class, as shown in Table 8. 
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Figure 10  Relative changes in the areas of every land system class from 2017 to 2030 under each of the 18 
scenarios 

 
Table 7  Standard deviations (SDs) calculated using the land-use policy (P1–P3) as the control variable (SD by 
row) and using the population projection as the control variable (SD by column, %) 

 SSP1 SSP2 SSP3 SSP4 SSP5 Planned SD by row 

P1 6.13 6.06 6.10 6.21 6.14 6.07 0.06 

P2 3.00 2.87 2.69 3.14 3.06 3.03 0.16 

P3 12.43 12.47 12.51 12.26 12.41 12.11 0.15 

SD by column 4.80 4.89 4.99 4.64 4.77 4.62 – 

 
Table 8  Dominant factor for each land system class 

Dominant factor Land system class 

Population growth (a) compact city, (b) scattered city 
(c) urban-rural fringe, and (d) compact town 

Land-use policy (e) scattered town, (f) heavily utilized, (g) moderately utilized, 
(h) underutilized, and (i) environment 

 

5.2  Effects of different land-use policies on the detailed land system 

As already indicated by Figure 10, the three land-use policies have different effects on the 
urban-rural development of Henan. In this section, we discuss these effects in more detail. 

Land-use policies had complex effects on the land system classes for the category of hu-
man settlement. As visualized in Figure 10 and shown in Appendix B, all three policies sig-
nificantly increased (by at least one-third) the area of compact cities, although the amount of 
increase differed slightly. Given a population projection, the amount of increase was quite 



GAO Peichao et al.: Urban-rural development under intersecting population growth and food production scenarios 239 

 

similar for land-use policies P1 and P2, both of which were slightly higher than that of P3 
(e.g., 38.3%, 38.2%, and 35.5% for P1, P2, and P3, respectively, under SSP1). The three 
policies may either increase or decrease the area of the scattered city, but the following pat-
tern can be obtained: The amount of change is similar for P1 and P2, both of which tend to 
increase more or decrease less than P3 (e.g., 14.9%, 16.4%, and 2.3% for P1, P2, and P3, 
respectively, under SSP3). For urban-rural fringes, P1 usually brings about a greater increase 
in the area than P2, and the same pattern was observed when P2 was compared with P3. In 
contrast, the different land-use policies had little effect on compact towns, although the 
amount of decrease for P3 was always the least. The area of scattered towns decreased in 
most of the scenarios (16 out of 18), except for two scenarios where the area increased 
slightly (less than 0.6%). Among all the scenarios, P1 usually resulted in the largest decrease, 
and P2 always produced the slightest decline. 

The effects were more straightforward on the land system classes from the agricultural 
land category. All three land-use policies increased, decreased, and decreased the areas of 
heavily utilized, moderately utilized, and underutilized agricultural land, respectively. Spe-
cifically, for the land class “heavily utilized”, P3 brought about the largest increase in area, 
approximately 12% under any of the population projections. The increases brought about by 
P1 and P2 were stable for different population projections, being 6% and 3% on average, 
respectively. For the land class “moderately utilized”, P3 always resulted in the largest de-
crease, which was 1.5 times that of P1 and twice that with P2. For the land class “underuti-
lized”, the effects of P1 and P2 made little difference; both brought about slighter decreases 
in area than P3. 

5.3  Effects of differing population growth on the detailed land system 

Different projections of population growth had differing effects on the land system classes 
from the category of human settlement. For the land classes “compact city”, “scattered city”, 
and “urban-rural fringe”, SSP3 brought about either the largest increase or the smallest de-
crease in area under any land-use policy, followed by SSP2, SSP1, SSP5, SSP6, and SSP4. 
In contrast, population growth had the opposite effect on the land class “compact town”; 
SSP6 resulted in the smallest decrease in area under any land-use policy, followed by SSP4, 
SSP5, SSP1, SSP2, and SSP3. For the land class “scattered town”, the effects of population 
growth varied with land-use policy but had the following common characteristics for any 
given policy: SSP3 and SSP2 brought about the most significant increase (or the smallest 
decrease) and the second-largest increase (or the smallest decrease) in area, respectively, and 
SSP4 led to the most significant reduction in area. 

Compared to the category of human settlement, the different population growth projec-
tions had more consistent effects on the land system classes than the other categories. This 
was especially true for the heavily utilized agricultural land, where all standard deviations of 
the relative changes calculated by keeping the land-use policy stable were not greater than 
0.16%, as shown in Figure 10 and Appendix B. For the effects on the moderately utilized, 
underutilized, and land classes from the environmental category as a whole, we found the 
following common characteristics: Under any land-use policy, SSP3 brought about either the 
largest increase or the smallest decrease in area, followed by SSP2. 
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6  Concluding remarks: Actions required and improved strategies 

Henan’s current land-use strategy is to protect cropland from urban expansion, a clear meg-
atrend in the province. Accordingly, the ideal situation is that the cropland area remains sta-
ble, so the government has adopted an area perspective, namely, P1. For the population, it is 
likely to grow according to the government plan, given the strong commitment of China. 
Therefore, S06 is the current scenario for the development of Henan; in other words, S06 is 
most likely to occur. 

To meet the accommodation demand in S06, the government should convert land system 
classifications according to those presented in Figure 11, which shows the changes from 
each land system class in 2017 to other classes in 2030 by proportion. For example, nearly 
one-third of moderately utilized agricultural land is converted to heavily utilized agricultural 
land (Figure 11). Additionally, it can be seen that the increase in heavily utilized agricultural 
land comes not only moderately utilized agricultural land but also scattered towns, underuti-
lized agricultural land, compact towns, forests, urban-rural fringes, and so on. 

 

 

Figure 11  Changes in each land system class from 2017 to other classes in 2030 by proportion (a. Compact city; 
b. Scattered city; c. Urban-rural fringe; d. Compact town; e. Scattered town; f. Heavily utilized agricultural land; g. 
Moderately utilized agricultural land; h. Underutilized agricultural land; i. Forest; j. Grasslands; k. Water; l. 
Mixed; m. Barren land; n. Unclassified land) 

 
It is important to note that the government land-use strategy can be improved according to 

our analysis. Specifically, the government can adopt a food-production perspective, wherein 
the focus is placed on whether food production—rather than the area of cropland—remains 
stable or not. This perspective is more in line with the need to ensure food security, and it 
has two clear advantages according to our simulation. First, it is easier to implement in terms 
of agricultural intensification. For example, as shown in Figure 10(f–g), S12 needs less 
heavily utilized agricultural land than S06. Second, and more importantly, this perspective 
brings about more ecological benefits. As shown in Figure 10(i), the increase in the envi-
ronmental class of the land system will increase in area by 5% under S12 compared to only 
2% under S06. 

To facilitate the adoption of a food-production perspective, the government of Henan 
should give priority to the evaluation of land-use intensity, especially agricultural intensity. 
In this study, the agricultural intensity was evaluated in terms of investigated grain produc-
tion and at the county level due to data availability. However, the agricultural intensity can 
be better assessed by considering more factors, such as the theoretical maximum production 
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(Ye et al., 2020). In addition, we suggest that the actual grain production is investigated and 
reported at the local level (e.g., each hectare of cropland). 

In conclusion, the modeling results of these scenarios provide a solid basis for making 
decisions regarding Henan’s urban-rural development. We also revealed the influence 
mechanism of each population projection, each land-use policy, and each combination, 
highlighting the benefits of securing food production by agricultural intensification rather 
than merely expanding the area of cropland. However, one limitation of this study lies in the 
classification scheme developed for establishing the land system of Henan. As explained in 
Section 3.2, the scheme consists of 16 land classes designed for exploring detailed ur-
ban-rural development under intersecting population growth and food production scenarios. 
The scheme also contains a set of threshold-based rules, as shown in Figure 2, but the 
threshold determination was subject to expert experience. Future research is thus recom-
mended to test the universality of these thresholds and to investigate the effects of different 
thresholds on the simulation of a land system. Future research is also recommended in the 
following three areas. The first is to determine the future demand for land system services by 
considering China’s new carbon neutrality pledge. This consideration may be implemented 
using integrated assessment models such as the Global Change Assessment Model, the Inte-
grated Model to Access the Global Environment, and the Global Biosphere Management 
Model (e.g., Li et al., 2017; Dong et al., 2018). The second is to consider the temporal vari-
ation of the capability of each land class to provide different land system services in the pe-
riod of simulation. The third is to understand land system dynamics based on thermodynam-
ic insights and Boltzmann (thermodynamic) entropy (e.g., Cushman, 2015, 2016; Gao et al., 
2018; Gao and Li, 2019). 
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