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Abstract: Rural decline is a global issue accompanied by the regional imbalanced develop-
ment and dysfunction in rural areas. Coordinated interaction among production, living, and
ecological functions is essential for the sustainability of rural regional systems. Based on the
framework of “element-structure-function”, an indicator system was constructed to explore the
evolution characteristics and driving factors of rural regional functions in the farming-pastoral
ecotone of northern China (FPENC) using the models of entropy-based TOPSIS (Technique
for Order of Preference by Similarity to Ideal Solution), revised vertical and horizontal com-
parison, and GeoDetector. The results indicated a gradual synergy of rural production, living,
and ecological functions during the period 2000—2020. Improvements were observed in pro-
duction and living functions, and higher ecological function was found in Hebei, Inner Mon-
golia, Liaoning, and Shaanxi. However, conflicts between ecological function and production
and living functions were evident in Shanxi, Gansu, and Ningxia. The spatial structure played
a dominant role in determining rural production, living, and ecological functions, with ratios of
38%, 56%, and 84%, respectively. Land and industry emerged as the main driving factors
influencing the evolution of rural regional functions. Notably, combined interactions of rural
permanent population and primary industry output (0.73), grassland area and tertiary industry
output (0.58), and forest area and tertiary industry output (0.72) were responsible for the
changes observed in rural production, living, and ecological functions, respectively. The
findings suggest that achieving coordinated development of rural regional functions can be
accomplished by establishing differentiated rural sustainable development strategies that
consider the coupling of population, land, and industry in FPENC.
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1 Introduction

The rural regional system has a specific structure and function, composed of diverse and
interactive elements (Long et al., 2016; Liu et al., 2020b). These functions are typically
categorized into three fundamental aspects: production, living, and ecological functions
(Yang et al., 2020a). The production function provides agricultural, industrial, and service
products necessary for human survival and development. The living function offers human
living spaces and facilities for consumption, leisure, and entertainment, and the ecological
function provides natural resources and ecological services (Zhou et al., 2017). Synergies
and trade-offs among these functions are common during the process of rural transformation
and development (Yang et al., 2020a; Zou et al., 2021). Coordinated development of these
functions is essential for rural revitalization, as an imbalanced development can lead to rural
decline. Therefore, identifying the spatial and temporal evolution of rural regional functions
is an important task for optimizing regional human-land systems and promoting rural sus-
tainable development.

The long-term priority given to urban development has resulted in a one-way flow of rural
population, land, and capital to urban areas (Tu and Long, 2017). This has caused an insuffi-
cient allocation of rural elements and significant incoordination of rural regional functions,
leading to serious “rural diseases” in China (Liu, 2018). Specifically, ecological environ-
mental problems such as non-point source pollution, land degradation, water quality decline,
and biodiversity loss have become prevalent alongside intensified production (Ongley et al.,
2010; Beardmore et al., 2019; Wang et al., 2023). The discharge of urban and industrial
pollution into rural areas and the increase in rural household waste pollution have also con-
tributed to the ecological deterioration of rural regional systems (Liu et al., 2014). Despite
improvements in the overall living standards of farmers, weak rural service facilities, limited
social security functions, and a widening gap between urban and rural development still per-
sist. The continuous outflow of the rural labor force has led to the idling of residential re-
sources and decreased vitality of rural regional systems (Parry et al., 2010; Chen et al., 2014;
Li et al., 2019c). In summary, the disordered production, decentralized living, and deterio-
rated ecology have hindered rural revitalization (Liu and Li, 2017), emphasizing the need for
coordinated development of rural regional functions.

The framework of “element-structure-function” characterizes the exploration of the evo-
lution process, driving mechanism, and optimization path of rural regional systems (Tu and
Long, 2017). Rural regional functions have evolved from traditional agricultural production
and rural settlement functions to a multi-functionality approach. These functions have been
systematically studied from various perspectives, including classification (Zhu et al., 2021),
restructuring (Liu ef al., 2018a), interaction (Willemen et al., 2010), evolution mechanism
(Long et al., 2022), and policy innovation (Markey et al., 2008; McDonald et al., 2013),
using different methods and scales. The evolution of rural regional functions is influenced
by multiple factors involving population, land, and industry (Long et al., 2016), such as nat-
ural resources, population growth, economic growth, market, and technology (Thapa and
Murayama, 2010; Tan et al., 2019; Uisso and Tanrivermis, 2021; Cheng and Chen, 2023).
The farming-pastoral ecotone of northern China (FPENC) stands out from other areas due to
its fragile ecology, backward economy, and human-land contradictions (Liu ef al., 2018b).
Vulnerable natural environments and unsuitable human activities have resulted in the deg-
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radation of ecological function in FPENC (Jian et al., 2022). Particularly, in the context of
rapid urbanization, the grassland and arable land have degraded at a rate of 1560 km” yr '
(Xiang et al., 2014). Consequently, the deteriorated ecological environment has negatively
impacted the production and living functions (Yao et al., 2019), leading to structural imbal-
ances in agriculture and livestock, a weak industrial foundation, and low household income
(Hansen et al., 2019; Chen et al., 2021). Approximately 60% of the FPENC comprises un-
derdeveloped counties, and the per capita net income of rural households is only 70% of the
national average (Yang ef al., 2020b). FPENC also faces a significant rural aging issue, with
a ratio of 53% (Wei et al., 2021). The Chinese government has implemented several projects
and strategies to improve rural regional production, living, and ecological functions. Alt-
hough regional ecological and environmental issues involving land use, risk management,
and ecosystem restoration have seen improvement and study (Feng et al., 2016; Liu et al.,
2020a; Wuyun et al., 2022), the evolution characteristics and driving factors of rural region-
al functions still require attention and strengthening in FPENC, particularly under the con-
text of multiple strategies’ superposition.

Therefore, the objective of the present study is threefold: (1) to evaluate rural regional
functions from the perspective of “element-structure-function”; (2) to uncover the evolution
characteristics of rural regional production, living, and ecological functions; and (3) to ex-
plore the driving factors behind the evolution of rural regional functions. The results aim to
propose significant suggestions and strategies to strengthen the synergistic development of
rural regional functions and the coupling of the human-land system in FPENC.

2 Materials and methods
2.1 Study area

The boundary of FPENC has been defined several times based on economic geography, ag-
ricultural division, and agroclimatology (Pei et al., 2021). For this study, a total of 146
counties in 23 cities of seven provincial-level regions, were selected as the study areas, fol-
lowing the official announcement by the Ministry of Agriculture and Rural Affairs of the
People’s Republic of China (MARAPRC, 2016). FPENC is situated in the semi-arid and
semi-humid transitional zones (Figure 1), with annual precipitation and annual mean tem-
perature ranging from 300 mm to 450 mm, and from 2°C to 8°C, respectively (Yang et al.,
2020b). The topography gradually increases from the northeast to the southwest, featuring
interlaced plateaus and hills. Ecological security, economic development, and living stand-
ards in the region are severely threatened by climatic crises and human activities. Specifi-
cally, Inner Mongolia, Liaoning, and Shanxi face severe grassland and arable land degrada-
tion and rural aging workforce issues, whereas Shaanxi, Gansu, and Ningxia encounter typ-
ical problems of soil erosion and low household income. Additionally, Hebei is characterized
by groundwater overdraft, hollowed villages, and non-point source pollution (Table 1).
Consequently, ecological improvement and economic development policies and projects
such as agriculture and livestock structure adjustment, ecological compensation, and “Grain
for Green” project have been implemented (Table 1). Over the period from 2000 to 2020,
approximately 95% of FPENC experienced a significant increase in vegetation coverage,
resulting in improved soil physical and chemical properties and reduced soil erosion
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Figure 1 Location of the farming-pastoral ecotone of northern China
Note: Map Content Approval Number: GS (2019)1831, no modification

Table 1 Description of the farming-pastoral ecotone of northern China

Provincial- Number of Number of . . .
. L . Typical problem Policy Project
level region  municipalities counties
Inner Mongolia 5 29 Production: arable land desertificati-

on and imbalanced planting structure Prodyction: Ecological: “G-

Liaoning 3 8 Living: aging workforce large-scale devel-  rain for Green”,
Shanxi 5 36 Ecological: grassland degradation op r_nent of_western three north she-
China, agriculture  lter forest, com-
Shaanxi 2 25 Production: food shortage and livestock struc- prehensive wat-
G 5 14 Living: low household income ture adjustment, and ershed manage-
ansu Ecological: soil erosion and low conservation tillage ment, preven-
Ningxia 3 9 vegetation cover Living: new coun-  tion and control
- tryside construction, of desertificati-
Production: groundwater overdraft ecological compen- on, and Beijing-
. al,ld, resource-based.water shortage sation, targeted pov- Tianjin sand-
Hebei 3 25 lemg:, hollowed V_1llage erty alleviation, and storm source
E_cologwal: non-point source pollu- -1 revitalization  control
tion

(Liu et al., 2021b). Simultaneously, the optimized structure of agriculture and livestock has led
to higher land productivity and rural income (Gao et al., 2021).

2.2 Methods

2.2.1 Framework of “element-structure-function”

Population, land, and industry serve as the fundamental elements of the rural regional sys-
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tem (Long et al., 2016; Yang et al., 2018). The diverse interactions among these elements
form the social, spatial, and economic structures, driving the evolution of rural regional
functions (Tu and Long, 2017). Identifying the leading and lagging functions is crucial for
promoting element integration, optimizing structure, and improving functions. The rural re-
gional system in FPENC is characterized by ecological fragility and human-land contradic-
tions, facing significant challenges such as rural decline, unreasonable land use, and eco-
nomic poverty. Thirteen elements related to population, land, and industry were selected as
driving factors, taking into account the regional characteristics. Population elements includ-
ed factors like population migration and part-time farming, such as rural permanent popula-
tion, permanent population, number of rural employees in secondary and tertiary industries,
and number of rural employees. Land elements encompassed arable land area, grassland area,
forest area, and rural settlement area, whereas industry elements focused on food production,
meat production, primary industry output, secondary industry output, and tertiary industry
output, considering the dominant land use types and industry development patterns (Figure 2).

Ecologically fragile area
System : | .

Rural decline 4[ Unreasonable land use ]7 Economic poverty
Population element Land element Industry element

* Xi: Rural permanent population
* X;: Permanent population
« X;: Number of rural employees in

* Xy: Food production

 Xi0: Meat production

Xy, Primary industry output

* X12: Secondary industry output
 Xj3: Tertiary industry output

* Xs: Arable land area

« Xs: Grassland area

* X7: Forest area

: Rural settlement area

Element

secondary and tertiary industries . X
* X;: Number of rural employees 8

Structure tructure I— Economic structure
|
|
|
' : |
Function . Production function I— Living function I— Ecological function | ;4— !
. { Leading function | [ Lagging function } 1

Type J’

Target | Element integration —  Structure optimization —— Function improvement

Figure 2 Framework of “element-structure-function” in the farming-pastoral ecotone of northern China
2.2.2  Construction of indicator system

The ecological function serves as the foundation and guarantee for living and production
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functions, with living and production activities needing to adhere to ecological environment
protection principles. The improvement of the living function relies on the development of
production activities. To evaluate the evolution of rural regional production, living, and
ecological functions in FPENC, an indicator system was constructed based on the “ele-
ment-structure-function” framework (Table 2). The production function exhibits obvious
economic attributes, including agricultural, pastoral, and non-agricultural production func-
tions. Per capita food production, per capita meat production, per capita arable land, per
capita grassland, per capita agriculture and livestock output, and industry structure were se-
lected to characterize production capacity and stability. The living function provides a living
environment for farmers and herdsmen, with the non-farm employment rate, urbanization
rate, rural population density, and per capita net income of farmers and herdsmen chosen to
reflect the social, spatial, and economic structures, respectively. The ecological function
impacts regional ecological security through conservation and supply aspects. To indicate
ecological function, the biological richness index, forest and grassland coverage rate, nor-
malized difference vegetation index (NDVI), per capita ecological system service value, and
proportion of secondary industry output were selected.

Table 2 Indicator system for the evaluation of rural regional function evolution in the farming-pastoral ecotone
of northern China

Function Struc- Indicator formed by Definition Unit
ture elements
Per capita food production Food production / Permanent population (+) t/person
Social
Per capita meat production Meat production / Permanent population (+) t/person
Per capita arable land Arable land area / Rural permanent population (+) ha/person
Produc- Spatial
tion Per capita grassland Grassland area / Rural permanent population (+) ha/person
Per capita agriculture Agriculture and livestock output / Rural permanent an/person
Eco- and livestock output population (+) yuan’p
nomic
Industry structure Secondary and tertiary industry output / Regional GDP (+) %

Number of rural employees in secondary and tertiary

0,
industries / Number of rural employees (+) %

Non-farm employment rate

Social
Urbanization rate Urban permanent population / Permanent population (+) %
Living
Spatial Rural population density ~ Rural permanent population / Rural settlement area (+) person/ha
Eco- Per capita net income of .
. +
nomic  farmers and herdsmen Annual statistical yearbook data (+) yuan/person
Refer to the Technical Criterion for Ecosystem Status
Social  Biological richness index Evaluation issued by the Ministry of Ecology and Envi- /
ronment of the People’s Republic of China (2015) (+)
LGIEHTETI EanklEnt Cove Forest and grassland area / Regional area (+) %
Ecolog- erage rate
ical Spatial NDVI Normalized difference vegetation index (+) /
Per capita ecological sys- Refer to the method proposed by Costanza et al. (1997) and
tem service value Xie et al. (2008) (+) JUEH R
Eco- Proportion of secondary Secondary industry output / Regional GDP (—) %

nomic  industry output
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2.2.3 Evaluation of rural regional function

The entropy-based TOPSIS (Technique for Order of Preference by Similarity to Ideal Solu-
tion) model was employed to assess the evolution of rural regional functions. Using a di-
mensionless data matrix of rural regional function evaluation indicators, the weighted nor-
malized matrix was obtained through the entropy method.
N i i o W
T I DA (1)
Ymt " Vi TntM " By W
where y;; is the weighted normalized value of indicator j in the county unit i, r; is the nor-
malized value of indicator j in the county unit 7, w; is the indicator weight.
The rural regional function index is defined as the degree of closeness of evaluated ob-

jects to the ideal solution.
n -2
7 \/ijl(y’f —¢) @)
! n +12 n —\2
\/ZFI(}G’J’ _ej) +\/Zj=l(y"j _ej)

where e}r is the maximum weighted normalized value of indicator j, e; is the minimum

weighted normalized value of indicator j, the larger the closeness degree 7}, the higher func-
tion improvement degree of county unit 7, and vice versa.

The triangular diagram, with the ratios of rural regional production, living, and ecological
function indexes as the axes, was employed to analyze the relationship between rural re-
gional functions.

2.2.4 Division of rural regional system types
To identify the leading and lagging functions, the revised vertical and horizontal comparison

method (Long et al., 2009; Zhang et al., 2019) was utilized.

z,
M,+S
p -p (3)

— % __<0.5, Function p is the lagging function of county unit
M,+S,

= 0.75, Function p is the leading function of county unit

where Z;, is the value of function p in the county unit i, M, is the mean value of function p in
all counties, and S, is the standard deviation of function p in all counties.

The rural regional system type was determined by the arrangement and combination form
of leading and lagging functions. Counties with only leading or lagging functions were clas-
sified as leading or lagging development types, respectively. Counties with neither leading
nor lagging functions or both leading and lagging functions were classified as balanced or
polarized development types, respectively. Additionally, subtypes were classified according
to the stronger leading function or weaker lagging function (Table 3).

2.2.5 Analysis of driving factors

The GeoDetector model can assess the impact of an individual factor or the interaction effect
of two different factors by analyzing the spatial distribution consistency (Wang and Xu,
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Table 3 Classification criteria of rural regional system types

Number of leading ~ Number of lagging

functions (V) functions (N,) Subtype Type

Leading production-lagging living (A1)
Leading production-lagging ecological (A2)
0 <N, <3 N> 0 Leading living-lagging production (A3) Polarized development (A)
Leading living-lagging ecological (A4)
Leading ecological-lagging production (A5)
Leading ecological-lagging living (A6)
Leading production (B1)
0<N; <3 N,=0 Leading living (B2)

Leading development (B)
Leading ecological (B3)

N =3 N,=0 Comprehensive development (B4)
Lagging production (C1)

N =0 N,>0 Lagging living (C2) Lagging development (C)
Lagging ecological (C3)

Ni=0 N,=0 — Balanced development (D)

2017). The individual effect of the driving factor (X) on the rural regional function index (Y)
can be quantitatively described using the g-statistic by the factor detector model.

1 <. >
g=1-——D Nici 4)
h=1

where L is the number of strata of factor X, N and N, mean the number of county units in the

2

strata 4 and the whole region, respectively, and o and o-,f represent the variance of index

Y in the strata / and the whole region, respectively.

The interaction effect of two different factors on the rural regional function was calculat-
ed by ¢g(X; N X) using the interaction detector model. The relationship can be divided into
five categories by comparing g(X; NX;) with ¢(X;) and ¢(X;) (Table 4).

Table 4 Relationship types of interaction between two different factors

Criterion Types of interaction
q(X1 N Xz) < Min(q(X)), ¢(X2)) Nonlinear weakening .
. ) ) Weakening

Min(g(X1), ¢(X2)) < g(Xi N X2) < Max(g(Xh), ¢(X2)) Single-factor nonlinear weakening
q(X1 N X)) > Max(q(X1), ¢(X2)) Two-factor enhancement

Enhancement
q(X1NXy) > qg(X)) + q(X2) Nonlinear enhancement
q(X1NXy) = qg(X) + q(X2) Independent Independent

2.3 Data sources

The data utilized in this paper primarily consists of demographic data, socioeconomic statis-
tics, and geographic information data from the years 2000, 2005, 2010, 2015, and 2020.
Demographic data were mainly obtained from census information and statistical yearbooks,
whereas socioeconomic statistics were mainly sourced from statistical yearbooks and statis-
tical bulletins. Land use data and NDVI data were collected from the Resources and Envi-
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ronment Science and Data Center (http://www.resdc.cn/Default.aspx). Administrative
boundary data were obtained from the National Earth System Science Data Center (http://
www.geodata.cn). Throughout the study period, a few instances of missing data were re-
placed with the values from adjacent years. However, the data for Hongsibu District,
Shuangluan District, Shuangqiao District, and Midokuchi Ranch were still missing in some
years due to administrative division adjustments, inconsistent statistical calibers, and exten-
sive missing data. Consequently, the final number of studied counties was 142 in 2000 and
2005 each, 143 in 2010 and 2015 each, and 145 in 2020.

3 Results

3.1 Structure characteristics of rural regional functions

The spatial structure played a relatively dominant role in determining rural regional produc-
tion, living, and ecological functions, with significant weights of 0.38, 0.56, and 0.84, re-
spectively (Table 5). Among the six positive indicators of the production function, per capita
grassland had the most substantial impact with a weight of 0.26, and per capita agriculture
and livestock output and per capita meat production also had significant effects with weights
of 0.24 and 0.21, respectively. Rural population density (0.56) and per capita net income of
farmers and herdsmen (0.26) contributed significantly to determining the living function. Per
capita ecological system service value and the proportion of secondary industry output were
the two important structural indicators of the ecological function, with weights of 0.51 and
0.16, respectively.

Table 5 Structure characteristics of rural regional functions in the farming-pastoral ecotone of northern China

Function Structure Indicator formed by elements Unit Weight
Per capita food production t/person 0.14
Social (0.35)
Per capita meat production t/person 0.21
Per capita arable land ha/person 0.12
Production Spatial (0.38)
Per capita grassland ha/person 0.26
Per capita agriculture and livestock output yuan/person 0.24
Economic (0.27)
Industry structure % 0.03
Non-farm employment rate % 0.08
Social (0.18)
Urbanization rate % 0.10
Living
Spatial (0.56) Rural population density person/ha 0.56
Economic (0.26) Per capita net income of farmers and herdsmen yuan/person 0.26
Social (0.12) Biological richness index / 0.12
Forest and grassland coverage rate % 0.09
Ecological Spatial (0.72) NDVI / 0.12
Per capita ecological system service value yuan/person 0.51
Economic (0.16) Proportion of secondary industry output % 0.16

3.2 Spatiotemporal evolution patterns of rural regional functions

The indexes of rural regional production, living, and ecological functions exhibited an in-
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creasing trend during 2000—2020 (Figure 3a). The ecological function was dominant, with a
higher average index value (0.27) than the other two functions. Additionally, the ecological
function had significantly improved during 2010-2020, leading to rapid improvements in
the production and living function indexes from 0.13 to 0.21 and 0.13 to 0.22, respectively.

The relationship among rural regional functions gradually converged from 2000 to 2020
(Figures 3b-3f). The ratio of the county ecological and living function indexes ranged from
[0.25, 0.75] and [0, 0.75] to [0.25, 0.50], respectively. The ratio of the county production
function index increased from [0.10, 0.40] to [0.10, 0.50]. Overall, a coordinated develop-
ment trend was observed in production, living, and ecological functions.
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Figure 3 The changes of the rural regional function average index (a) and the function relationship (b-f) in the
farming-pastoral ecotone of northern China from 2000 to 2020

Spatial differences in production and ecological function indexes had increased, whereas
a significant decrease in spatial difference was found in the living function index during
2000—2020 (Figure 4). The production function index was higher in Shaanxi, Inner Mongo-
lia, Hebei, and Liaoning, and lower in Ningxia, Gansu, and Shanxi (Figures 4a—4e). In 2000,
a higher living function index was only found in Shaanxi (Figure 4f). However, there was
comprehensive improvement in the living function in FPENC from 2005 to 2020 (Figures
4g—4j). The higher ecological function index was mainly concentrated in Hebei, Inner
Mongolia, Liaoning, and southern Shaanxi without significant change in spatial pattern dur-
ing 2000-2020. The lower and decreased ecological function index was found in some
counties of northern Shaanxi (Figures 4k—4o).

3.3 Transformation of rural regional system types

The proportion of leading development counties had increased from 9.86% to 55.63% dur-
ing 2000—2020, whereas the proportions of polarized and lagging development counties had
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Production function index Living function index Ecological function index
[1[0.03, 0.09] [1[0.03, 0.10] [[0.13,0.22]
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Figure 4 Spatiotemporal patterns of rural regional production (a—e), living (f—j), and ecological (k—o) function
indexes in the farming-pastoral ecotone of northern China from 2000 to 2020

decreased from 52.82% to 26.06% and from 35.21% to 13.38%, respectively (Figure 5). The
evolution trend from lagging development to polarized and balanced development types, and
ultimately to leading development types was observed (Figure 5a). In 2000, leading produc-
tion-lagging living, leading ecological-lagging living, and lagging living were the main
types with proportions of 22.54%, 21.13%, and 32.39%, respectively, but these types de-
creased and even disappeared by 2015 (Figure 5b). The leading production-lagging living
type mainly evolved into leading production and comprehensive development types,
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Figure 5 Transformation of rural regional system types (a) and subtypes (b) in the farming-pastoral ecotone of
northern China from 2000 to 2020

whereas the leading ecological-lagging living type gradually evolved into leading ecological,
comprehensive development, and leading ecological-lagging production types. The lagging
living type converted into leading living-lagging production, lagging production, and lead-
ing living types.
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Significant changes in the spatial pattern of rural regional system types were observed
during 2000—2020 (Figure 6). Over 80% of polarized development counties were leading
production-lagging living and leading ecological-lagging living in 2000 (Figures 6a—6e). By
2020, leading living-lagging production and leading ecological-lagging production were
mainly found in a few counties of Hebei, Shanxi, and Gansu, whereas leading living-lagging
ecological was concentrated in northern Shaanxi. The increased leading development coun-
ties mainly occurred in the northeast part of FPENC during 2000—2020 (Figures 6f-6j). The
leading ecological and comprehensive development counties were mainly found in Inner

Polarized development Leading development Lagging development
= Leading production-lagging living = Leading production B Lagging production
= Leading production-lagging ecological [ Leading living = Lagging living

1 Leading living-lagging production 1 Leading ecological 1 Lagging ecological
3 Leading living-lagging ecological 1 Comprehensive development No data

Leading ecological-lagging production No data

=1 Leading ecological-lagging living

No data
Figure 6 Spatiotemporal transformation of polarized (a-e), leading (f-j), and lagging (k-o) development types of
rural regional system in the farming-pastoral ecotone of northern China from 2000 to 2020
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Mongolia, Hebei, and Shaanxi. The decreased lagging living counties were located in the
southern part of FPENC, including Liaoning, Shanxi, Gansu, and Ningxia, whereas the in-
creased lagging production counties were concentrated in Shanxi, Gansu, and Ningxia (Fig-
ures 6k—60).

3.4 Driving factors of rural regional function evolution

Land and industry elements were the main driving factors of rural regional functions,
whereas the effects of the population element were relatively weak (Table 6). In 2000,
grassland area and rural settlement area were the main driving factors, which evolved to ru-
ral settlement area, arable land area, meat production, primary industry output, and grassland
area in 2020. Rural settlement area had a higher but gradually weakening influence on the
living function, whereas significant effects were also found in industry elements, which
evolved from food production, meat production, and primary industry output to secondary
and tertiary industry output during 2000—2020. Forest area and grassland area were the main
driving factors of the ecological function. The explanatory power of forest area decreased
from 0.53 in 2000 to 0.38 in 2020, whereas the explanatory power of grassland area de-
creased from 0.36 in 2000 to 0.32 in 2010 and then increased to 0.36 in 2020.

Table 6 Driving factor detection results of rural regional function evolution in the farming-pastoral ecotone of
northern China from 2000 to 2020

Production function () Living function (1) Ecological function (Y3)
2000 2005 2010 2015 2020 2000 2005 2010 2015 2020 2000 2005 2010 2015 2020
Xi 0127 0.05 0.08 0.14 0.16" 0.13 0.15 0.13” 0.07 0.09 0.08 0.08 0.14 0.13 0.09
Popu- X2 0.1277 0.8 0.07 0.10 0.07 0.147 0.17" 0.08" 0.12 0.0 0.3 0.14 016 0.16 0.19
lation x: 015" 0.12° 0.07 0.12 0.11 0.10° 0.06 0.6 005 0.0 029" 035 0.16 026 0.29
X, 008 0.0 008 0.10 006 0.16 0.15" 0.06 0.04 008 016 0.14 0.16 0.14 0.16
Xs 0217 024 0.2970.31770.33

X, 04577032 024 0.19 0.19
Land

Factor

Aokk

wkx Hkx

0.15" 0.1770.06 0.17 0.16™ 0.07 0.06 0.06 0.07 0.07
0.04 0.07 0.04 0.06 0.08 036" 036~ 0.32° 033" 036"

X; 0.15 0.2 0.6 0.18" 0.14™" 0.14™ 0.12° 0.06 0.09 0.10 0.53"0.52" 0.38" 0.39” 0.38"

Xs 0.32770.36™70.4370.46™ 0.36™ 0.84™ 0.82" 0.727" 0.69" 0.26  0.07 0.08 0.07 0.07 0.09

Xo 0.12" 0.17 0307 0.27770.15” 0.12° 0.26

X0 0.227 0.42770.39" 0.42770.32" 0.277 0.24
I;‘ig' X1 0.147 026" 0.37 0.36" 0.29™ 0.217 0.29
X007 0.08 0.18770.19™ 0.10 0.13” 0.09 0.12" 0.18" 0.27
Xi30.09 0.09 021 0.1970.13° 031770.07 0.12" 0.14 031

ok

Ak sk

0.14™ 0.18"™ 0.06 0.12770.05 0.05 0.10 0.07
021" 022 006 0.10 0.10 008 0.08 0.19
0.24™0.07 0.10 0.06 0.06 005 004 0.05
020 025 020 0207 0.167
0.11 0.10 0.1570.18" 0.15"

sk Ak Hkk Ak

Hkx Hkx ok ok

wkx

Notes: X;: Rural permanent population, X,: Permanent population, X3: Number of rural employees in secondary and
tertiary industries, X4: Number of rural employees, Xs: Arable land area, Xs: Grassland area, X7: Forest area, Xs: Rural
settlement area, Xo: Food production, X,o: Meat production, Xj;: Primary industry output, Xj,: Secondary industry output,
Xi3: Tertiary industry output. *, ** and*** indicate significance levels of 10%, 5%, and 1%, respectively.

The driving force of individual factors for the production, living, and ecological functions
was mostly smaller than the interaction effect (Figure 7). During 2000—2020, arable land
area, rural settlement area, meat production, and primary industry output interacting with
population elements had significant effects on the production function (Figures 7a—7¢). Ad-
ditionally, interactions between land and industry elements also contributed noticeable im-
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pacts, such as rural settlement area interacting with primary industry output and grassland
area interacting with meat production. From 2000 to 2015, interactions between rural set-
tlement area and other factors had a higher but gradually weakening influence on the living
function (Figures 7f—7j). Meanwhile, interactions between rural settlement area and popula-
tion elements had higher explanatory power than the individual effect during 2000—2010.
The interactions between forest area and other factors had a higher but gradually weakening
influence on the ecological function from 2000 to 2020 (Figures 7k—70). Grassland area
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Figure 7 Interaction results of driving factor for rural regional production (a-e), living (f-j), and ecological (k-0)
function evolution in the farming-pastoral ecotone of northern China from 2000 to 2020
Note: The red frames indicate weakening, others indicate enhancement.
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interacting with rural permanent population and tertiary industry output also contributed
noticeable impacts, decreasing from 0.61 and 0.60 in 2000 to 0.32 and 0.51 in 2010 and then
increasing to 0.60 and 0.67 in 2020, respectively.

4 Discussion
4.1 Synergy trend of rural regional functions

The synergy of rural regional production, living, and ecological functions was found in
FPENC from 2000 to 2020 (Figure 3). The significantly improved ecological function had
led to a rapid improvement in production and living functions, indicating that a good eco-
logical conservation and supply capacity are an essential foundation for increasing produc-
tivity and improving living standards. This result is in line with previous studies (Tan et al.,
2019; Bai et al., 2022; Qian et al., 2022; Wen et al., 2022). The significantly improved pro-
duction function in Shaanxi, Inner Mongolia, Hebei, and Liaoning during 2000—2020 (Fig-
ures 4a—4e) may be a result of the implementation of the “Grain for Green” project, which
brought about significant ecological and economic benefits (Jian et al., 2022). Additionally,
the northern Shaanxi region, located at the junction of Mu Us Sandy Land and Loess Plateau,
had made pronounced progress in rural production capacity through afforestation practices
(Pei et al., 2021), sandy land consolidation (Wang and Liu, 2020), and gully land consolida-
tion projects (Li et al., 2019a; Wang et al., 2020). The rural living function had been overall
improved from 2000 to 2020, with further decreased regional differences during 2015-2020
(Figures 4f—4j). These results may be attributed to the significant improvement in the eco-
nomic income and living standards of farmers and herdsmen from targeted poverty allevia-
tion strategies in FPENC (Li ef al., 2019d). However, the spatial pattern of rural ecological
function had not changed significantly (Figures 4k—40). Higher ecological function was still
found in Hebei, Inner Mongolia, Liaoning, and Shaanxi with relatively higher rainfall and
vegetation cover (Ouyang et al., 2016; Liu et al., 2018b).

A transformation trend of rural regional system types from lagging development to polar-
ized development, and then to leading development, was found in FPENC from 2000 to
2020 (Figure 5a). Leading ecological and comprehensive development counties located in
Inner Mongolia, Hebei, and Shaanxi mainly evolved from leading production-lagging living
and leading ecological-lagging living types. Leading production and leading living counties
concentrated in Liaoning, Inner Mongolia, and Shaanxi mainly evolved from leading pro-
duction-lagging living and lagging living types, respectively (Figures 5 and 6f—6j). These
results imply that the improvement of rural living function plays an important role in the
formation of leading development types over the past 20 years in FPENC. About 76% of
counties with lagging living function have all developed to non-lagging types, indicating the
significant role of national economic development and poverty alleviation policies for rural
development (Ren et al., 2018). The implementation of ecological projects has improved
vegetation coverage and the ecological environment but triggered a new human-land contra-
diction with the rapid decrease of farmland and shortage of grain, especially in the loess
hilly and gully region (Chen et al., 2015; Li et al., 2019b). Therefore, conflicts between rural
ecological function and production and living functions were found in Shanxi, Gansu, and
Ningxia (Figure 6).
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4.2 Driving mechanisms of rural regional function evolution

Optimizing rural production, living, and ecological spaces is crucial for rural regional func-
tion development (Tu and Long, 2017). This study also found that spatial structure played a
dominant role in determining rural regional functions (Table 2). Multiple factors affect the
rural function evolution in different degrees and ways (Tan et al., 2019). The evolution of
rural regional function in FPENC was jointly affected by population, land, and industry el-
ements, with greatly varied influence degrees at different periods. Land and industry were
identified as the dominant driving factors (Table 5). These results are consistent with previ-
ous studies (Zhang et al., 2018; Feng et al., 2019; Liu et al., 2020Db).

The driving force of industry elements for the production function had increased during
2000—2020 (Table 5). This may result from agriculture and livestock structure adjustment
and industrial transformation. Population growth and food consumption structure upgrading
posed challenges to the sustainable development of livestock under ecological environment
protection and economic development in FPENC (Guo and Liu, 2022). The driving factors
of living function had changed from rural settlement area and primary industry to secondary
and tertiary industry since 2015 (Table 5 and Figures 7f—7j). These may be due to the in-
creased wage income proportion of farmers and herdsmen with the development of industri-
alization and urbanization. During 2000—2015, hollowed village consolidation and central
village construction aiming to improve land use efficiency and retain rural population (Shi
and Wang, 2021) had also improved the living standards of farmers and herdsmen (Liu ef a/.,
2013). Liu et al. (2021b) found that forestland expansion and grassland shrinkage reduced
vegetation cover and even produced a negative impact on ecological system service in arid
and semi-arid areas such as FPENC. In this study, forest area and grassland area had been
the main driving factors of ecological function during 2000—2020 (Table 5). Therefore, the
effects of grassland area interacting with industry elements had increased since 2010 (Fig-
ures 7k—70).

Overall, tertiary industry output, grassland area, forest area, and arable land area had con-
tributed noticeable impacts on the synergistic development of rural regional production, liv-
ing, and ecological functions (Table 5), indicating the importance of restoring and maintain-
ing the land ecology. Grassland has many ecological functions of soil and water conserva-
tion, wind and sand control, climate regulation, and biodiversity maintenance, as well as
production functions of grass and livestock production (Yang et al., 2015). The development
of ecological grass husbandry and ecotourism not only plays an important role in regional
ecological improvement but also provides a new pathway for industrial development and
living improvement (Han et al., 2022).

4.3 Differentiated development strategies of rural regional function

Rural development policies in the future should be formulated through regional categoriza-
tion. Optimization of the leading functions and improvement of the lagging functions are the
principles of rural development policymaking in FPENC. Differentiated rural development
strategies should be designed to promote the synergies of the rural regional functions in
three different regions and 10 different types (Table 7). First, the ecological dominance re-
gions mainly focus on preventing farmers and herdsmen from returning to poverty. More
investments and attention should be given to the transformation of traditional agriculture to
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ecological grass husbandry and ecotourism (Liu et al., 2021a; Zanetti et al., 2021). Second,
rural production and residential land can be enhanced by the implementation of comprehen-
sive land consolidation (Liu et al., 2020b; Shi and Wang, 2021). In the priority development
regions, efforts need to be made in adjusting agriculture and livestock structure and improv-
ing the quality and quantity of labor force. Lastly, the coordinated development regions play
the demonstration role of coordinated development of rural functions. Innovative land engi-
neering techniques and sustainable land use models (Liu and Wang, 2019; Bai et al., 2022)
need to be summarized and popularized for other regions to improve the land quality and
productivity and to provide a foundation for the integration of three industries and new live-
lihood for rural households.

Although the evolution characteristics and driving factors of rural regional functions in
FPENC were explored during 2000 to 2020 using multi-source data, including demographic
data, socioeconomic statistics, and geographic information data, the lack of investigation
data, especially the regional cultural data and industry employment data, gave the evaluation
uncertainty of the living and ecological functions, respectively. In addition, the detection
results indicated the effect degree of the factors on rural functions rather than the specific
direction.

Table 7 Differentiated development strategies of rural regional functions in the farming-pastoral ecotone of
northern China

Region Type Strategy

Prevent farmers and herdsmen from returning to
poverty.
Restore and protect the grassland ecosystems.

Leading ecological
Leading ecological-lagging production
Lagging production

Ecological dominance
(Gansu, Ningxia, Shanxi,

and Hebei) Balanced development Promote the developm;nt of ecological grass
husbandry and ecotourism.
. Lead}ng product}on . . Improve the quality and quantity of labor force.
Priority development Leading production-lagging ecological . .
S T . . Implement the comprehensive land consolida-
(Shaanxi, Liaoning, and Leading living-lagging production tion
middle of Inner Mongolia) Lead}ng 1}V}ng—lagglng ecological Adiust agriculture and livestock structure.
Leading living
Coordinated development Play the demonstration role.
(Northeast of Inner Comprehensive development Restore and maintain the land ecology.
Mongolia) Promote the integration of three industries.

5 Conclusions

The indicator system was constructed to explore the evolution characteristics and driving
mechanisms of rural regional functions in FPENC during 2000—2020, based on the frame-
work of “element-structure-function”. The study revealed synergies among rural regional
production, living, and ecological functions in FPENC, with ecological function identified
as the dominant function. Higher ecological function was found in Hebei, Inner Mongolia,
and Shaanxi, accompanied by significant improvements in production and living functions.
However, conflicts between ecological function and production and living functions were
observed in Shanxi, Gansu, and Ningxia. The number of leading development counties in-
creased due to overall improvements in rural living function. Spatial structure played a
dominant role in the changes observed in rural production, living, and ecological functions.
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Land and industry were identified as the dominant driving factors for the evolution of rural
regional functions. The driving force of industry elements for the production function had
increased over time. Rural settlement area, when interacting with other factors, showed a
weakening influence on living function, whereas the effects of secondary and tertiary indus-
try output had increased. Forest area had a decreasing impact on ecological function,
whereas grassland area had an increasing impact. In the future, a strategy for integrating
ecological protection and industrial development should be established to promote the syn-
ergistic development of rural regional functions in FPENC.
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