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Introduction: Agricultural eco-efficiency is an important index to evaluate 
the agricultural sustainable development and ecological economics, while 
simultaneously providing a metric for improvements to the rural environment and 
the stability of agricultural ecosystems.

Methods: This study took Anhui province as a case, and applied unit survey and list 
analysis methodologies to quantify rural agricultural non-point source pollution 
(NPS). Input-oriented super-efficient DEA-SBM was used to measure agricultural 
eco-efficiency in the typical North-South Transition Zone, and evaluated spatial 
correlations and differences.

Results: This study showed that NPS was relatively stable, with less than 5% local 
variation in Chemical Oxygen Demand (COD), Total Nitrogen (TN), and Total 
Phosphorus (TP) pollutants. The environmental pressure caused by livestock breeding 
and the use of chemical fertilizers was very substantial, and the differences of rural 
agricultural NPS in Anhui Province had obvious north-south characteristics. The 
agricultural eco-efficiency exhibited an “inverted N” trend. Affected by the “Spatial 
proximity effect” and the “Matthew effect”, it presented spatial agglomeration 
and positive spatial correlation. The regional differences were significant, and the 
heterogeneity increased in our study areas. The southern region had the greatest 
variation, followed by the northern region, with the smallest variation in the central 
region, although inter-regional differences were consistent.

Discussion: Though the rational allocation of resources, coordination between 
agricultural economic and environmental protection would be realized, and 
better conditions for the sustainable development of agricultural ecology and the 
long-term stability of agricultural ecosystem would be created.
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1. Introduction

Under the extensive economic growth model, the problems 
of resource waste, environmental pollution and ecological 
deterioration caused by the economic growth that relies on the 
massive input and expansion of production factors have gradually 
become prominent. The rural areas are in the weak link of 
environmental governance for a long time, and the dual pressure 
of exogenous pollution and endogenous pollution seriously 
restricts the healthy development of agriculture. The distribution 
of pollutants with water as the carrier presents a large spatial 
heterogeneity (Xue et al., 2020), and rural areas have gradually 
become the “refuge” of pollutants transferred by urban and 
industrial development (Peng, 2020; Wang et al., 2022).

Under the background of urban and rural integration, the 
research on sustainable agricultural production mode and green 
development has been paid more and more attention. Large-scale 
agricultural planting has high technical efficiency, and agricultural 
pollutant emission reduction and carbon offset can be achieved 
through conservation tillage and biological nitrogen fixation 
technology (Bojnec and Latruffe, 2013; Sá et al., 2017; Mwalupaso 
et al., 2019). The farming method and planting structure are affected 
by terrain and climate (Yandun Narváez et al., 2018; Qian et al., 
2022). There is a significant difference in agricultural production 
conditions between the north and the south of China, and there is 
an uneven distribution of agricultural climate resources in time and 
space, and the transition zone is a sensitive area for the change of 
agricultural production resources. Differences in temperature, 
sunshine and water resources directly affect the structure and 
quality of agricultural products (Bu et al., 2010; Zhao et al., 2021; 
Wang et al., 2023). Therefore, exploring the structure of agricultural 
non-point source pollution in the transition zone and analyzing the 
level and spatial difference of ecological efficiency can provide 
scientific basis for agricultural green production. Previous studies 
have shown that there are significant regional differences in rural 
green development (Sun et al., 2022; Liu et al., 2023), and there is 
spatial heterogeneity in the impact of technology application and 
factor allocation on agricultural green production (Grzelak et al., 
2019; Coluccia et  al., 2020; Cui et  al., 2021). The agricultural 
ecological efficiency based on opportunity cost accounting basically 
takes Qinling Mountains and Huaihe River as the dividing line. The 
southern region has better economic, resource and environmental 
benefits than the northern region, and the loss of agricultural 
production efficiency is mainly due to excessive consumption of 
resources and excessive discharge of environmental pollutants 
(Abdella et al., 2021; Zhang et al., 2022). At present, most of the 
research focuses on the analysis of agricultural green production 
using various methods from different regional scales, and relatively 
lacks the research on the north-south transition zone.

This paper takes Anhui Province as a typical representative of the 
north-south transition zone, discusses the spatial and temporal 
differences of green agricultural production, and intends to solve the 
following scientific problems:

 1) What is the law of the status quo and evolution of agricultural 
non-point source pollution in the north-south transition 
zone? What is the level of agricultural eco-efficiency in the 
transition zone?

 2) Is there a regional difference in the eco-efficiency of the north-
south transition zone? Is there a temporal and spatial variation?

In summary, this study based on the super-DEA-SBM model of 
undesired output, the agricultural ecological efficiency is calculated, 
and its evolution trend and spatial characteristics are analyzed.

2. Materials and methods

2.1. Overview of the study area

Anhui Province (114°54′—119°37′E, 29°41′—34°38′N), located 
north and south of the Qinling Mountains, is the birthplace of rural 
reform and a typical large agricultural province in central China, with 
suitable climatic conditions and characteristics of diversified and multi-
type agricultural development. The topography of the province is 
complex, the Yangtze River and the Huaihe River run through it, and the 
province is divided into northern Anhui, central Anhui and southern 
Anhui (Figure 1). The north of Huaihe River is northern Anhui, including 
Fuyang, Bozhou, Huaibei, Suzhou, Huainan, and Bengbu. The terrain is 
low and flat, mainly plain, and the agriculture is mainly wheat planting. 
Central Anhui is an area south of the Huaihe River in the north of the 
Yangtze River, including Liuan, Hefei, Chuzhou and Anqing; southern 
Anhui is an area south of the Yangtze River, including Chizhou, Tongling, 
Wuhu, Maanshan, Huangshan, and Xuancheng. Central and southern 
Anhui are mainly hilly and mountainous areas, mainly producing 
agricultural and sideline products such as rice and tea.

2.2. Data source and processing

In this paper, the total sown area of crops, the number of employees 
in agriculture, forestry, animal husbandry and fishery, the total power of 
agricultural machinery, the conversion amount of fertilizer used, the 
amount of pesticides used, and the effective irrigation area were selected 
as input indicators, the total output value of agriculture, forestry, animal 
husbandry and fishery was the expected output, and the total amount of 
agricultural non-point source pollution was the non-expected output. 
Panel data of prefecture-level cities in Anhui Province were collected from 
2005 to 2022. The data mainly come from China Statistical Yearbook, 
Anhui Provincial Statistical Yearbook and the compilation of agricultural 
industry statistical development data.

2.3. Research method

2.3.1. Measuring method of agricultural 
non-point source pollution

Agricultural non-point source pollutants are mainly chemical 
oxygen demand (COD), total nitrogen (TN), and total phosphorus 
(TP), most of which come from farmland fertilizer application, 
livestock and poultry breeding, farmland production of solid waste 
and rural life. This paper adopts the method of unit investigation and 
checklist analysis (Zou et al., 2020). The emissions of each pollution 
source are calculated according to the research results of agricultural 
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pollution production coefficient and emission coefficient, and the 
calculation formula is shown in Eq. (1).

E EU C EU S PE C EU S
q

q q q q q
q

q q q q= −( ) ( ) = −( ) ( )∑ ∑ρ η η1 1, ,

 
(1)

In the equation, E represents the emission of COD, TN and TP 
from agricultural non-point source pollution, EUq is the quantity of 
statistical unit q, ρq  is the pollution production intensity coefficient 
of statistical unit, 1−( )ηq  is the loss rate of related resources, and Cq 
is the pollution emission coefficient determined by agricultural 
statistic EUq and spatial feature S.

2.3.2. Measuring method of agricultural 
ecological efficiency

Eco-efficiency measures the level of expected output and 
undesired output brought by the input of certain agricultural 
production factors, which can reflect the development of 
agricultural economy and the ecological environment at the same 

time. This paper chooses to use the input-oriented undesired output 
super-DEA-SBM model (Du et al., 2010). The Data Envelopment 
Analysis (DEA) method was proposed by Charnes, Coopor, and 
Rhodes in 1978. Keep the input or output of decision making units 
(DMUs) unchanged, and use statistical models and planning 
methods to determine a relatively effective production frontier. At 
the same time, each decision-making unit is projected onto the 
production frontier surface, and there is no need to 
non-dimensionalize the index. A method to evaluate the relative 
effectiveness by comparing the degree of deviation between the 
decision-making unit and the frontier surface.

For U DMU u Uu = …( )1 2, , , if there are M input, N expected 
output and R non-expected output, the efficiency model of the k-th 
DMU is shown in Eq. (2):
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FIGURE 1

Study area and spatial distribution.
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In the equation, ρ represents agro-ecological efficiency, si−, s j+, and 
sl− are the relaxation variables of input, expected output and unexpected 
output respectively, xik , y jk , and rlk are the i-th input variable, j-th 
expected output variable and l-th unexpected output variable of DMUk.

2.3.3. Spatial autocorrelation and difference 
measurement method of agricultural 
eco-efficiency

This paper uses Global Moran’s I  statistics to measure the 
autocorrelation coefficient of ecological efficiency, and uses stata 15 
software tool to realize the calculation. At the same time, Moran 
scatter plot is drawn to clarify the spatial distribution characteristics 
of cities. This study uses the Theil index to measure the overall 
difference (T) and decomposes it into intra-regional differences (Tw) 
and inter-regional differences (Tb) as follows:
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Where n is the number of prefecture-cities, the transition zone is 
divided into three groups: northern Anhui, Guanzhong region and 
Southern Anhui. The numbers of the three groups of cities are n1, n2, 
and n3 respectively. y  is the mean value of agroecological efficiency of 
all cities, yi is the mean value of the region in group i, and yij is the 
agroecological efficiency value of the j-th city in the region in 
group i-th.

3. Data analysis and research results

3.1. Measurement of agricultural non-point 
source pollution

3.1.1. Current situation of total agricultural 
non-point source pollution

The agricultural non-point source pollution in Anhui Province 
from 2005 to 2022 was calculated (Figure 2). The average COD, 
TN and TP emissions in rural areas were 87.95 × 104 t, 29.97 × 104 t, 
and 4.3 × 104 t, respectively, and the three non-point source 
pollutants showed the same trend. From 2005 to 2011, it showed 
a downward trend, and then slowly increased to 2019, and then 

showed a steady downward trend, with the greatest decline in 2011 
and 2021. The lists of COD, TN and TP pollution produced by the 
four main types of surface source pollution sources are shown in 
Figure 3.

From the perspective of rural non-point source pollution 
composition, COD mainly comes from livestock and poultry 
breeding and rural life, with an average contribution rate of 44.68 
and 47.47%. The change of COD contribution rate of livestock and 
poultry breeding tends to decline, the increase of agricultural 
products leads to the increase of farmland solid waste, which leads 
to the increase of COD contribution rate, and the change of COD 
proportion generated by rural life is more obvious. Fertilizer use 
and livestock breeding are the main causes of TN pollution, with 
annual contribution rates of 51.57 and 24%, respectively. The 
proportion of TN emissions from fertilizer use increased 
significantly, the contribution rate of livestock breeding and rural 
life decreased and increased respectively, and the change trend of 
farmland solid waste was not significant. The main sources of TP 
from agricultural non-point sources were fertilizer use and 
livestock breeding, with average contribution rates of 40.02 and 
32.69% respectively, followed by rural living sources and farmland 
solid waste.

3.1.2. Spatial and temporal distribution of 
agricultural non-point source pollution structure

The non-point source pollution emissions from agricultural 
production and life in various cities were summarized, and the 
spatial distribution in 2005, 2011, 2017, and 2022 were selected 
(Figure 4). It was found that there were obvious regional differences 
in non-point source pollution in Anhui Province, the composition 
of pollutants was relatively stable, and the vertical change law was 
not significant. COD emission is the main emission in various 
cities, followed by TN and TP, and the highest emission area is 
Yulin, a large agricultural city in northern China, with an average 
annual emission of 19.88 × 104 t, accounting for 16.26% of the total 
in Anhui Province. It is followed by Suzhou and Bozhou in the 
north and Lu’an in the middle, accounting for more than 10%. 
Relatively few areas are Chizhou, Huangshan and Tongling in the 
south, with an average annual proportion of 2.17, 2.08, and 0.83%, 
respectively, with a significant north-south distribution difference. 
Agricultural non-point source pollution in various cities is not very 
regular, and the pollutant emissions in Tongling, Huainan, Bengbu 
and Huaibei increased, with an average annual change rate of 12.66, 
5.6, 0.48, and 0.16%, respectively, while those in other areas 
decreased, and Bozhou was the fastest, with an average annual 
change rate of −3.15%.

3.2. Agroecological efficiency extraction

The input-oriented super-DEA-SBM was used to estimate the 
value of agricultural eco-efficiency from 2005 to 2022 (Table  1; 
Figure  5). The value showed an “inverted N” type trend of first 
decreasing, then rising and then slowly decreasing, and the efficiency 
value fluctuated around 0.7. In Anhui Province, the degree of intensive 
land use is low, the input of sowing area is excessive, and the policy 
effect of guiding the transfer of agricultural labor is not significant. As 
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a result, the redundancy rate of agricultural employees has increased 
since 2013, but the surplus of fertilizers and pesticides has decreased 
since 2020 (Figure 6).

The average eco-efficiency level in the southern region is 
comparable to that in the central region, which is significantly higher 
than that in the northern region, and the gap is narrowing. The 
eco-efficiency in the southern region fluctuates greatly. The 
agricultural eco-efficiency values of Huangshan, Xuancheng, Wuhu, 
and other cities in the south are higher, but the agricultural 
eco-efficiency of resource-based cities such as Chizhou and Tongling 
in the south is lower. The eco-efficiency of the four cities in the central 
region is at the upper-middle level of the transitional zone. The 
agricultural eco-efficiency in the northern region is only high in 
Fuyang, while the agricultural eco-efficiency in other northern 
regions is low.

3.2.1. The temporal and spatial evolution 
characteristics of agricultural eco-efficiency

The global autocorrelation index of agroecological efficiency ranged 
from 0.076 to 0.348, and except for some years, the rest could pass the 
test at the significance level of 10%, showing a positive Moran’s I index of 
spatial autocorrelation (Table 2). The regions with similar agroecological 
efficiency are adjacent to each other, and the agricultural green 
production among the regions has a mutual promotion relationship, and 
the change trend is first rising and then decreasing, showing the 
phenomenon of “dispersion, agglomeration and dispersion.” Among 
them, the correlation was strongest in 2015, and the spatial agglomeration 
of regions with similar efficiency levels was constantly adjusted.

The Moran’s I scatter plot of agricultural eco-efficiency was drawn 
by selecting 2007, 2011, 2015 and 2020 as the research cross section 
(Figure 7). After 2007, the efficiency “depressions” of Anqing, Fuyang, 

FIGURE 2

Rural non-point source pollution during 2005–2022.

FIGURE 3

List of rural non-point source pollution emission percentages.
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and Huangshan were improved. Under the influence of “spatial proximity 
effect” and “Matthew effect,” the spatial agglomeration of ecological 
agriculture efficiency was enhanced from 2005 to 2015, mainly 
concentrated in the “high-high” agglomeration area in the first quadrant 
and the “low-low” agglomeration area in the third quadrant, showing the 
diffusion and driving radiation effects of agricultural ecological 
efficiency. After 2011, the weakening of spatial agglomeration of 
agricultural eco-efficiency means that regional heterogeneity is enhanced 
and the difference is expanded, and the spatial spillover effect is reduced.

The “high-high” agglomeration area shows a trend of marginal 
diffusion and spreads to the adjacent inter-provincial marginal areas 
of the transitional zone. Taking 2020 as an example, the agglomeration 
area is mainly Huangshan and Xuancheng in southern Anhui, 
Anqing, and Lu’an in central Anhui, Bozhou, and Fuyang in northern 
Anhui, which are concentrated in the border area of Henan, Anhui, 
Hubei, and Jiangxi. The “low-high” agglomeration area gradually 
moves from the central and southern parts to the central and 
northern parts. In 2020, the area is Suzhou, Chuzhou, Bengbu, 
Huainan and Huaibei along the Huaihe River, and the ecological 
efficiency level is similar. The “low-low” agglomeration area is mainly 
Tongling, Chizhou, Ma’anshan, and other southern resource-based 
cities, which are affected by resource utilization and environmental 
impact. The efficiency of ecological agriculture is low, and it has 
become a “new depression” of agricultural ecological efficiency in the 
transitional zone.

The results of the Theil index of agricultural eco-efficiency 
(Figure 8) show that the total difference of agricultural eco-efficiency 
is small, between 0.02 and 0.1, showing an increasing trend, which is 
mainly caused by intra-group differences. The internal differences in 
the transitional zone are gradually enlarged, and the southern 
differences > northern differences > central differences, and the degree 
of heterogeneity increase in the southern region is significantly higher 
than that in the central and northern regions. In recent years, the 
differences in agricultural production in the southern region of the 
Yangtze River have gradually increased due to industrial adjustment, 
production conditions and policy changes. The difference in 
agricultural production efficiency in the northern region south of the 
Huaihe River is lower than that in the south. The central region is 
basically unchanged. The difference between the groups is small, and 
the fluctuation is not obvious. The overall difference of agricultural 
eco-efficiency in the south, middle, and north is small.

4. Discussion

4.1. Sources and prevention of agricultural 
non-point source pollution

Livestock breeding and agricultural fertilizer use are the main 
reasons for the increase of rural ecological environment pressure, 

FIGURE 4

Spatial distribution of rural non-point source pollution in several years during 2005–2022.
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not only in the north-south transition zone, but also in the Yellow 
River irrigation area (Zhang et al., 2012; Chen et al., 2017) and the 
upper and middle reaches of the Yangtze River (Yang et al., 2017). 
The formation of agricultural non-point source pollution is affected 
by many factors such as geography, climate and soil. Its migration 
and transformation are the process of pollutants transferring from 
the soil circle to other circles such as the water circle, which is an 

important factor leading to the deterioration of water quality (Wang 
et  al., 2018). Therefore, it is necessary to realize the resource 
utilization and fertilizer utilization of livestock manure through 
anaerobic fermentation treatment and composting treatment, so as 
to reduce the harm of chemical fertilizer to farmland soil and water 
body (Xiong et al., 2010; Qian et al., 2018; Liu et al., 2020; Wu et al., 
2021). Relying on scientific and technological means such as soil 

TABLE 1 Agricultural eco-efficiency of several years during 2005–2022.

Area 2005 2008 2011 2014 2017 2020 2022 Average Sort

Northern 

Anhui

Fuyang 1.1409 1.1227 1.0989 1.0444 1.0565 1.0166 1.0073 1.0621 2

Bozhou 1.0025 0.7660 0.6699 0.6770 0.6723 1.0227 0.5932 0.7134 10

Huaibei 0.6699 0.6519 0.6060 0.5641 0.5331 0.4082 0.4335 0.5494 16

Suzhou 0.8705 0.7506 0.6898 0.6245 0.6824 0.6797 0.6623 0.6878 14

Huainan 0.6506 0.6775 0.6510 1.0127 1.0297 0.3041 0.2656 0.7067 12

Bengbu 0.6595 0.7691 0.7505 0.7214 0.7171 0.6812 0.6352 0.6990 13

Central 

Anhui

Liuan 0.7606 0.7678 1.0016 0.7461 0.6860 1.1047 1.0914 0.8406 7

Hefei 0.7028 1.0300 1.0211 1.0586 0.5917 0.5703 0.5587 0.7694 8

Chuzhou 1.1024 1.0129 1.0063 1.0013 1.0115 0.6935 0.6553 0.8702 5

Anqing 0.8787 1.0198 1.0231 1.0006 1.0048 1.0573 1.0341 1.0144 4

Southern 

Anhui

Chizhou 0.8164 0.7099 0.7300 0.6812 0.6963 0.7010 0.6881 0.7130 11

Tongling 0.7312 0.7190 0.6498 0.6673 0.6960 0.2111 0.2054 0.5743 15

Wuhu 1.1403 1.0098 1.1075 1.0110 0.5770 0.5893 0.5758 0.8506 6

Maanshan 0.9998 1.0000 1.0000 0.9995 0.3954 0.3898 0.3540 0.7254 9

Huangshan 1.2109 1.2110 1.2232 1.2226 1.2568 1.1573 1.1566 1.2024 1

Xuancheng 1.0517 1.0115 1.0456 1.0784 0.9998 1.0010 1.0000 1.0298 3

Average

Northern 

average
0.8323 0.7896 0.7443 0.7740 0.7818 0.6854 0.5995 0.7364 /

Central average 0.8611 0.9576 1.0130 0.9516 0.8235 0.8564 0.8349 0.8737 /

Southern 

average
0.9917 0.9435 0.9594 0.9433 0.7702 0.6749 0.6633 0.8492 /

Anhui 0.8602 0.7508 0.7098 0.6620 0.6874 0.6534 0.6210 0.6991 /

FIGURE 5

Average value of regional agricultural ecological efficiency during 2005–2022.
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testing and formula fertilization technology, green prevention and 
control of pests and diseases, and precise pesticide application 
technology, the use of chemical fertilizers and pesticides in Anhui, 
located in the north-south transition zone, has been decreasing year 
by year since 2013, and the comprehensive utilization rate of straw 
and livestock manure has been steadily improved. Since the “Tenth 
Five-Year Plan,” Anhui has invested CNY 12.9 billion in water 
pollution prevention and control and river management, including 
agricultural non-point source pollution control and ecological 
construction projects in the Huaihe River Basin. During the 
“Eleventh Five-Year Plan” period, Anhui has increased investment 
in green organic agricultural products production and agricultural 
green production technology, and promoted the optimization and 
adjustment of agricultural structure. The implementation of policies 
such as “the implementation of the battle against agricultural 
non-point source pollution,” “the implementation plan for the 
prevention and control of agricultural non-point source pollution 
in Anhui Province,” and “the implementation plan for accelerating 
the agricultural non-point source pollution control in the Yangtze 
River Economic Belt in Anhui Province” has promoted the 
sustainable development of new agricultural modernization.

The study found that the emission of agricultural non-point source 
pollution in the northern and central parts of the transitional zone was 
significantly higher than that in the south, which may be related to 
topography, capital intensity of agricultural production and natural 
resource environment. Studies have shown that topography is the main 
factor causing regional differences in agriculture (Zhang et al., 2020). 
Agricultural production in the northern and central regions of the 
transition zone is concentrated, mainly in the plains, with large-scale 
mechanized farming conditions. Although the southern part of the hilly 
and mountainous areas is rich in mineral resources and tourism 
resources, the degree of mechanization of agricultural production is low, 
and the rural population is relatively small. In the past, agricultural 
production technology was low, environmental awareness was weak, 
and green agriculture policy support was insufficient, which reduced 
the efficiency value. In recent years, the promulgation and 
implementation of green agriculture support policies and the promotion 
of green production technology have promoted the improvement of 
ecological efficiency. However, with Anhui’s full accession to the Yangtze 
River Delta and the enhancement of regional economic agglomeration 
and radiation capacity, the integration and coordination of resource 
elements has led to the policy vitality and effectiveness. It has not been 
fully released, and the promotion of agricultural green ecology is not yet 
significant. Affected by the zero growth action of chemical fertilizers 
and pesticides and the policy of replacing chemical fertilizers with 
organic fertilizers, the redundancy rate of agricultural fertilizers and 
agriculture has been declining in recent years.

4.2. Temporal and spatial differences of 
agricultural eco-efficiency in transition 
zone

The ecological efficiency in the southern part of the transitional 
zone is different, which benefits from the better resource endowment 
foundation and advantageous non-agricultural industries. Southern 
Huangshan, Xuancheng, Wuhu, and other areas are adjacent to 
Jiangsu and Zhejiang. Affected by the siphon effect, the regional 
environmental advantages and agricultural technology foundation 

FIGURE 6

Agricultural production redundancy rate during 2005–2022.

TABLE 2 A Global spatial autocorrelation of agricultural eco-efficiency 
during 2005–2022.

Year Moran’s I p Year Moran’s I p

2005 0.076 0.191 2014 0.2* 0.051

2006 0.12 0.124 2015 0.348*** 0.005

2007 0.177 0.066 2016 0.314*** 0.009

2008 0.135 0.107 2017 0.298** 0.011

2009 0.138 0.103 2018 0.21** 0.039

2010 0.152 0.09 2019 0.126 0.115

2011 0.176 0.069 2020 0.209 0.044

2012 0.256*** 0.024 2021 0.118 0.125

2013 0.208** 0.046 2022 0.11 0.136

Significant level: p < 0.10; *p < 0.05; **p < 0.01; ***p < 0.001.
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are solid. The southern Chizhou, Tongling, and other places are rich 
in mineral resources, but the environmental pollution pressure 
generated by the mining and processing industry is large, crowding 
out the input of agricultural green productive resources and 
reducing agricultural ecological efficiency. The advantages of 
agricultural water conservancy conditions along the Yangtze River 
and the Huaihe River in the central region are prominent, and the 
dominant industrial belts and high-yield crop production bases are 

mostly gathered here (Huang et  al., 2007; Velasco-Muñoz et  al., 
2018), such as the high-yield rice base in the south of the Huaihe 
River, the high-quality rape industrial belt and the melon and 
vegetable producing area. Fuyang in the north relies on the effect of 
production scale and human capital agglomeration. The 
improvement of agricultural industrialization and agglomeration 
reduces the redundancy rate of land and labor input. However, 
Huaibei, Suzhou and other resource-based cities or industrial 

FIGURE 7

Moran’s I scatter plot of agricultural eco-efficiency in several years during 2005–2022.

FIGURE 8

Theil index of agricultural eco-efficiency during 2005–2022.
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transformation cities are affected by the flow of factors brought 
about by the transfer of industrial center of gravity, which makes the 
agricultural ecological efficiency low. The average ecological 
efficiency in the south and central regions is slightly higher than that 
in the north. Previous studies have shown that the areas south of the 
Qinling-Huaihe River and north of the Yangtze River have higher 
agro-ecological efficiency (Pang et  al., 2016), that is, the central 
region of the transition zone, which is basically consistent with the 
conclusions of this study.

The spatial characteristics of agricultural eco-efficiency showed 
marginal diffusion of “high” agglomeration areas and convergence 
of “low and low agglomeration areas,” which was mainly due to the 
inter-provincial marginal agricultural technology elements, talent 
flow and agricultural machinery flow to promote the opening 
degree of the edge. Studies have shown that the high degree of 
integration in Jiangsu, Anhui and Henan provinces (Cao et al., 
2023) is conducive to exerting the intermediary effect of 
information and factor exchange (Li et al., 2019), and has more 
advantages in clean non-agricultural industry or large-scale 
agricultural production, high resource utilization rate, and has a 
certain positive promotion effect on the surrounding areas, making 
the “high” agglomeration area present a marginal diffusion trend. 
The agricultural homogeneity of “low and low” agglomeration 
areas is strong, and the agricultural production conditions are 
similar. The diffusion effect of agricultural production in the 
surrounding eastern regions such as Fuyang and Anqing has 
gradually become prominent, benefiting the central and northern 
regions, forming a “trickle-down effect” (Ge et al., 2021), which has 
gradually improved the agricultural ecological efficiency in the 
central and northern regions.

The analysis of agro-ecological efficiency in the south-north 
transition zone in this study was only based on the situation of Anhui 
province, and the study region has limitations, so more regional 
verification should be added in future studies. At the same time, due 
to the availability of data, factors such as agricultural film and 
agricultural technology research and development funds were not 
considered in agricultural input. In the future, statistical survey and 
interview survey can be used to improve the research.

5. Conclusion

Taking Anhui Province as an example, this paper analyzes the 
current situation of agricultural non-point source pollution in the 
north-south transition zone, calculates the agricultural eco-efficiency 
based on the super-DEA-SBM model of undesired output, and 
analyzes its evolution trend and spatial characteristics. The results 
show that:

 (1) Agricultural non-point source pollution mainly comes from 
livestock breeding and chemical fertilizer use. The variation 
trends of COD, TN and TP are similar, and the regional 
differences are significant. The non-point source pollution in 
the northern cities is significantly higher than that in the 
central and southern cities, but the change rule is not obvious.

 (2) Agricultural eco-efficiency showed an “inverted N” trend, with 
low land use and surplus agricultural workers. However, due 
to the non-point source pollution prevention and control plan 

of Anhui Province, the redundancy rate of fertilizer and 
pesticide use decreased, and the surplus phenomenon 
improved to a certain extent. Due to the differences in resource 
endowment and industrial structure, the agricultural 
ecological efficiency in the south and central regions was 
higher than that in the north.

 (3) There is a regional positive correlation between agricultural 
eco-efficiency, and the change shows the characteristics of 
“dispersion-agglomeration-dispersion,” which is mainly 
concentrated in the “high-high” agglomeration area and the 
“low-low” agglomeration area, and the interaction within the 
region is obvious. However, the heterogeneity within the region 
is enhanced, with the largest difference in the south, followed 
by the north, the smallest in the middle, and the smaller 
difference between the south, the north and the north.

Considering the constraints of resources and environment 
and the development requirements of green agriculture, the 
ecological agriculture in the transition zone should give full play 
to its special location advantages, take the characteristic green 
agriculture as the guide, integrate the advantageous resources in 
the north and south, take the agricultural ecosystem as the core, 
rely on agricultural ecological technology and policy support, 
strengthen the flow of resources and production technology 
exchanges inside and outside the transition zone, coordinate the 
economic development goals and ecological construction 
requirements, and promote the development of green agriculture 
in the north-south transition zone.

5.1. Limitations and future research 
directions

There is a significant spatial correlation in China’s inter-
provincial agricultural eco-efficiency, but the local spatial 
autocorrelation analysis found that there are still 2/3 provinces 
in the non-significant area. Therefore, we should strengthen the 
linkage and cooperation of regional agricultural development, 
form a new pattern of agricultural industry with complementary 
advantages and division of labor, and promote the high-quality 
development of agriculture. Specifically, we can build a sharing 
platform from the fields of agricultural science and technology 
innovation, rural eco-tourism, agricultural finance and insurance, 
agricultural brand incubation, agricultural expo promotion, etc., 
to achieve cooperation and mutual benefit and create a win-win 
situation. Secondly, due to the spatial spillover effect of 
agricultural pollution, the failure of pollution control in a single 
region objectively requires cross-regional linkage and cooperative 
governance. Therefore, a joint governance mechanism of 
information sharing, emergency linkage, collaborative 
governance and responsibility sharing should be constructed.
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