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Abstract: Grain production (GP) is inherently dependent on ecosystem services (ESs). How-
ever, the increasing grain demand heightens the conflict between ESs and GP. This tension
is further fueled by unstable natural, socio-economic, and political factors. To reconcile this
issue and promote their mutual growth, quantifying the extent to which ESs support GP is
essential. This study is designed to present a scientific method for measuring the impact of
ESs on GP, thereby enhancing the objectivity and scientific rigor of strategies for ecological
and food security. This study, by deconstructing the functional relationship between ESs and
GP, employs the Super-SBM model to analyze the mathematical relationships between them,
thereby achieving the quantification of the efficiency of ESs in supporting GP. The findings re-
veal the following key points: (1) the Super-SBM model offers a viable and scientifically robust
approach for quantifying the supporting efficiency of ESs on GP; (2) the supporting efficiency
of ESs for GP in 93.94% of the counties in the Hengduan Mountainous Region (HMR) is less
than 1, indicating that both the efficiency and capacity of regional ESs to support GP are rel-
atively low; (3) an obvious spatial mismatch in allocation is evident between the provision of
ESs and the demands of GP in the HMR, which leading to regional supply—demand imbalance;
(4) the slack relationships and quantity between ESs and grain output assessed by the Super-SBM
model provide a scientific basis and optimization direction for crafting sustainable development
strategies between ESs and GP. Supporting efficiency research, as an exploration of the relationship
between ESs and GP in the quantitative dimension, represents a deepening of qualitative research,
it serves to enhance the scientific basis for sustainable development decisions in the ecological
environment and agricultural production, holding a certain degree of positive significance.

Keywords: Super-SBM model; simulation method; slack; grain production; ecosystem services;
Hengduan Mountainous Region

1. Introduction

Ecosystem services (ESs) are a crucial foundation for grain production (GP) and
a fundamental guarantee of food security, and are widely recognized as such in the
academic community [1,2]. As an industry with high consumption of ESs resources [3],
GP is directly reliant on the quantity and quality of regional ESs [4]. Among these, the
supporting services of ecosystems are the necessary foundation of the conducting of GP
activities [1,4,5]. The provisioning services of ecosystems directly supply essential mate-
rial resources necessary for human survival [4]. GP activities obtain essential nutrients
and water resources through the processes of ESs, such as soil conservation, nutrient
cycling, gas regulation and climate regulation [6]. Meanwhile, the food chain process of
the ecosystem effectively controls agricultural pests [7]. Additionally, it utilizes chem-
ical interactions among organisms to reduce the threat of agricultural diseases [8]. In
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short, GP activities cannot exist independently of ESs [1,9] and significantly impact the
sustainable development of ESs at the same time [2]. However, ESs, as the foundation of
GP, are facing a severe test generated by GP itself.

GP can bring benefits to regional ESs, but it also significantly impacts the health
of ecosystems. Research indicates that engaging in organic and diversified agricultural
practices can significantly boost the richness and vitality of soil microbial communities,
elevate soil fertility and overall quality [10], and augment the levels of organic matter
within the soil [11]. It can enhance ecosystem water conservation capacity [12] and
increase carbon sink capacity [13] and the like. And also, it is essential to maintain
the stability of soil structure and improve soil productivity. The interplay between GP
and ESs is intricately complex. GP is not merely contingent upon the provision of ESs;
it is also a key contributor to the depletion of ESs [2]. Modern GP replaces functions
that were originally supplied by ecosystems by increasing inputs such as chemicals
and other resources [14]. Crop productivity constraints have been lifted to the max-
imum extent possible through irrigation, inorganic nutrient addition, crop breeding,
mechanical tillage, and pesticide use [6,15]. Agricultural intensification has greatly
enhanced the productivity per unit area of agriculture, thereby easing the predicament
of food scarcity [15,16]. However, the degradation of ecosystems caused by GP activities
has begun to emerge [1,5]. Studies have shown that GP has a certain impact on the
upward succession of ecosystems [17]. It impedes ecosystem nutrient cycling such as
carbon [13,18], nitrogen and phosphorus [5], and harms biodiversity [19]. Meanwhile, it
endangers environmental health [5,20], affects aquatic ecosystem stability [16] and the
quantity and quality of water resources [20]. Moreover, it impacts ecosystem climate
regulation [20], soil conservation, carbon sinks [21] and enhances greenhouse gas emis-
sions and the like. An increasing amount of research confirms that GP is increasingly
threatening the health of ecosystems [21,22]. In summary, GP is greatly affecting the
ecological environment and impairing the supply capacity of ESs.

The tension between GP and ESs is intensifying, highlighting the urgent need for
collaborative scientific management strategies. Agricultural production activities with
GP as the main goal have become one of the main driving forces of global change [5,9,15].
global population growth [23], climate change [24], environmental destruction [25], epi-
demics, poverty [26], and local military conflicts are all profoundly affecting the stability
of GP and the accessibility of food [22,27]. In addition, with the growth of population and
consumption, the demand for food will continue to expand, leading to a rapid expansion
of the GP industry [5,28]. Food security and the stability of the ecological environment
are becoming the key constraints that affect the sustainable development of human-
ity [2,22]. GP inevitably entails a demand on the ecological environment. However,
considering the current situation, the ecological foundation of GP is not promising in
many regions around the world, and there is still a considerable gap between the actual
food output and the potential output capacity [28]. With phosphorus and other nutrient
shortages [25], the tragedy of the commons in ESs is significant [1]. The widespread
and extensive use of chemicals [14], and the loss of biodiversity [29], all continue to
intensify the contradiction between GP and ESs. Scientific management reduces the
negative feedback effect of GP industry activities on the ecosystem, and ensures GP
capacity and development potential [20] have become one of the key challenges for the
sustainable development of humanity. In summary, GP cannot exist independently of
ESs, and its negative impact on ESs is becoming increasingly severe. The importance
and urgency of the sustainable development of both GP and the ecological environment
are becoming more prominent, and there is an urgent need for scientific coordinated
management strategies.

Quantifying the relationship and intensity of ESs on GP is essential for their synergistic
and optimal management. ESs support regional GP significantly. Meanwhile, GP recipro-
cally affects the structure, function, and processes of the regional ecosystem [6]. Currently,
the role, mechanisms, and processes of ESs in relation to GP have been widely studied from



Land 2024, 13, 1040

30f20

a qualitative perspective. However, quantitative research on the contribution of ESs to GP,
the intensity or efficiency of their role, is still relatively lacking [6,30]. Additionally, there
are relatively few studies on the synergistic or tradeoff relationship between individual or
multiple ESs and GP yield and quality [31]. In addition, the increasing negative impact of
ecosystem degradation caused by human activities on the global food security pattern [1,2],
has made it increasingly urgent to scientifically address the contradiction between the
ecological environment and GP, and to ensure the coordinated development of the eco-
logical environment and GP, which intensifies the necessity and urgency of quantitatively
understanding the intensity and efficiency of the role of ESs in GP. Overall, under current
circumstances, there is an urgent need for scientific collaborative management strategies to
address the increasingly severe conflicts between GP and ESs.

In summary, as one of the important foundations of GP, ESs are increasingly under
pressure in the relationship with GP. This study attempts to analyze the foundational
supportive role of ESs in GP from a quantitative perspective, to enhance the scientific
and objective understanding of their relationship. At the same time, taking the tradeoff
relationship between the two as the entry point, it provides data and theoretical support
for the scientific formulation of sustainable development strategies for both.

2. Materials and Methods
2.1. The Study Area Overview

The Hengduan Mountainous Region (HMR) is situated in the southeastern part of the
Qinghai-Xizang plateau and is located at 24°30'-33°43’ N and 97°10'-104°25' E, spanning
an area of approximately 44.98 x 10* km?. This covers three provinces, namely Sichuan,
Yunnan, and Xizang, and includes 99 county-level administrative units (Table 1), accounting
for 4.69% of China’s land area. The northern part of the HMR has high mountains and deep
valleys, while the southern part is relatively flat, with an average elevation of over 4000 m.
The annual average precipitation ranges from 487.7 to 2066.3 mm. This region has abundant
water resources due to the distribution of the Nu jiang River (after flowing into Myanmar,
it is known as the Salween River), the Lancang River, the Chin-sha River, the Yalong
River, the Dadu River, and the Min River. The ecosystems of the HMR are predominantly
composed of forest and grassland ecosystems, which account for 87.68% of the total area.
Influenced by factors such as terrain and topography, agricultural ecosystems are relatively
dispersed in the southern region of the HMR. The supply of ESs generally exhibits a spatial
distribution pattern where there is a higher abundance in the south compared to the north,
and in the east compared to the west. The total value of various ESs provided amounts to
CNY 3726.89 billion. The climate regulation services (CR) are valued at CNY 1077.01 billion,
while soil conservation services (SC) amount to CNY 826.11 billion, together accounting
for 51.06% of the total supply. In contrast, the provision of material resources (MS), food
supply (FS), water conservation (WC), and nutrient cycling (NC) services only make up
8.08% of the total supply, highlighting the significant imbalance in the distribution of ESs
in the HMR (Figure 1). Simultaneously, the HMR is also one of the key areas in China
where social and economic development is relatively lagging. The northern part of HMR,
constrained by terrain and other factors, has relatively backward social and economic levels,
while the south is comparatively more developed. The industry is primarily agricultural.
Due to the influence of natural, social, and economic factors, there is a significant disparity
in grain yield (GY) and capacity among the counties. In 2020, 34.34% of the counties in
HMR had GY exceeding 100 thousand tons, with the highest producing county reaching
over 460 thousand tons. However, there are still 13.13% of counties where GY is less than
10 thousand tons. Overall, the GP methods in the HMR are relatively traditional, with a
strong dependence on the ecological environment, and there is a clear conflict between GP
and the ecological environment.
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Figure 1. Overview of ecosystem types and ecosystem services in the study area.

Table 1. List of counties in the study area and basic information.

Province City County Quantity
Xizang Qamdo Chagyab, Gonjo, Gyamda, Markham 4
Dali Binchl.lan, Dali., Eryuan, Heqing, Jianchuan, Midu, Nanjian, Weishan, Xiangyun, 12
Yangbi, Yongping, Yunlong
Chuxiong Chuxiong, Dayao, Lufeng, Mouding, Nanhua, Wuding, Yao’an, Yongren, Yuanmou 9
Diging Degqin, Weixi, Shangri-la 3
Yunnan Kunming Dongchuan, Fumin, Luquan, Xundian, Songming 5
Lijiang The Old Town, Huaping, Ninglang, Yongsheng, Yulong 5
Nujiang Fugong, Gongshan, Lanping, Lushui 4
Quijing Huize 1
Zhaotong Qiaojia 1
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Table 1. Cont.
Province City County Quantity
Ngapa, Heishui, Hongyuan, Jinchuan, Jiuzhaigou, Li, Barkam, Mao, Rangtang,
Aba . 12
Songpan, Xiaojin, Wenchuan
Ganzi Batang, Baiyu, Danba, Daocheng, Daofu, Dege, Derong, Ganzi, Jiulong, Kangding, 17
Litang, Luhuo, Seda, Xiangcheng, Xinlong, Yajiang, Luding
Sichuan Leshan Ebian 1
Lianeshan Butuo, Dechang, Ganluo, Huidong, Jinyang, Leibo, Meigu, Mianning, Muli, Ningnan, 17
& Puge, Xichang, Xide, Yanyuan, Yuexi, Zhaojue, Huili
Panzhihua Dongqu, Xiqu, Renhe, Miyi, Yanbian 5
Ya’an Baoxing, Shimian, Tianquan 3
total 99
Note: All names of provinces, cities, and counties in the table are abbreviated.
2.2. Data Sources
The data used in this study primarily includes information on the main types of ESs,
land use, and GY of counties within HMR (Table 2). According to the official website,
as of 18 December 2023, the ecosystem service data and land use data [32,33] have been
downloaded a total of 118,600 times. The reference index on China National Knowledge
Infrastructure (CNKI) (https://www.cnkinet/) (accessed on 18 December 2023) shows
that the data have been cited 4400 times, indicating that they have been tested and verified
by a large number of studies in the relevant fields, demonstrating strong scientific validity
and authority. The GY data of counties represent an authoritative dataset released by the
state and are generally considered credible. To facilitate calculation and analysis, the ESs
data are accounted for in monetary terms (unit: CNY), and the GY data are accounted for
in physical quantity (unit: tons).
Table 2. List of key data and their sources.
Number Data Type Data Publishing Authority Data Source Time
Ecosvstem the Center for Resource and Environmental
1 Servic;{s (ESs) Chinese Academy of Sciences Science and Data (http://www.resdc.cn/DOI) 2020
’ (accessed on 18 October 2023)
the Center for Resource and Environmental
2 Land use Chinese Academy of Sciences Science and Data (http://www.resdc.cn/DOI) 2020
(accessed on 18 October 2023)
China County Statistical Yearbook (County and
3 Grain Yield (GY)  National Bureau of Statistics of China City Volume) (https://www.stats.gov.cn/) 2020

(accessed on 18 October 2023)

2.3. Methodology
2.3.1. Logical Framework and Technical Approach

This study aims to propose a scientific method to quantify ESs’ efficiency in supporting
GP, in order to contribute to the coordinated development of ecological and food security.
It mainly covers four aspects: (1) the deconstruction of the relationship between regional
ESs and GP, simplifying the complex GP process into a simplified input-output issue;
(2) the introduction of the Super-SBM model based on slack measurement to assess the
support efficiency of ESs for GP in the study area; (3) the validation of the measurement
method’s scientific basis, appropriateness, and effectiveness; (4) the analysis of the in-
teraction and support efficiency between ESs and GP, and the proposal of optimization
strategies for tradeoff ecological environment and GP. The specific research process is
depicted in Figure 2.


https://www.cnki.net/
http://www.resdc.cn/DOI
http://www.resdc.cn/DOI
https://www.stats.gov.cn/

Land 2024, 13, 1040

6 of 20

drysuonerar o) uonONNSUOIA(T

JUSWAINSEIW [9powt NS Iodng

SINSaY

‘ Ecosystem Services, ESs Grain Production,GP

SJJoapeI) Uo paseq
sa13o1ens juouaaoidun Knuend)

Deconstruction of effect relation

2

5 2) g

2 £ -

- Logical relationship verification = =<

25

&3

g =

[¢]

L S —— L g8

== = T - o

=" Inputs - Outputs <&———— fg =3

N T ==

i o =i

& w | & w g

5 2 B g UE)

g2 CTT oot P S s a
2 = —> 1+ Mathematical relationship | K12 &
== I___________T ——————————— . ==
£ 5 : 2.3

Q< : Q
= y =
i Measuring based on ordering

Low efficiency =1 Effect efficiency oEss el High efficiency
Slack ESs aspect GY aspect Slack
relationship/amount relationship/amount

Figure 2. Diagram of the logical framework.

2.3.2. Deconstruction of the Role Mechanism of ESs in GP

ESs serve as a necessary foundation for GP, their role in GP is a composite process. As
defined by Costanza et al. [34], ESs are the benefits that humans derive from ecosystems.
These benefits are primarily manifested in the aspects illustrated in Figure 3: (1) Ecosystem
support services are the foundation that underpins all human production and living
activities and are essential for the existence and development of GP [5,35]. (2) GP is
inevitably based on the suitable climate environment generated by ecosystem climate
regulation services [6]. (3) The water supply generated by water conservation services
is a necessary foundation for GP [36]. (4) Soil formation and conservation is another
indispensable condition for GP [35]. (5) Biodiversity services control agricultural pests
through the food chain to a certain extent [7]. (6) Based on gas regulation services, plants
accumulate and cycle nutrients through photosynthesis and respiration [37]. (7) Ultimately,
the various types of ESs mentioned above affect the GP process by impacting the ecosystem
supply services, thereby forming an influence on the supply of GP (indicated by grain
yield, GY). Overall, GP is an industrial form based on supporting services, relying on
regulating services, and achieved through supply services [1,6,9]. In other words, GP
relies on the supply of various Ess; therefore, this study takes ESs as inputs and GY
as outputs, abstracting the complex GP process into a simple input—output issue, and
introducing efficiency measurement methods from economics to measure the efficiency of
ESs in supporting GY.
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Figure 3. Deconstructing the supporting relationships of ESs for GP.

Integrating the aforementioned and other relevant findings, and based on the decon-
struction of the relationship between ESs and their role in GP, this study has comprehen-
sively identified nine categories of ESs that have a significant impact on GP: (a) climate
regulation (CR); (b) soil conservation (SC); (c) nutrient cycling (NC); (d) gas regulation (GR);
(e) food supply (FS); (e) material supply (MS); (f) biodiversity (B); (g) water retention (WR);
and (g) hydrological regulation (HR) (Figure 3). These categories serve as the foundational
elements for the research on the supporting efficiency relationship between ESs on GP.

2.3.3. Basic Simulation Logic of the Super-SBM Model

The Super-SBM model is utilized in this research for the supporting efficiency of ESs
on GP. The Super-SBM model was developed by Kaoru Tong in 2001, based on the Data
Envelopment Analysis (DEA) model originally created by Charnes and colleagues [38]. It
is based on the stochastic frontier production function as the fundamental principle [28],
which is typically used for measuring the efficiency relationships between multiple input
and output factors in production processes [39]. The Super-SBM model has been extensively
applied in multiple domains currently, showing strong adaptability. The Super-SBM
model has not only been widely used in research on the efficiency of traditional industrial
production [40], low-carbon economy [41], and energy production [42], but it has also
been introduced into the efficiency measurement studies in areas such as atmosphere
and environment [43], carbon emission reduction [44], ecological efficiency [45], policy
efficiency [46], fiscal subsidies [47], green and innovative development [39] and other
sectors. There are also relevant studies that have analyzed and calculated the gap between
global GP and potential based on the principle of the stochastic frontier production function
and found a significant correlation between food production efficiency and irrigation,
market influence, labor force, and regional slope [28]. In summary, the Super-SBM model is
a well-established tool for measuring the intensity of complex relationships and has been
extensively applied in multiple fields, demonstrating excellent adaptability. This provides
a feasible basis for introducing it into the research on measuring the efficiency of the role of
ESs in GP.

The efficiency measured by the Super-SBM model refers to the analysis and measurement
of the relative position and distance between decision-making units (DMUs) and in essence,
the efficient frontier. The Super-SBM model involves two main aspects: DMUs and the
efficient frontier. DMU refers to the elementary unit used for measurement, while the efficient
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frontier refers to the multi-dimensional space formed by the efficient DMUSs [38,48]. The
efficiency is measured by detecting the relative position and distance from the DMUs to
the efficient frontier. The Super-SBM model is a non-parametric approach for measuring
the relative efficiency of the input and output processes of multiple DMUs [48]. The basic
principle is as follows: taking single-factor inputs and outputs as an example (Figure 4). The
Super-SBM model initially determines the relative position of each DMU (A, A’, B, C) by
utilizing the mathematical relationships (J) between inputs (x) and outputs (y). Subsequently,
the set of relative positions of the DMUs with ¢ = 1 is taken as the efficiency frontier. Then, the
efficiency of each DMU is determined based on its relative position to the efficient frontier. The
DMUs (A and A') are considered efficient when ¢ = 1, and the DMU (C) is super-efficient when
0 > 1. Otherwise, the DMU (B) is considered to have low efficiency when ¢ < 1. Concurrently,
the Super-SBM model measures the slacks (hp, _, hc, ) between inputs and outputs by
calculating the distance of each DMU to the efficient frontier, serving as a basis for tradeoff in
optimizing strategies between inputs and outputs [38,48]. Ultimately, in research based on the
Super-SBM model, the simulation of the efficient frontier necessitates a significant number of
DMUs to ensure its effectiveness and precision to the greatest extent [48].

y §= x/y

Single input with single output, for example

Legend

x Input

2.5 | ! y Output
P ths,

2.0 ther | e Efficient DMUs

hC1§ ‘~,sz ¢ Low efficient DMU
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/ Efficient frontier, =1

0.5 hBi2.... Slack of low efficient DMU

hcia.... Slack of super efficient DMU

0 05 1.0 15 20 30 25 35 x
Figure 4. Fundamental of SBM model simulating.

2.3.4. Simulation Method of the Super-SBM Model

The Super-SBM model is an improved model based on the SBM model, comprised
of two merged simulation stages [49]. Starting from the general issue of an input-output
problem, the number of DMUs is 1, each DMU is constituted by an input vector (x) and
an output vector (y). Assuming that m types inputs are put into DMU; and s types of

outputs are produced, the inputs are denoted as xj, (x; = x , xm]-> , and the outputs

TaeE
are represented by y;, (y] Yijr-eos ys]-). Assuming that m > 0, and s > 0, the production
possibility set (PPS) can be defined as follows (Equation (1)):

PPS(x,y)—{(x ) \x>2}\x],y<2}\]y], A 20,j=1,.. }ERT“ (1)
=1 =

Theoretically, PPS includes all possible activities of all DMUs s, the efficient DMUs are
usually located on the boundary of PPS, while low-efficiency DMUs are located elsewhere.
Based on this general principle, the SBM model was proposed by Tone [38], which is used
to measure the efficiency relationship between inputs and outputs of DMUs. This is the
first stage, and the simulation method is described as follows (Equation (2)):

_l 151-_ Z] 1/\x1]+s = Xip i=1,...,m
=1 X s.t. yr] ST =Yym r=1,...,s (2)

OESs, = mm—,
1+ 1y:n /\ 57,57 >0 Vj, Vi, Vr
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The SBM model is applicable to the measurement of efficiency values for DMUs with
an efficiency range of 0 < § < 1 [38], as illustrated in Figure 4 the DMU A, A’, and B.
However, this is not applicable for the DMUs with § > 1, in such cases, it is necessary
to employ the second simulation stage; the methodology can be described as follows
(Equation (3)):

Llym X

Aym & Zl:l(jyén) /\jxl-]- Sﬁil, 121,...,1’}’1
OEss, = mmW, s.t. ijl(#n) A]-y,j <v,, r=1,...,s 3)
s &r=1 Yy Xip <X Vi, Y, 2 Y, Vr, Ay, >0 V), Vr

where 0gg;, denotes the supporting efficiency of ESs in contributing to GY; A represents the
intensity variable; s; and s;7, respectively, represent excess and deficiency, which are the
slacks of the model. The positivity or negativity of slacks correspond solely to the high or
low efficiency of DMUs. When éggs, < 1, the slacks are positive, the slack of input indicates
the amount by which inputs can be reduced, while the slack of output indicates the amount
by which output can be increased under the current efficiency level. Conversely, when
0gss, = 1, the slacks are negative, the slack of input represents the amount by which inputs
can be increased, while the slack of output indicates the amount by which output can be
decreased at the current level of efficiency [48,50].

The following basic simulation conditions are established in the simulation process in
this study: (1) taking the counties in the HMR as DMUs (Table 1); (2) taking the value of ESs
(Table 3) supply as the input factors (x) and GY as the output factor (y); (3) the simulation
is conducted using the current period; (4) it is assumed that there are constant returns
to scale between inputs and outputs; (5) the simulation is conducted without a specified
input-output orientation.

Table 3. List of ESs as x in the Super-SBM model.

The ESs as x in

Types ESs of MA Selected Super-SBM Model Reason
. Soil formation v Soil conservation Directly support GP
Sup pqrtlng Nutrient cycling Vv Nutrient cycling Direct supply of nutrients needed for GP
Services Primary production X — Emphasis on process, including GP itself
Food Vv Food supply Directly Affecting GP
Fuelwood Vv Material supply Acting as an auxiliary, indirectly affecting GP
Provisioning ~ Fiber Vv Material supply Acting as an auxiliary, indirectly affecting GP
Services Fresh water Vv Water conservation Provide water resources quantity needed for GP
Biodiversity Vv Biodiversity Control of pests and diseases in the process of GP
Geneti Determines the sustainability of GP, has no
enetic resources X — .
impact on the process of GP
Water regulation Vv Water conservation Provide sustainable water resources for GP
. Climate regulation Vv Climate regulation Provide suitable climatic conditions for GP
Regulgtmg Hydrologic . . Regulate water resources of GP in terms of time
Services regulation Vv Hydrologic regulation and space
Gas regulation Vv Gas regulation Supply and regulate the gases needed for GP
Water purification X — Not serving the process of GP
Spiritual X — Not serving the process of GP
Religious X — Not serving the process of GP
Recreation X — Not serving the process of GP
Ecotourism X — Not serving the process of GP
Cultgral Aesthetic X — Not serving the process of GP
Services Inspirational X — Not serving the process of GP
Educational X — Not serving the process of GP
Sense of place X — Not serving the process of GP
Cultural heritage X — Not serving the process of GP
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2.3.5. Justification for the Suitability of the Modeling Approach

The methodology aligns with the Super-SBM model’s logic, possessing a scien-
tific basis. The simulation process of the Super-SBM model is essentially a black-box
process [49,51], suitable for studying the efficiency of complex interactions between
multi-type inputs and outputs [48]. This research takes multi-type ESs as inputs and
GY as the output, abstracting their complex interrelationship into a black-box process to
simulate the supporting efficiency of ESs on GY, which is in line with the basic logic of
the Super-SBM model.

The methodology adheres to the requirements of the Super-SBM model. The mea-
surement process requires a large number of DMUs to ensure the scientific validity and
rationality of the results [51]. This study encompasses a total of 99 DMUs (Table 1), which
is sufficiently large to meet the Super-SBM model’s demand for the quantity of DMUs.

The supporting efficiency of ESs on GY aligns with the objective rules and funda-
mental characteristics of GP. This study introduces the grain production efficiency from a
more objective perspective to further validate the effectiveness and scientific nature of the
supporting efficiency. The production efficiency of grain is the result of the combined effects
of various elements, including natural, social, and economic factors. Generally speaking,
the stronger or weaker this composite effect is, the higher or lower the corresponding grain
production efficiency will be. The supporting efficiency of ESs for GP should typically
follow the same basic pattern of change as the grain production efficiency. Based on the
above objective laws, this study has calculated the grain production efficiency at the county
level in the HMR. The specific calculation method is as follows (Equation (4)):

GYy

R =
"7 FA,

(4)

where R represents the grain production efficiency; GY represents the total grain yield; FA
denotes the total area of agricultural land (including paddy fields, dry land, and all other
land used for GP); n indicates the number of counties. Based on the correlation analysis
method, the analysis of 6gs;, and R, revealed that dgss, and R, show a significant positive
correlation at the 0.001 level, with a correlation coefficient exceeding 0.6. This implies that
Ogss, and R, maintain the same pattern of variation, with R, increasing as Jgg;, rises and
the relationship holds true in reverse as well. In summary, the variation pattern of dggs,, is
consistent with the basic laws and general characteristics of GP.

Overall, the process by which ESs contribute to GP aligns with the fundamental
patterns of input-output relationships. The Super-SBM model is one of the more effective
methods for studying input-output efficiency issues in economics and operational research,
and it has a certain rationality when applied to the study of the supporting efficiency of
ESs on GP. Moreover, the research content and methodology established in this study are
aligned with the requirements for measurement with the Super-SBM model, and the results
also correspond with the objective realities and general patterns. Therefore, the application
of the Super-SBM model to measure the supporting efficiency of ESs for GP is both feasible
and scientifically sound.

3. Results
3.1. The Efficient Frontier of ESs to GP

ESs exhibit a relatively low level of support for GP in most counties of the HMR.
According to the efficiency frontier of ESs on GP (Figure 5), 93.94% of the counties in
HMR exhibit a low supporting efficiency (dgs;,) of ESs to GP, while only 6.06% are in an
effective or super-efficient state. Notably, Xiangyun County in Yunnan Province, Xichang
City and the Dong District of Panzhihua City in Sichuan Province constitute the efficiency
frontier for ESs supporting GP in the HMR. Meanwhile, Huize County, Midu County in
Yunnan Province and the West District of Panzhihua City in Sichuan Province exhibit
super-efficiency status, the remaining counties exhibit low efficiency. Specifically, counties
with dggs, < 0.4 account for 67.68% of the total counties in HMR. From the perspective of
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ESs utilization, the majority of counties in the HMR have a low level of GP and are lagging
in development.
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Figure 5. Efficiency frontier of ESs on GP in the counties of the HMR.

The efficiency frontier of ESs for GP in the counties of HMR conforms to the objective
reality of regional GP. From the perspective of GY, Xiangyun County and Huize County
in Yunnan Province, and Xichang City in Sichuan Province are counties with relatively
high GY, all with outputs exceeding 200 thousand tons, with Huize County reaching up
to 462.3 thousand tons. In terms of grain production efficiency (R;), Xianyun County and
Huize County in Yunnan Province, Midu County, and the Eastern and Western districts of
Panzhihua City are counties with relatively high R;;,, which can reach more than 400 tons
per square kilometer. Considering the aforementioned dimensions, the efficiency frontier
measured by the Super-SBM model conforms to the objective reality of regional GP and
can reflect the basic characteristics of regional GP.

3.2. Supporting Efficiency of ESs to GP

The Jgs;, in the HMR generally exhibits a spatial distribution pattern of being higher
in the south and lower in the north. In the northern counties, the égg;, is mostly below 0.06
accounting for 33.33% of the total counties. Notably, the dgg;, is mostly below 0.01 in the
northwestern region of the HMR, with the lowest value being only 0.007 (Seda County
in Sichuan Province). In contrast, the Jgg;, in the southern counties is relatively higher,
often above 0.06. Counties with dggs, values between 0.06 and 0.1 make up 39.39% of the
total number of counties. Additionally, among the southern counties, six counties have
OEss, values that exceed 1.0. Among them, Huize County in Yunnan Province has a égg;,
reaching 1.40, which is the highest Jgg;, in the entire HMR (Figure 6). From the analysis
of the differences in extreme values, the dggs, ranges from a high of 1.40 to a low of 0.007,
showing a disparity of over 200 times, which indicating that there are huge gaps in the
capacity and level of utilization of ESs for GP among counties in the HMR. Overall, the
Ogss, in the HMR markedly presents a differentiated spatial distribution pattern with a
stronger efficiency in the south and a weaker one in the north, most counties have a low
level of ESs utilization and insufficient capacity to GP, which may be one of the main factors
impeding the development of regional agriculture.

The supporting efficiency of ESs for GP in HMR aligns with the spatial distribution
patterns of the area’s natural, social, and economic conditions. The dgg;, depends not
only on the total amount of ESs supply but is also greatly influenced by various factors
such as regional population, labor force, types of industries and their development status,
and economic scale. In terms of spatial distribution, the southern part of HMR features
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relatively flat terrain, and a solid foundation for agricultural industry development. The
population is concentrated, establishing a relatively good industrial base and technological
level, making it an area with relatively high levels of social and economic development.
Comparing the spatial pattern of 6, (Figure 6), it can be observed that Jgs;, is generally
consistent with the spatial distribution of the region’s social and economic patterns. Overall,
the égg;, measured by Super- SBM model conforms to the general patterns demonstrated
by the region’s social and economic conditions.
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Figure 6. Spatial pattern of the supporting efficiency éggs, at the county scale in the HMR.

3.3. Slacks in ESs and GP

There is a notable issue of spatial misallocation between the supply of ESs and the
demand for GP in the HMR. Based on the implications of slack in the Super-SBM model,
and in conjunction with the spatial pattern of slack in GY and the supply of ESs in the
counties of the HMR (Figure 7), there is a severe slack in GY in the northern counties, with
the slack being 120 thousand tons or more, and the maximum reaching 179.4 thousand tons,
this indicates a significant potential for GY increase and a correspondingly large demand
for ESs. However, the supply of ESs in the northern counties is relatively limited (Figure 1).
In contrast, the central and southern counties have a smaller slack in GY overall, with less
demand for ESs in GY. However, the supply slack of multiple types of ESs in the central
counties is relatively large, exhibiting a state of oversupply. Among them, the supply slack
of soil conservation services is the greatest, amounting to CNY 41.763 billion. Overall, there
is a spatial mismatch in the supply—demand relationship between ESs and GY between
the northern and the central counties. Based on the analysis of the extreme values of slack,
in the counties with low value of dggs, (accounting for 93.94% of the total counties in the
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HMR), the maximum slack in GY is 179,400 tons, while the minimum slack in the supply
of ESs is zero, highlighting a significant disparity and further emphasizing the imbalance
between the supply and demand of ESs and GY. Integrating the patterns of input (Figure 1)
and slack (Figure 7), there is a significant spatial mismatch between the supply of ESs and
the demand for GY in the HMR, establishing the fundamental relationship of imbalance
between the supply and demand of ESs and GY in the counties of HMR.
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Note: 1, Unit of Ecosystem Services (£5s): RMB 1 hundred million yuan; 2, Unit of Grain Yield (GY'): 10 thousand tonnes.

Figure 7. Spatial pattern of the slacks in GP and ESs at county scale in the HMR.

3.4. Classification of Tradeoffs Based on Slack Relationships

A significant tradeoff relationship is evident between the supply of ESs and GY. Among
the 93 counties with low value of dgs,, intheHMR, 83 counties (excluding 10 counties with
the slack of 0) have a slack state in GY, with an increase space of 0.63 to 17.94 x 10% tons,
this indicates that there is an insufficiency in GY in these counties. There are 71 to 93 coun-
ties that have a slack state in the supply of ESs, with a reduction space of CNY 0.02 to
41.76 billion, indicating that there is an excess of ESs inputs in these counties. Meanwhile, in
the counties with effective or high efficiency égss,, there is up to a 12.32 x 10* tons reduction
pressure in GY and an additional demand of CNY 1.81 billion for ESs (Figure 7). Overall,
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there is a significant supply-demand conflict between ESs and GY, and coupled with spatial
mismatch, this conflict underscores the need for sustainable development strategies focused
on the ecological environment and GY. These strategies should be informed by a scientific
analysis of the tradeoff relationship between ESs and GY.

The tradeoff relationship is an overall reflection of the level of conflict between ESs
and GY. The slack relationship in the Super-SBM model reflects the sufficiency of input
and output elements. Based on the slack relationship between ESs and GY, all counties in
HMR are categorized into three types of tradeoff relationships: no tradeoff, weak tradeoff,
and strong tradeoff (Table 4). Regarding the slack relationship, when both the slack of GY
and the supply of ESs are positive (Slack > 0), GY has a high growth potential, and the
supply of ESs is relatively abundant. The conflict between GY and the supply of ESs is
relatively minor, and the tradeoff relationship is not obvious. Therefore, in this type of
county, GY and the supply of ESs exhibit no tradeoff relationship (I). When there is no slack
in GY (Slack = 0), the pressure of GY on the supply of ESs begins to appear, leading to
certain conflicts. In this type of county, GY and the supply of ESs exhibit a weak tradeoff
relationship (II, IIT). When the slack of both GY and ESs supply is negative (Slack < 0), there
is significant pressure on both GY increase and ESs supply, with notable conflicts. In this
type of county, GY and the supply of ESs exhibit a strong tradeoff relationship (IV). The
classification results show that among these counties, 83 counties have a high potential for
GY increase and low pressure on ESs supply, indicating no significant tradeoff relationship
between ESs supply and GY. There are 15 counties that exhibit relatively small potential for
GY increase and ESs supply pressure, showing a weak tradeoff relationship. Additionally,
there is a county that has relatively high pressure for both GY increase and ESs supply,
presenting a strong tradeoff relationship. Overall, the majority of counties show no tradeoff
relationship between ESs and GY in the HMR, with no significant conflict. However, there
are still some counties exhibiting varying degrees of conflict, indicating a certain level of
pressure in the tradeoff between ESs and GY.

Table 4. Classification of tradeoffs between ESs and GY in the counties of the HMR.

Efficiency The. Slac1.< Meaning Numbe.r of Slack Tradeoff
Relationships Counties Types Types
Slack of GY > 0 and High increasing potential of GY 83 I No
bss, <1 Slack of ESs > 0 and low supply pressure of ESs tradeoff
Low efficiency Slack of GY =0 and Low increasing potential of GY 10 I
Slack of ESs > 0 and low supply pressure of ESs Weak
Slackof GY=0and  Low increasing potential of GY 5 I tradeoff
bss, > 1 Slack of ESs < 0 and low supply pressure of ESs
High efficiency Slack of GY < 0 and High increasing pressure of GY 1 v Strong
Slack of ESs < 0 and high supply pressure of ESs tradeoff

3.5. Optimized Strategies Based on Tradeoff Relationships

The scientific assessment and categorization of tradeoff relationships provide a foun-
dation for the better realization of scientifically optimizing development strategies for ESs
and GY. In the aforementioned discussion, this study categorized the tradeoff relationships
of all counties in the HMR based on slack relationships (Table 4). For the purpose of facili-
tating analysis, this study selects four typical counties with different slack relationships as
case studies, including Seda County, Mianning County, Midu County, and Huize County
(Table 5). They are used to analyze the optimization of sustainable development strategies
for ESs and GY under different slack relationships.

Seda County exhibits the I slack type (Tables 4 and 5). This county has a low supporting
efficiency (dgs;, = 0.07). The potential for GY increase reaches 17.94 x 10* tons, while
all types of ESs show a state of supply redundancy, and there is no significant tradeoff
relationship between the supply of ESs and GY. Counties of this type have a good ecological
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environment foundation, but their GP level is still in an early stage. If guided by a priority
on GP, moderately expanding the scale of GP in such counties could achieve an increase
in GY with minimal ecological and environmental costs. This strategy has no technical
barriers, low economic costs, and can well fit the relatively backward social, economic, and
technological background of this type of county.

Table 5. The slacks of ESs and GY in typical counties in the HMR.

Slack Inputs Outputs
County OESs
Types NC sC B GR HR CR MS WC FS GY
Seda I 0.07 1.09 83.29 1890 1234  96.48  34.81 3.33 8.65 0.28 17.94
Mianning I 0.44 2.56 9154 2748 2572  66.44 7246 8.12 5.19 5.38 0
Midu 11 1.35 —-066 —331 581 564 1158 —-1526 197 092 —1.60 0
Huize v 1.40 0.00 —18.14  0.00 0.00 0.00 0.00 0.00 0.00 0.00 —12.23

Note: 1, Unit of ESs: RMB CNY 1 hundred million; 2, Unit of GY: 10 thousand tonnes.

Mianning County exhibits the II slack type (Tables 4 and 5). This county has a low
supporting efficiency (Jgss, = 0.44), and there is a certain amount of slack in the supply of
ESs, but the slack in GY is zero, suggesting limited potential for GY increase. In counties
with the II slack type, there is already a certain degree of tradeoff relationship between GY
and ESs. Although the supply of ESs is superfluous, there is still a certain level of pressure
on GY increase under the existing productive conditions. If guided by a priority on GP, for
counties of this type, GY could be enhanced by slightly expanding the scale of GP. However,
a greater focus should be placed on improving the level and capability of utilizing ESs in
existing GP activities. By increasing the efficiency of utilization, the goal of increasing GY
can be achieved with relatively low ecological and environmental costs, thus ensuring the
sustainable development of ESs and GP.

Midu County exhibits the III slack type (Tables 4 and 5). Which expresses a super-
efficient supporting level (6ggs, = 1.35), and the overall supply of ESs is insufficient, and the
potential for GY increase is limited, presenting a weak tradeoff state. GY increase and the
supply of ESs both face pressure to varying degrees. From the perspective of sustainable
development, counties of this type need to implement certain ecological environment pro-
tection and restoration measures, and, based on a thorough consideration of the regional
ecological environment’s carrying capacity, enhance GY efficiency through moderate hu-
man intervention, such as increasing inputs of materials, funds, and technology in existing
GP processes, to achieve a scientific and rational increase in GY.

Huize County exhibits the IV slack type (Tables 4 and 5). Which shows a super-efficient
supporting level (Jgs;, = 1.40), with GY and the supply of ESs indicating a strong tradeoff
relationship. GP in this county has reached a relatively high level of development, and
has severely impacted the supply of regional ESs, GP and the sustainable development of
ecosystems both face huge pressures and challenges. Against the backdrop of sustainable
development, counties of with the IV slack type should prioritize ecological environment
protection, advance ecological conservation strategies, strictly control the conversion of
ecological land use, prevent the continuous decline in the supply of ESs and reduce the risk
of GY reduction due to insufficient ESs supply.

In summary, the slack relationship clearly indicates the tradeoff between the supply
of ESs and GY. Based on this tradeoff relationship, and in conjunction with development
demands, optimal development strategies can be realized for sustainable development of
the ecological environment and GP under different development orientations. Therefore,
the tradeoff decision-making method based on slack relationships can scientifically and
flexibly optimize strategies for the ecological environment and GP, and has a positive role
and significance in contributing to regional food security and sustainable development of
the ecological environment.
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4. Discussion
4.1. Links and Differences with Related Studies

Research on supporting efficiency serves as an exploration of the relationship between
ESs and GP, representing a deepening of qualitative research. The foundational supportive
role of ESs in GP has become a widely accepted consensus [4,6]. An increasing number of
studies call for a detailed deconstruction of the interaction between ESs and GY, aiming
for an objective understanding of the complex and multifaceted connections between the
two aspects [52]. This study explores the internal mechanisms of the relationship between
ESs and GP based on the black-box principle, further deepening the understanding of their
interaction on the basis of qualitative research.

Quantitative studies offer a more objective understanding of the relationship between
ESs and GP than qualitative studies. ESs play a fundamental and supportive role in
GP, as demonstrated by numerous qualitative studies [9]. However, the strength of the
relationship of ESs on GY, cannot be objectively reflected [6,30]. As a quantitative study,
the support efficiency study accurately describes the intensity of the relationship between
ESs and GP and makes it easier to objectively grasp the current state of their interaction.

Quantitative-based studies provide clearer direction and are more actionable when it
comes to optimization strategies. Unlike many qualitative studies that rely on subjective
judgments or empirical summaries and thus fail to specify the intensity and scope of policy
implementation. The slack relationship of this study not only clarifies the direction of
tradeoff but also quantitatively expresses the magnitude of the adjustments between ESs
and GY, providing a quantified basis for the scientific optimization strategies, which is
more objective and operable.

4.2. Consistency of the Results with General Rules

The supporting efficiency (dgss, ) is highly consistent with the general laws of GP.
Generally speaking, under the condition that social, economic, and technological factors
remain unchanged, the higher the supporting efficiency of ESs for GP, the higher the
relative per-unit-area output will be, which in turn corresponds to a higher total GY, and
vice versa. This study measured the correlation coefficients between dggs, and per-unit-area
grain output, as well as total grain yield for all counties in the study area. The correlation
is significantly positive at the 0.01 level, with Spearman’s rank correlation coefficients
reaching 0.60 and 0.78, respectively. The s, exhibits the same pattern of change as the
per-unit-area grain output and total grain yield of the counties, which is highly consistent
with the general principles of GP. This further indicates that the dgs;, measured in this
study possesses a certain degree of rationality and scientific validity.

4.3. Limited Assistance to the Optimization Strategy

The study of the supporting efficiency of ESs for GP serves the foundation for sus-
tainable development decisions in both ecological environment and GP, possessing limited
referential and auxiliary value. The interactive relationship between ESs and GP is the
result of a comprehensive driving force involving multiple elements such as natural, social,
and economic factors [53]. The interaction process between ESs and GP is a complex
composite process. The Super-SBM model estimates the efficiency based on the analysis of
the mathematical relationships between input and output elements. However, due to the
black-box processes of the mechanisms of action and the response intensity of the ESs and
GP, this research method reflects the interaction patterns between ESs input and GP to a
certain extent, but it is not entirely objective or complete. Therefore, the model method of
this study has a certain auxiliary role in the decision-making process, but its overall impact
is limited.

4.4. Objective Cognitive Model Measurement Results

It is important to objectively recognize and understand the supporting efficiency
and slack to avoid one-sided and blind application in practical activities. The supporting
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efficiency and slack relationship measured in this study effectively reflect the degree of
support that regional ESs provide for GP, as well as potential directions for optimization.
However, when it comes to guiding practice, it is necessary to objectively and accurately
grasp their specific implications:

(1) An objective understanding of the dual nature of supporting efficiency. There is
an inevitable tradeoff between ESs provision and GP. If there is a singular pursuit of high
GY, it will inevitably lead to a decline in ecosystem functions and even environmental
damage. Conversely, if the focus is solely on the high-quality development of the ecological
environment, it will inevitably affect the GP and, subsequently, food security. Therefore,
the supporting efficiency of ESs on GP is not necessarily better when higher. It is necessary
to consider comprehensively based on objective reality, avoiding the blind pursuit of high
supporting efficiency while neglecting the sustainable development of the ecosystem. Exist-
ing research has found that traditional monoculture crop farming is not only detrimental to
the sustainable development of the agricultural industry but also impacts the sustainable
development of the ecological environment to a certain extent. However, agricultural
practices such as intercropping legumes with cereals and organic grain farming systems
both actively promote the sustainable development of ESs and GP.

(2) An objective understanding of the slack between input and output. The slack
between ESs and GY calculated in this study represents theoretical values under the
current levels of natural, social, economic, and technological factors, and possesses strong
referential value and directionality guidance for policy implementation. However, it
should only serve as an auxiliary factor in decision-making. The formulation of scientific
strategies cannot rely solely on blind judgments based on the slack. It is necessary to
conduct a comprehensive and objective analysis that takes into account the integration of
all essential factors.

4.5. Problems and Shortcomings

The Jgs;, has a certain positive effect, but it also has some limitations: (1) the founda-
tional supportive role of ESs for GP has been sufficiently confirmed in qualitative dimen-
sions at present. However, due to the relative scarcity of quantitative research, coupled
with differences and limitations in aspects such as the study area, data structure, and
data connotations, the dgg;, is not comparable with the results of related research, which
precludes the comparative validation of simulation accuracy with other studies. This
leads to a lack of quantitative verification for the accuracy of the measurement results in
this study, which could be considered as one of the most critical limitations of the study.
(2) The dgss, partially reflects the strength of the supporting role of ESs for GP across
different counties, representing a relative value in terms of the intensity of impact, rather
than a traditional efficiency value. As such, it is not suitable for comparative studies, and
therefore the dgg;, does not possess broad comparability beyond the spatial and temporal
scope defined by this study. (3) This study is based on a simplified abstraction of the role of
ESs in GP. However, this abstraction may not fully and objectively reflect the mechanisms
and laws by which ESs support GP. Furthermore, the measurement results have not been
subjected to sufficient accuracy tests, which leads to a significant degree of uncertainty in
the éggs,- (4) The input structure of counties with efficiency or super efficiency (g, > 1)
in the measurement process is deemed to be in a state of high efficiency by the Super-SBM
model. Consequently, the suggestion will be given that there is no need for optimization of
the input elements, in which results are significantly different from the actual conditions,
and thus, the model has certain limitations in describing the slack situation in counties
with efficiency and super efficiency.

5. Conclusions

The measurement of support efficiency of ESs to GP based on the Super-SBM model
is feasible and scientific. The measurement results reveal a spatial distribution in the
HMR where the supporting efficiency of ESs for GP is higher in the south and lower
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in the north. Unfortunately, the majority of counties exhibit ESs that support GP with
low efficiency, and the capacity of GP to utilize regional ESs is limited, indicating that
production methods in these counties are extensive and the development of the agricultural
industry is lagging behind. In terms of the demand for GP, there is a spatial mismatch in
the supply of ESs, and a significant imbalance exists between the supply and demand of
ESs and GP. Additionally, notable differences in slack further exacerbate this imbalance.
Furthermore, the slack relationships and quantities measured by the Super-SBM model
effectively reflect the tradeoff relationship and intensity between ESs and GY, providing
direction for optimization and data support for the development of sustainable strategies
for the ecological environment and the agricultural industry. However, a scientific and
comprehensive sustainable development strategy must integrate natural, social, economic,
and technological factors, in addition to the findings of this research, for a holistic judgment.
This could be one of the significant directions for future research in this field.
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