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Preface

The South China karst is one of the three most ecologically fragile and desertification-affected

areas in the world. In recent years, with the advancement of the national desertification control

project, the large-scale return of farmland to forests has made the South China karst a global

greening hotspot. The combination of regional vulnerability and seasonal superposition has led

to soil fragmentation, water and soil erosion. There are high-incidence phenomena of regional

ecosystem degradation, biodiversity decline and high densities of people in poverty. Therefore,

focusing on the research of forest ecosystem function improvement in karst desertification control

serves the purpose of providing countermeasures to afforestation in karst areas and contributing to

the sustainable development of the regional economy. The theme of this Special Issue includes the

improvement mechanism of ecosystem structure, function, and services, the mechanism of ecosystem

service tradeoff/synergy and function optimization. An optimization model of ecosystem function

and an improvement path for eco-product supply are introduced. The role of functional traits in

the maintenance of ecological function and services is determined. Social-ecological responses to

afforestation in karst desertification control are also discussed.

This Special Issue consists of 16 articles, and in order to facilitate quick and systematic reading,

we have organized the content into four major landmark achievements: (i) ecosystem evaluation

(chapters 7, 8, and 14), (ii) structure optimization configuration (chapters 2, 6, and 11), (ii) water

and fertilizer regulation technology (chapters 5, 9, 12, 13, and 15), and (iv) function improvement

strategies (chapters 4, 10, and 16) and the formation of corresponding four major key scientific

questions to be addressed. This Special Issue brings together, to some extent, the latest progress,

cutting-edge theories and technical achievements in the research of forest ecosystem function

enhancement for karst desertification management.

This Special Issue has been written and published with the full support of the Forests Editorial

Office, the concern of the leadership of School of Geography & Environmental Science (School of

Karst Science), Guizhou Normal University, and the help and support of Professor Mingsheng Zhang

and Junbing Pu. In addition, numerous colleagues and scholars have submitted articles and made

other contributions to this Special Issue.

Due to the limited space in this Special Issue, there are some deficiencies in the endeavor to

condense the major landmark achievements and key scientific issues to be solved, and there are some

limitations in the research on the improvement of the function of karst desertification control forest

ecosystems, so I would like to invite readers and friends to contribute their critical readings and any

potential corrections.

Kangning Xiong, Mingsheng Zhang, and Junbing Pu

Editors
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A Commented Review of Eco-Product Value Realization and
Ecological Industry and Its Enlightenment for Agroforestry
Ecosystem Services in the Karst Ecological Restoration
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* Correspondence: xiongkn@gznu.edu.cn

Abstract: The achievement of eco-product value and the growth of eco-industry can boost the
economic advancement of karst areas. The findings of a statistical analysis of 520 relevant studies
reveal the following: (1) From a time series perspective, the amount of papers increase with each
wave of research; (2) contents mainly concentrate on four aspects, namely, ecosystem services supply
(8.46%), value accounting (10.58%), value realization (37.88%), and eco-industry (30.38%); (3) the
study areas are primarily concentrated in Asia (85.96%), Europe (7.12%), and North America (4.04%),
most of which are located in China’s karst areas with vulnerable ecological environments and regions
that are aware of eco-product values; and (4) research frontiers are reflected through four aspects
of the ecosystem, namely, services supply, value accounting, value realization, and the eco-industry.
Based on the analysis in this paper, it can be concluded that paths, mechanisms, and models for
eco-product value realization are still slow. Therefore, to support the growth of karst agroforestry
ecosystem services, it is imperative to further research the capacity of agroforestry ecosystem services
supply, value accounting systems, ecological compensation mechanisms, the value realization models
of eco-products, and the formation mechanism of eco-industries.

Keywords: ecosystem service supply; value accounting; eco-industry

1. Introduction

Eco-environmental issues are some of the most heated researched topics in the world
today [1]. Ecological restoration plays an important role in restoring degraded, damaged,
and crumbled ecosystems to a long-term and stable state of health [2,3]. Ecological restora-
tion is not only an essential step in improving the ecological environment in China [4], but
also plays a crucial role in moving toward a more ecological society [5]. It is pertinent to
the nation’s ecological security [6] and is crucial to pushing forward green development [7]
and fostering a more harmonious relationship between human beings and nature [8]. In
recent years, ecological restoration research has developed rapidly around the world, and it
is being actively promoted in China [9]. The global proportion of relevant Chinese scientific
research achievements has increased exponentially, but its global influence still needs to be
strengthened [10]. This research helps in propeling the advancement of karst ecological
restoration.

Global karst regions account for about 10% to 15% of continental land areas and are
inhabited by a quarter of the world’s population, forming a special ecological environment
system with strong regionality, integrity, and comprehensiveness [11,12]. They are mostly
distributed on the Mediterranean coast, in the eastern United States, and the karst moun-
tains of southwestern China [13]. Old, hard carbonate rocks with inadequate water-holding
ability can be found in the Mediterranean and on the Asian continent [14]. Carbonate

Forests 2023, 14, 448. https://doi.org/10.3390/f14030448 https://www.mdpi.com/journal/forests
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rock formations in China are wide and strong, and the karst types are widespread, with
numerous types and styles [15]. However, in the southeastern United States, carbonates are
less troublesome than those in southern China and tertiary macroporosity is common [14].
Yunnan, Guizhou, and other regions in southwestern China are the most concentrated
areas of karst distribution in the country, with a total area of 1.7608 million km2, of which
the distribution zones of exposed and semi-exposed carbonate rocks account for 41.3% of
the total area [15]. In karst areas of southwest China, due to the fragility of the environ-
ment and the influence of human factors, a large degree of damage to the environment
has occurred, leading to the emergence of many environmental problems including karst
desertification [15,16].

Ecosystem services are widely described as the benefits that people obtain from natural
ecological processes [17,18]. Ecosystem services are classified by the MA as provision, sup-
port, and regulation, as well as cultural services. The products obtained from ecosystems
are called provision services. The benefits derived from the regulation of ecosystem pro-
cesses are called stewardship services. Cultural services refer to the nonmaterial benefits,
usually spiritual enrichment, intellectual abilities, perception, entertainment, and aesthetic
enjoyment, gained from ecosystems. Support services comprise those processes necessary
to support the above services, such as the production of oxygen in the atmosphere, soil
structure, and soil retainment [19]. However, one of the most debatable facets of ecosystem
services is the question of the valuation of services [20].

Agroforestry is the deliberate integration of shrubs and trees into crop and animal
farming systems, which can strengthen agricultural output and provide ecosystem ser-
vices [21–26]. In ancient Mayan cultures, agroforestry was used for crop output and forest
management in environmentally sensitive karst areas [27] and continues to play a role in
numerous places of the agrarian systems. After years of government benefits, it can be
seen that the development of agroforestry in karst areas of southwest China, focused on
the Guizhou Plateau, has not merely optimized the ecological benefits of both agroforestry
and ground and water conservation efforts [28], but has also controlled the effects of soil
erosion, improved the productivity of karst desertified karst land, and protected soil animal
diversity [29,30]. Since the current research on agroforestry ecosystem services in karst
areas has not been able to uncover the internal development mechanisms, the agroforestry
ecosystem services explored are relatively isolated (as can be seen in soil and water preser-
vation, production application, and land degradation restoration, etc.), and often lag behind
regional studies. The improvement of ecosystem services has even become a constraint on
the coordinated development of human-land relations [31]. There are few studies on the
value realization of agroforestry eco-industries and eco-products. Therefore, by studying
the research progress on the worth achievement of the eco-industry and eco-products, the
development of these karst agroforestry factors can be promoted.

For the first time, “eco-product” was proposed in China, and the eco-products were
primary products in the ecosystem, such as leaves, twigs, etc. [32]. At present, there is no
common agreement on the definition. Scholars have interpreted the concept of eco-products
from different perspectives. There are three main understandings of what an eco-product
is. The first perspective relates eco-products to ecosystem services, since they are healthy
natural ecosystems that benefit people [33,34]. The second view considers the co-products
of man and nature to be eco-products [35]. The third view posits that eco-products can also
be described by other names, such as eco-labeled goods, green-labeled goods, eco-design
products, eco-friendly products, and non-polluting products [36]. Some scholars considered
eco-products to be ecosystem services, arguing that agroforestry products are associated
with human beings providing ecosystem provision services [37]. In summary, scholars
have yet to reach an agreement regarding the concept and categorization of eco-products.
Moreover, the worth of eco-products is difficult to account for and there is little in-depth
discussion on the topic. Therefore, this paper presents key scientific issues that can help in
advancing the study of the realization of eco-product value.
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The eco-industry is an emerging industry that follows the precepts of industrial ecol-
ogy as well as circular economy, is predicated on ecosystem carrying capacity, and collabo-
rates with natural, economic, technological, social, environmental, and other systems [38].
In karst areas, due to their special geographical environment, to achieve environmental
enhancement and economic growth, the derivative industries of karst desertification con-
trol must be put in place first and must be organically integrated along with agricultural
economic development [39]. It can be seen that eco-industries in the field of karst ecological
restoration can contribute to regional economic progress by clarifying the link between
the realization of the value of eco-products and eco-industries, which can further have an
illuminating effect on the development of the agroforestry industry.

Research on eco-industries and eco-product values in karst regions has been ongoing
for the past 40 years. This report investigates that research and reviews its major devel-
opments and major accomplishments in four areas, namely, the ecosystem service supply,
value accounting, value realization and eco-industry, and recommends key scientific and
technological issues. It can not only offer a scientific basis for the study of agroforestry
ecosystem services in karst regions, but can also maintain the integrity and sustainability
of the ecosystem, and ultimately lead to the coexistence of humans and environment.

2. Materials and Methods

To locate relevant studies, a search was conducted using the databases Web of Science
(WOS) (https://www.webofscience.com, accessed on 30 June 2022) and China National
Knowledge Infrastructure (CNKI) (https://www.cnki.net, accessed on 30 June 2022). This
study used the following search terms: “Eco-industry” and “eco-product” together and
“eco-industry”, “ecosystem services”, “eco-product”, and “value realization”, as well as
“ecosystem services” in combination with “value realization”. The removal of irrelevant
papers was performed via artificial selection. The search had a 30 June 2022 deadline.
The search retrieved 520 relevant Chinese and English language studies, of which 158
were in English, including 127 theses, 27 review papers, 3 proceeding papers, and 1 study
that was published online; however, there were no editorials or book chapters. In the
English-language journals, 78 articles were written by Chinese scholars. Of the remaining
362 articles from Chinese periodicals, 208 were from core Chinese journals, 64 were Master’s
theses, 13 were Doctoral dissertations, 16 were conferences papers, 58 were articles from
newspapers, 1 was a book, and 2 were achievements. No yearbooks, patents or standards
were found. The procedure for the literature screening and search is depicted in Figure 1.

We ultimately obtained 362 Chinese publications and 158 English articles after dedu-
plication. The top 10 contributors with numerous papers on the topic were Yihong Zhou
(7 papers), Xiahui Wang (5 papers), Leshan Jin (5 papers), Xiaolong Gao (5 papers), Linbo
Zhang (4 papers), Shuilin Qiu (4 papers), Huiyi Yu (4 papers), Jinnan Wang (3 papers),
Zhiyun Ouyang (3 papers), and Bowen Sun (3 papers). Regardless of the author’s place-
ment within the study, all authors were taken into account when determining the number
of research papers by each author.

3
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Figure 1. The research process illustrated from the initial search to the thorough screening using the
study’s systematic mapping process (identification, screening, qualification, and inclusion). Database
searches were used to find documents during the identification stage. Then, the papers that had
been selected underwent the screening and eligibility phases for ecosystem service supply, value
accounting, value realization, and eco-industry (by title, keywords, abstract, and full text articles).
Ultimately, the study included articles that satisfied the eligibility requirements.

3. Results

3.1. Annual Distribution of Articles

There are roughly three stages regarding research on the realization of eco-product
value and the eco-industry both domestically and abroad (Figure 2). In the first stage
(1985–2009), there were only about 55 total studies and not many articles published
yearly—the topic was still in its early phases. In the second stage (2010–2020), there
were some significant fluctuations in the number of articles; however, it was still in a stage
of slow growth—only 101 articles were published during that period. In the third stage
(2021–30 June 2022), there was a trend was toward rapid growth, and there were currently
many articles published during this period.

3.2. Content Distribution of Documents

Of the studied categories, ecosystem service supply papers comprise 8.46% of the
total number, value accounting comprise 10.58%, value realization comprise 37.88%, eco-
industry comprise 30.38%, and other categories comprise 12.69% of the total papers pub-
lished (Figure 3). The ratios of these articles show that eco-products are worth attaining
and the state of eco-industries is improving. However, current research in this area still fo-
cuses on how eco-product value is realized, and how the eco-industry is established, while
ecosystem service supply and value accounting is still in the exploratory and development
stages.

3.3. Distribution of Study Areas of Literature

The development of eco-products is unbalanced due to the variations in regional
natural, economic, and social conditions and exhibits powerful regional characteristics
(Figure 4). As the graph illustrates, the areas under research are primarily in coastal
countries in Asia, Europe, North America, and Australia. However, the majority of these are
in China. Asian studies account for 85.96% of publications, which is related to government
policy assistance, research group focus, and possibly the use of CNKI databases. Relevant
articles in Asia have been primarily published in China in Asia. Global problems including

4
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rapid population growth, food insecurity, resource shortages, and ecological pollution, have
necessitated that eco-products and sustainable development must be significant aspects of
the 21st century society. As a result, publications that emphasize the value of eco-product
realization and the overall advantages of eco-industries have gradually expanded. Relevant
European studies account for 7.12% and North America accounts for 4.04%, which is more
advanced than the research output of other continents. As a result, numerous European
nations and research institutes have begun to pay attention to eco-product worth realization
and eco-industries, and thus the number of publications is increasing steadily.

 
Figure 2. The pattern in the yearly distribution of the study of the realization of eco-product value
and the eco-industry.

Figure 3. The literature classified by ecosystem service supply, value accounting, value realization,
eco-industry, etc.

5
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Figure 4. The breakdown of the institutions and nations described in the study (due to space
limitations, only countries with more than two publications are marked). The number of publications
is indicated by the bottom digits and bands of different colors; the greener the color, the more
publications are cited.

3.4. Institution Distribution of the Literature

The distribution of eco-industry-related organizations and eco-product value real-
ization was interpreted and analyzed. This paper utilizes the employer institution of the
primary authors of the available literature as units, since there are multiple institutions
with relevant publications and only a limited amount of graph space. Only those units
with more than four published papers were considered in the selected Chinese literature
and only institutions with one paper in foreign studies, totaling 10 units (Figure 5). The top
Chinese institutions (Figure 5a) in terms of the number of studies comprise the Research
Center for Eco-Environmental Sciences, the Chinese Academy of Sciences (10), the Beijing
Forestry University (10), the Beijing Normal University (9), the Environmental Planning
Institute of the Ministry of Ecology and Environment (8), the China University Of Geo-
sciences and China Agricultural University and Finance and Economics University Of
Lanzhou (7), and the Zhejiang University and Guizhou Normal University (5). The top
English-language institutions that have published two relevant articles include Aarhus
University, the National Technical University of Athens, Bangor University, the Swedish
University of Agricultural Sciences, and the University of Helsinki (Figure 5b). Among
all research units, there are more domestic than foreign research units. Almost all of the
top research units are agricultural and forestry institutions of higher education, which are
located in both forested and highly developed regions.
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(a) (b) 

Figure 5. (a) Ranking of Chinese institutions in terms of the number of articles published; (b) ranking
of foreign institutions in terms of the number of articles issued.

3.5. Research Stages

According to the literature’s annual allocation chart, in 1985, the first studies on eco-
product worth achievement and eco-industries were conducted, thus giving the field an
approximately 40-year history. Three stages of research have been identified regarding the
value of eco-products and eco-industries, namely, the beginning stage, the sluggish growth
stage, and the rapid growth stage (Table 1), which is in line with the research background
and main features of this period.

Table 1. Division of the stages of the research.

Research Stage Main Characteristics Background

Beginning stage (1985–2009)
Concepts and theories are discussed, and

there are few practical studies on the
realization of eco-product value.

The publication of the “Preliminary
Account on Ecological Products” [40].

Sluggish growth stage (2010–2020)

Most of the retrieved content focuses on
the eco-product supply capacity and the
framework of eco-industries, and most of
these are descriptive theoretical research

and practical experience summaries.

The “National Main Function Area
Planning (Guo Fa (2010) No. 46)” was

published in 2010.

Rapid growth stage (2021–30 June 2022)

The realization paths, mechanisms, and
modes of eco-product value are the focus
of current research. Quantitative research

and exploration of gross ecosystem
product (GEP) and eco-product value
accounting are beginning to appear.

In 2021, the General Office of the Central
Committee of the Communist Party of

China and the General Office of the State
Council issued the “Opinions on

Establishing and Improving the Value
Realization Mechanism of Eco-product”,
which proposed the establishment and
improvement of the value realization

mechanism of eco-products.

4. Research Progress and Landmark Results

4.1. Ecosystem Service Supply
4.1.1. To Study the Environmental Costs and Advantages of Ecosystem Service Supply
Capacity, the Environment’s Mechanism Should Be Understood

The capacity of the ecosystem to provide services is closely connected to the envi-
ronment. In the karst environment, the energy conversion pathway of the ecosystem is
fragile and sensitive. For instance, once a forest is destroyed, the material and energy
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exchange of the ecosystem will be temporarily interrupted, and the ecological balance will
be abruptly changed. If the forest is destroyed, the exchange of materials and energy in
the ecosystem will be temporarily disrupted, and the ecological balance will be abruptly
changed, even to the extent that the ecological environment may not be conducive to
human survival [11]. This shows that the ecological environment has a certain influence on
eco-product supply capacity. Due to the variability of each active component’s demand
for various nutrients in the soil, some scholars analyzed the nutrient demand of Lonicera
japonica Thunb. and showed that different components of honeysuckle showed different
accumulation and change patterns in different grades of stone desertification [41], further
illustrating the impact of different grades of rock desertification on eco-products. Broadly
increased crop yields, reduced soil erosion, the preservation of biodiversity, improved soil
fertility, carbon sequestration, and lower greenhouse gas emissions are only a few of the
many advantages of agroforestry systems [42–44]. Additionally, some researchers have
demonstrated that vineyards can offer a variety of ecosystem services, including weed
and pest control, water supply and purification, field accessibility, soil species diversity,
carbon sequestration, poverty alleviation, and the reduction in land degradation [45–48].
Therefore, the karst agroforestry ecosystem services are closely related to the surrounding
environment. Government initiatives to enhance environmental protection will help in in-
creasing the provision of agroforestry ecosystem services in karst zones. Various enterprise
departments should also strengthen their awareness regarding environmental protection.
This will help in maintaining the ecosystem service role and ensuring the supply capacity
at the source.

4.1.2. Study of the Crop Composition and Configuration Relationship of Ecosystem
Services to Develop a Theoretical Foundation for Their Supply Capacity

On the issue of eco-product supply capacity and enhancement, some scholars sum-
marized the research content as mainly involving two aspects of ecosystem services and
public goods supply capacity in foreign countries [49]. Ecosystem service supply refers
to the services produced by the regional ecosystem over a specific time frame [50]. Some
characteristics, such as those pertaining to the growth form, composition, and configuration
of woody plants and crops [51] affect the system function and ecosystem service supply.
Numerous studies have demonstrated that preserving ecosystem stability can help in
boosting biodiversity [52,53]. Therefore, to advance the study of agroforestry ecosystems,
discussions on the existence of a link between ecosystem structure and stability are nec-
essary [54]. In summary, it is important to explore an agroforestry model in karst areas
that can protect the environment and reap economic benefits at the same time. Scholars
have also continued to explore the composition and configuration of different agroforestry
methods. Table 2 summarizes the characteristics of different agroforestry patterns in karst
areas.

In addition, humans can protect the ecosystem through social means to improve
supply capacity [50]. The supply of public eco-products mainly concerns how to combine
market mechanisms to improve supply capacity [55]. Chinese scholars have elucidated
the supply capacity of eco-product from various aspects. For example, Li and Rong used
the PPP model to strengthen the eco-product supply capacity in a new way. The PPP
(Public–Private Partnership) model is a public–private partnership. The PPP model is a
means for government departments and the private sector to entrust enterprises or other
social organizations with the building of public facilities or the provision of public services
to the public through the signing of long-term agreements. By appropriately cooperating
with producers, the government can further promote the adoption of ecological production
methods in the industry, compensate for the effects of the long production cycle and
slow cost recovery in the industry, encourage and stabilize the development of industrial
production, and increase the production of eco-products in a broader context [56].
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Table 2. The characteristics of different agroforestry patterns in karst areas.

Agroforestry Pattern Scalable Pattern Feature Distribution Source

Rosa rugosa Thunb. + Glycine
max (Linn.) Merr., Rosa rugosa
Thunb. + Malus pumila Mill. +
Glycine max (Linn.) Merr., Rosa

rugosa Thunb. + Zea mays L.

Rosa rugosa Thunb. +
Glycine max (Linn.) Merr.

The Rosa rugosa Thunb. +
Glycine max (Linn.) Merr. mode

was beneficial for the
improvement of soil

mite diversity.

China Yang et al., 2021 [57]

Forest Chinese herbal
medicine, Forest + Grain,

Forest + Grass

Forest Chinese
herbal medicine

The agroforestry of forest
Chinese herbal medicine
appeared to provide the
greatest impact on soil

infiltration, followed by
forest + grass.

China He et al., 2020 [58]

Zea mays L. Pattern, Malus
pumila Mill. Pattern, Malus
pumila Mill. + Glycine max

(Linn.) Merr. Pattern, Pyrus
spp. Pattern, Pyrus spp.

+ Cucurbita moschata Duch.
Pattern, Punica granatum L.
Pattern, Punica granatum L.

+ Grass + Sheep Pattern (PGSP)

Malus pumila Mill. Pattern,
Pyrus spp. Pattern, Punica

granatum L. + Grass +
Sheep Pattern (PGSP)

The multilevel agroforestry
growing and boosting

methods used in PGSP were
able to optimize the
interaction between

tree–grass–sheep, and enhance
both the environmental and

financial benefits.

China Zou et al., 2019 [59]

Forest + Lanxangia tsao-ko
(Crevost and Lemarié)

M.F.Newman and Škorničk.,
Artificial forest + Lanxangia
tsao-ko (Crevost and Lemarié)
M.F.Newman and Škorničk.,

Zea mays L. + Lanxangia tsao-ko
(Crevost and Lemarié)

M.F.Newman and Škorničk.

Forest + Lanxangia tsao-ko
(Crevost and Lemarié)

M.F.Newman and Škorničk.

Of these three types of
agroforestry system, the most
productive model was forest +
Lanxangia tsao-ko (Crevost and

Lemarié) M.F.Newman and
Škorničk., the production of

which was remarkably greater
than the other systems

(p < 0.05).

China Jin et al., 2016 [60]

Shellac + Zea mays L. Shellac + Zea mays L.

The Shellac + Zea mays L.
agroforest ecosystem had

positive effects on the
protection of

ground-dwelling ants.

China Lu et al., 2016 [61]

Hornbeam + Oak + Beech Hornbeam + Oak + Beech
The overall stock of soil
organic carbon is high,

regardless of land use history.
Slovakia Ahmed et al., 2012 [62]

Alstonia scholaris (L.) R. Br.
+ Camellia sinensis, Alstonia
scholaris (L.) R. Br. + Coffee

Alstonia scholaris (L.) R. Br.
+ Camellia sinensis

In terms of total biomass per
plant, the Alstonia scholaris (L.)
R. Br. + Camellia sinensis model

is slightly better than the
Alstonia scholaris (L.) R. Br.

+ coffee model.

China Liu et al., 2008 [63]

Eucommia ulmoides +
Atractylodes macrocephala Koidz.,

Eucommia ulmoides
+ Perilla frutescens, Eucommia

ulmoides +
Capsicum annuum L.

Eucommia ulmoides +
Atractylodes

macrocephala Koidz.

In economic output, the order
is: Eucommia ulmoides +

Atractylodes macrocephala
Koidz.’s model > Eucommia

ulmoides + Capsicum annuum
L.’s model > Eucommia

ulmoides + Perilla
frutescens’s model.

China An et al., 2001 [64]

4.1.3. From the Potential Supply Capacity and Actual Supply Capacity of Ecosystem
Services, We Designed and Built the Ecological Connection Chain of Eco-Industries, and
Thus Consolidated the Theoretical Foundation for Ecosystem Services Supply Capacity

Supply is split into potential supply and actual supply based on the ecosystem carrying
capacity and the extent of the human use of ecosystem services. Of the two, potential supply
is the capacity of ecosystems to deliver services over time in a sustainable way, and actual
supply is the product or ecological process that is consumed or used by people [65]. Some
scholars pointed out that water filtered from the karst topography areas (service supply unit)
is provided as drinking water to the residents of the cities (service use unit) through long-
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distance underground transport (service connection area) [66]. It can be seen that increasing
the supply capacity of karst regions can further boost the availability of eco-products in
these regions. The potential supply capacity of eco-products is related to the economy; for
instance, the availability of eco-products from the forest depends on its ability to continue
growing sustainably. Farmers will often turn to illegal practices or stop producing forest
eco-products if government subsidies to landowners are provided at only a very low
level. Therefore, providing farmers with adequate and timely compensation is an efficient
incentive to increase their motivation to supply forest eco-products [67]. However, the
supply of eco-products is often insufficient. The main reasons are the complete value return
and intergenerational value return [68], the lack of quality standards for eco-products [69],
the government supply model, and the lack of cooperation between governments [70,71]
and other reasons.

The development of eco-industries is closely related to the supply of eco-products.
According to research from certain foreign academics, storage time has the greatest im-
pact on fruit quality, followed by output, storage temperature, humidity, and harvesting
time [72]. Other scholars have shown that respiration and transpiration processes are the
primary causes of post-harvest plant loss and poor quality [73]. Therefore, to keep the fruit
fresh and promote the development of industry, the best solution is to shorten the travel
time between the production areas and the demand areas. Moreover, processing plants can
be set up near the origin of the eco-product in question, in order that the products can be
directly purchased by manufacturers and processed into various types of food. On the one
hand, this can promote the employment of farmers in karst areas and, on the other hand, it
can promote the development of the local industrial chain.

4.2. Value Accounting
4.2.1. From the Perspective of Accounting Methods, Value Accounting and Evaluation of
Eco-Product Area Provide a Good Theoretical Basis

It is challenging to evaluate eco-product value accurately. In 2013, the concept of gross
ecosystem product (GEP) was first proposed by Ouyang et al., which was defined as “the
final product that the ecosystem can provide for human life and social development and the
sum of service value”, and the corresponding theoretical basis, accounting framework, and
accounting method of GEP were proposed [74], which have been subsequently researched
and applied by scholars and used for practical applications by governments at all levels. To
date, many provinces [75–78] and regions have carried out GEP accounting. However, the
improvement of the market mechanism is related to the transaction price. Therefore, fully
calculating the eco-product supply is the key to the good marketization of an eco-product.
Currently, there are three main ways to implement eco-product value accounting: (a) The
functional price method [77]; (b) the equivalent factor method [79]; and (c) the ecological
element method (based on the energy method) [80,81]. Based on the research results of
Costanza, Xie et al. proposed the equivalent factor method [79].

Along with value-based approaches to financial assessment [82–84], in recent years,
scholars have concentrated on quantitative assessment methods for spatial mapping and
ecological modeling, in addition to value-based economic assessment methods. For in-
stance, the AFES assessment tool, which was created using an empirical methodology,
evaluates regulatory services [85]. The identification and mapping of cultural ecosystem
services have been performed primarily using data from preference surveys and social
value models of ecosystem services [86]. However, the majority of ecosystem services are
not only undervalued, but also excluded from routine decision making. The sustainable
use of ecosystem services and the alleviation of poverty both strongly depend on the
value of ecosystem goods and services. Furthermore, people can indeed utilize the value
of ecosystem services, assisting in the global integration of natural resources into daily
decision-making processes [87]. Therefore, a full accounting of the value of agroforestry
eco-products in karst regions can contribute to better decision-making and management.
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4.2.2. From the Perspective of the Accounting Index System, Scholars Have Extensively
Explored the Index System to Reasonably Calculate and Evaluate the Eco-Product Values

Provinces and regions across the country tend to build eco-product value accounting
index systems. For example, in recent years, Zhang and Zou have established a GEP
accounting index system that conforms to the features and main functions of the Yarlung
Zangbo river basin based on reviewing the research progress of GEP accounting [88]. Liang
et al. used the Pearl River Delta region as the research area and used the green GDP account-
ing theory to carry out the calculation of the gross economic and ecological production
(GEEP), which showed that the effectiveness, as well as the quality of economic growth,
in the Pearl River Delta region, continued to improve and that the regional economic
environment displayed a trend toward coordinated development [89]. In addition, after the
establishment of the indicator system, some scholars tend to study the policy formulation
related to the value accounting of eco-products. For example, the paper by Yu et al., who,
from the perspectives of standardization of ecological value accounting methods, parame-
ter localization, the application of policy decision making, and eco-product transactions,
put forward suggestions for promoting the transformation of Chinese ecological value
accounting from academic research to practical management [90]. In karst regions, the
value accounting system of agroforestry eco-products has not yet been developed, and
should be further developed in the future.

4.3. Value Realization
4.3.1. The Analysis of Eco-Compensation Lays a Theoretical Foundation for Eco-Product
Value Realization

Eco-compensation is an important form of eco-product value realization. International
research on eco-compensation began in the 1970s, and while there were earlier related
practices, these practices were not marked as eco-compensation. Terms related to ecological
compensation are used internationally including payment for ecosystem services, com-
pensation for ecosystem services, the market for environmental services, etc. Of these,
“payment for ecosystem services” (PES for short) is widely used, reflecting the fact that
countries have begun to achieve the valuation of ecosystem services and incorporate them
into their economic decision-making processes [91]. PES is specifically defined as “resource
transfers between social actors to establish incentives to harmonize individual and/or coop-
erative land utilization choices with social interests in natural resource management” [92].
Its primary aim is to obtain a consistent supply of ecosystem services [93]. However,
since the social benefits of ecosystem services are intricate and varied, it is impossible to
determine when payment is appropriate [94].

We focus especially on the interactions between institutional and ecological problems,
which are currently underrepresented in the PES literature [94]. However, a number of
scholars are studying it. For example, according to the spatial scale of benefit, the value
realization of global eco-product should be transferred from the ecological beneficiaries to
the eco-protectors, such as the eco-compensation of the German-Czech Elbe river basin and
the eco-compensation of the US-Canadian Columbia river basin, etc.; the value realization
of national eco-product should be transferred from the central to the local. For example,
transfer payments for key ecological function areas and the project of returning farmland to
forestland and grassland in China, the fallow land protection program in the United States
and the protection program for environmentally sensitive areas in the United Kingdom.
Moreover, the realization of the value of territorial eco-products should establish a horizon-
tal transfer payment system between ecological protection areas and beneficiary areas, such
as horizontal ecological compensation upstream and downstream of watersheds in China,
the interstate fiscal balance fund in Germany, and the equalization transfer payment system
in Australia [95]. However, in karst areas, ecological compensation systems for agroforestry
eco-products are less common and research could be strengthened in the future.
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4.3.2. The Analysis of the Mode of Eco-Product Value Realization Provides a Practical Basis
for the Diversification of Eco-Products’ Worth Achievement Patterns

Promoting the realization of the value of eco-products is conducive to economic
development. The existing research on this topic mainly focuses on the analysis of value
realization models and specific cases [96]. At present, international and domestic studies
are different, and scholars have analyzed the model of eco-product value realization
from different angles. From the perspective of the leading initiator, eco-product value
realization models can be categorized as government-led models, market-led models,
social-led models, etc. The government-led model is still the main model for eco-product
value realization under the current national conditions [95]. Wang et al. analyzed the value
realization mode of eco-product from three perspectives: Material products, cultural service
products, and regulatory services and goods. First, by relying on rich ecological resources
and environmental quality, people can promote ecological material supply products’ value
realization. Second, by developing ecological tourism and cultural industry features, people
can deepen the cultural service class eco-product value realization. Finally, by exploring
resource rights transfer and ecological compensation, they can promote the ecological
regulating service of product value realization [97]. Liu asserts that there are three main
approaches to appraising the worth of eco-products. These are the basic development
type, the extended development type, and the supportive development type. On this
basis, they can be further subdivided into seven specific models: Industrial ecological type,
eco-industry type, property rights transaction type, eco-premium type, eco-compensation
type, eco-initiative type, and green finance type [98]. In karst areas, different models for
realizing the value of agroforestry eco-products should be explored under different grades
of karst desertification and the best model should be identified.

4.4. Eco-Industry

The eco-industrial chain is the fundamental unit of an eco-industrial system [99],
which improves the utilization of industrial resources by imitating the use of materials
and power in a natural ecosystem [100]. The eco-chain structure pattern is comprised
of four connections associated with the input viewpoint of eco-products: Eco-product
chains, derivative chains, product requirement markets, and assisting industry chains [101].
Regarding the unique characteristics of eco-products, some scholars put forward a feasible
eco-industry chain in this region. For example, Su et al. believed that the agricultural
industry chain is able to systematically reduce negative services and convert certain by-
products or waste types in the industry chain into inputs for another production process,
thereby effectively reducing purchasing inputs and increasing the output of other associated
products, such as fish or duck meat, etc., which increases the economic benefits of rice fields
from 132% to 135% [102]. In some protected areas, according to the uniqueness of different
eco-products, constructing corresponding eco-industry chains can better promote local
economic development. For example, Wei and Zhao based on the analysis of the product
background and the industrial uniqueness of the industrial development of nature reserves
and through the construction and analysis of the eco-industry chain system model of
nature reserves, attempted to solve the difficulty of supplying eco-products and protecting
the nature reserve market. Effective development ideas are provided by the balanced,
environmental sustainability of nature reserves [101].

In certain karst areas with a special geographical environment, combined with the
surrounding environment, according to the characteristics of different eco-products, are
suitable eco-industries models that can be developed to upgrade the growth of the eco-
industry chain in the region. In the low-yielding rice paddies in the karst mountains of
Guangxi, for instance, the experiment and demonstration of the “rice (Oryza sativa L.) +
sugarcane (Saccharum officinarum L.) + fish + mushroom (Agaricus campestris) + vegetable”
mixed ecological agriculture model revealed that it was 8.4 times greater than in the
comparison group (planting only two times the amount of the cropping rice) and the net
earnings were 10.1 times more, which developed local economic and ecological benefits
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under this model [103]. On arable land at a slope of about 15 degrees in Bijie, Guizhou
Province, a comparative technology demonstration trial of a potato (Solanum tuberosum L.)
and maize (Zea mays L.) cross-slope cluster monopoly and potato (Solanum tuberosum L.)
and maize (Zea mays L.) down-slope cluster monopoly was conducted. According to the
findings, the potato (Solanum tuberosum L.) yield increased by 10.94%, maize (Zea mays L.)
yield grew by 8.29%, compound yield increased by 10.17%, and compound production
value improved by 9.36% when compared to the potato (Solanum tuberosum L.) and maize
(Zea mays L.) down-slope cluster planting treatment [104]. Researchers have demonstrated
that industrial restructuring, which boosted the percentage of industry and services while
decreasing the proportion of agriculture, also served to save soil [105]. Therefore, in the
special karst environment, the region can choose to implement a developable agroforestry
eco-product chain based on the features of the agroforestry eco-products.

The agroforestry ecosystem services provide the basis for the revitalization of agro-
forestry [31]. There is a growing demand for the growth of ecological mountain agriculture
based on agroforestry in karst areas [106,107], which has gained the support and adoption
of many scholars in succession [108,109]. However, the current agroforestry industry is
characterized by a homogeneous stand structure, interspecies relationships, and a discon-
nect between industries and other problems [110–112]. The characteristics of agroforestry
should be taken advantage of, such as its high efficiency, the capacity of intrinsically pow-
ered eco-products, and the ecological transformation of externally powered industries that
can be used to promote eco-industrialization, environmental perception enhancement, and
a higher demand for eco-products [113]. It is a comprehensive approach to optimizing and
upgrading the various resources and crop groupings within the agroforestry ecosystem
services, in order to achieve a multi-level and efficient use of energy and material cycles.
The possibility of boosting the local economy and advancing the evolution of agroforestry
ecosystem services in karst areas is presented by raising the worth of agroforestry ecosystem
services.

5. Key Scientific Issues to Be Addressed

5.1. Creating a Framework for Calculating the Value of Agroforestry Ecosystem Services

The agroforestry ecosystem structure not only improves the ecological environment,
but also increases its durability and restoration power since the rotation of crops in the spe-
cific structure minimizes pest problems, lessens contests and sickness, and boosts the soil’s
fertility and crop yield [114]. At present, the karst desertification agroforestry governance
model with comprehensive soil and water improvement as its core has developed into agro-
forestry ecological governance derivative industries, such as forest-fruit, forest-medicine,
and forest-grass. One of its positive aspects resolves the paradox between humanity and
the land by playing a win-win role in time and place for ecological, social, and economic
benefits [115,116]. However, agroforestry’s contribution to the development of the eco-
industry is based on the ecosystem services it offers. Therefore, clarifying the systems
to realize the worth of agroforestry ecosystem services can better improve the economic
development of karst areas and can also play a certain demonstration role. Many aca-
demics use the gross ecosystem product (GEP) to assess the value of eco-products directly,
including items from agriculture, forestry, livestock, and fishing [117,118]. GEP indicators
may be inflated and overlap with those for eco-products and traditional goods [113]. Since
the realization of agroforestry ecosystem service value is an extremely complex process,
various theories and viewpoints on agroforestry ecosystem service value accounting are
constantly being debated and no one viewpoint dominates. Therefore, the discussion on
the agroforestry ecosystem service value accounting of agroforestry is still a relatively large
scientific question for the future.

5.2. In-Depth Study of Ecological Compensation Mechanisms for Agroforestry Ecosystem Services

China has investigated several ecological compensation models, primarily the compen-
sation scheme for financial transfers from the government, the environmental resource tax
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and compensation system, the ecological resource producer payment compensation model,
and the ecological damage compensation model [119]. For ecological compensation, the
regional ecological compensation objects need to be determined and a regional ecological
compensation framework must be built. In karst regions, agroforestry ecosystem services
lack the establishment of a system of ecological compensation. The implementation of the
compensation objects should be strengthened, and the framework should be used to make
reasonable compensation, in order that it offers a certain theoretical foundation for the
ecological compensation mechanism of agroforestry ecosystem services in karst ecological
restoration.

5.3. Exploring the Pathways, Mechanisms, and Models for Realizing the Value of the
Agroforestry Eco-Products

In regard to the existing research, due to the diversity and complexity of agroforestry
ecosystem services, the current research focus is mainly on the worth realization mech-
anism of agroforestry ecosystem services; however, few scholars emphasize the worth
realization of karst agroforestry ecosystem services. Appropriate agroforestry ecological
services should be rationally designed for the environment, and the market’s crucial role
in determining how to distribute agroforestry ecosystem services should be activated. At
present, agroforestry ecosystem services in karst areas have a selective preference under
the guidance of human values, and they focus a large amount of attention on regulating
services while ignoring the importance of supply services and cultural services [31]. Focus-
ing on the effectiveness and level of karst ecological restoration, we can focus on research
on the supply services and cultural services of agroforestry ecosystem services. This can be
achieved by comparing the varieties of agroforestry ecosystem services in different areas
and exploring the worth realization paths, mechanisms, and modes of karst agroforestry
ecosystem services through questionnaires, farmer interviews, etc.

5.4. In-Depth Study of the Formation Mechanisms of the Eco-Industry

Industrial colocalization, as well as ecological industrialization, are both theoretical
and policy-based issues, and they have not yet been completely “solved”. In-depth re-
search is also needed in theory, especially the dynamic, incentive, restraint, price, and
investment mechanisms, as well as industrial regulation, industrial organization, market
organization, and market regulation theories [120]. In addition, the coupling connection
between ecological governance and industrial growth in ecologically fragile regions should
be researched and a coupling collaboration extent prototype between ecological gover-
nance, as well as sourced ecological businesses in ecologically fragile places should be
formed. The goal of these studies and models is to assist in methodically comprehending
and properly assessing the coordination condition of environmental governance and the
industrial economy in ecologically vulnerable places [121]. In the future, to explore the
coupling relationship between karst agroforestry ecosystem services and eco-industries and
the formation mechanism of the industry, research theory should be improved, contributing
to the sustainable and coordinated development of agroforestry products and agroforestry
industries in karst areas. Therefore, the best agroforestry models should be studied in karst
ecological restoration areas to promote local development. Figure 6 depicts the ecological
processes, by which different agroforestries form eco-industries.

5.5. Strengthen the Supply Ability of Agroforestry Ecosystem Services

Agroforestry ecosystem services are tangible products, as well as services provided
by agroforestry ecosystems, that satiate the needs of both individuals and the environ-
ment through the synergistic impacts of biological and human production [122]. This
demonstrates that the highlight of boosting the supply ability of agroforestry ecosystem
services is regulating the productive agents of ecosystem services [123,124]. The market is
significantly impacted by the agroforestry ecosystem services supply capacity. Agroforestry
ecosystem services with a strong supply capacity and strong market demand will have

14



Forests 2023, 14, 448

better development and are generally able to form a certain scale of eco-industries, which
will promote local development. In the future, on the basis of previous research, we will
investigate and evaluate how to increase the supply of agroforestry ecosystem services,
in order to provide more information for the achievement of the worth of agroforestry
ecosystem services and the formation of eco-industries. Good products can help the local
economy grow as well as help karst agroforestry ecosystem services and evaluation systems
to flourish.

Figure 6. Ecological processes in the formation of eco-industries in different agroforestries.

5.6. In-Depth Study of the Property Rights System of Agroforestry Ecosystem Services

Under normal circumstances, the ecosystem’s material supply function, which in-
cludes the provision of water resources, agricultural products, forest products, energy
resources, etc., can be traded directly on the market. Cultural services, such as ecotourism
and natural landscapes, can also be attached to related eco-industries, transforming them
into clear property rights [97]. Therefore, the property rights of ecological material products
and cultural service products are more clear than ecological regulation products. According
to Zhou et al., there are currently several issues, such as unclear agroforestry ecosystem
services property rights, a lack of an adequate system for accounting for the value of
agroforestry ecosystem services, and limitations on the growth of the mechanism for re-
alizing the worth of agroforestry ecosystem services. By enhancing the property rights
system for natural resources and agroforestry ecosystem services, financial investment and
ecological compensation mechanisms, market systems and price mechanisms, steps should
be taken to establish a production product accounting mechanism and a financial support
mechanism [125]. Therefore, the property rights of agroforestry ecosystem services in karst
areas are clear, which is helpful for the growth of eco-industries and the comprehension of
the value of karst agroforestry ecosystem services.

6. Conclusions

6.1. Conclusions

Studies in karst areas have been primarily concentrated in Asia, Europe, and North
America, with the majority being dispersed in karst regions in China with a vulnerable
ecological environment as well as eco-product worth accomplishment areas. The present
value realization of eco-products and the eco-industries are still lacking a fully developed
theoretical system, according to the research literature currently available. There is a need
for more in-depth and expanded theoretical research. This study’s findings are presented as
follows: (1) The ecosystem services supply capacity mainly focuses on the research on the
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environment where ecosystem services are located, the interaction of supply and demand,
potential supply and actual supply capacity, and the findings of the low supply capacity
of ecosystem services. (2) Ecosystem services value accounting and evaluation are mainly
studied from two perspectives: The accounting method and the accounting system. At
present, the agroforestry ecosystem services accounting method has not been unified. In
the future, we might further deepen our research on ecosystem services value accounting
and establish a unified scientific and reasonable agroforestry ecosystem services accounting
research framework. (3) The main topics of this study comprise the paths, mechanisms,
and models, among which eco-compensation is an important way for eco-product value
realization. (4) The goal of eco-industry is to find suitable eco-industry models that will
encourage the growth of the regional eco-industry chain.

6.2. Enlightenment

This paper outlines the six major scientific and technological issues that should be
resolved, in order to determine the future direction of karst agroforestry ecosystem ser-
vices. The following factors can be used to determine the future of agroforestry ecosystem
services: (1) Accounting approaches and system standards for the value of agroforestry
ecosystem services; (2) the in-depth study of ecological compensation mechanisms for
agroforestry ecosystem services; (3) paths, mechanisms, and models for realizing the value
of the agroforestry eco-products; (4) the formation mechanism of eco-industries; (5) the
strengthening of the supply ability of agroforestry ecosystem services; (6) the in-depth
study of the property rights system of agroforestry ecosystem services. These areas, which
are rich in agroforestry ecosystem services and require a better accounting system for the
regulation of agroforestry ecosystem services, are particularly suited as future research
topics.
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Abstract: Understanding the multi-scale and multi-factor driving mechanisms of ecosystem ser-
vices (ES) change is crucial for combating the severe degradation of the ecosystem. We reviewed
408 publications on ecosystem structure, biodiversity, and plant functional traits related to ES in forest
ecosystems. Strategies were proposed and key scientific issues were pointed out to improve the forest
ecosystem in the karst desertification area. The results showed that the total number of publications
has increased rapidly since 2014, of which biodiversity studies contributed the majority. China, the
USA, and Germany were the top three countries, accounting for 41%, 9%, and 6% of the research,
respectively. Further review found that structure, species diversity, and functional traits have an
apparent effect on ES at different (macro, meso, and micro) scales. The optimization of tree structure
contributes to the improvement in ES provision and the regulation capacity. Species diversity plays
an important role in provision services, while functional diversity is equally important in regulation
services. Plant root functional traits can not only help regulation services but also determine the
species and structure of rhizosphere microbial communities. The response of ES to a certain factor
has been extensively reviewed, but the interaction of multiple driving factors needs to be further
studied, especially in how to drive the supply capacity of ES in multi-factor and multi-scale ways.
Clarifying the driving mechanism of ES at different scales will help to improve the supply capacity of
the ecosystem and achieve the goal of sustainable development.

Keywords: biodiversity; ecosystem services; forests; karst desertification; plant functional traits; structure

1. Introduction

Ecosystem service (ES) has been defined as the benefits for human populations de-
rived directly or indirectly from ecosystem functions [1], which provide essential material
and non-material conditions for human existence and development. However, ES and
biodiversity have been severely degraded in recent years [2,3]. The Millennium Ecosystem
Assessment (MA) evaluated 24 ESs globally and suggested that 60% were degrading. In
addition, according to the report of the Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services (IPBES), the average abundance of species in most
important terrestrial communities has declined by at least 20%; 14 of the 18 services as-
sessed were declining; and the global species extinction rate was tens or even hundreds of
times faster than the average for the past 10 million years [4]. These conclusions indicated
that biodiversity loss might lead to a severely negative impact on ES supply [5,6]. Climate
change, ecosystem structure, and land use change were the main driving factors of ES
change at the macro scale [7–9], with plant functional traits, species invasion, and microbial
diversity acting at the micro and meso scales [10,11]. The impact of global climate change
and disturbance mechanisms on mountain areas is greater than that of other biogeographic
regions [12] and is expected to intensify further [13]. Human activities are the main factors
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affecting the significant decline in ecosystem service value and ecological problems, and
land use change is the most obvious manifestation of human activities [14]. Climate and
land use change will cause changes in the structure and process of different ecosystems
and ultimately affect the supply capacity of ES. The functional diversity of plant traits
is linked to ecosystem function and biodiversity [15]. Plant communities composed of
functionally divergent species or traits contain species combinations that enhance produc-
tivity through complementary resource use [16]. The impacts of climate change [17] and
land use/cover [18] on ES have been summarized well. This study focuses on the role of
ecosystem structure, biodiversity, and plant functional traits, which is of great significance
to optimizing ecosystem function.

Many researchers have studied the impacts of climate change [19–23], land use [24–27],
and landscape structure [28–32] on ES in different ecosystems. The results showed that
all these drivers have a direct and significant effect on ES. However, climate change, land
use, and landscape structure change do not affect ES directly but by controlling community
structure, plant functional traits, and species diversity in the forest ecosystem. Studies
have found that both negative and positive climatic impacts have only small effects on
forest dynamics compared to silvicultural measures. Only for very few water-limited
stands did climate change affect forest growth negatively due to pronounced drought
stress and mortality [33]. On the contrary, forests can regulate the climate through their
own attributes. Forests efficiently recycle water using several plant traits, such as deep
rooting systems, high leaf area, and surface roughness that facilitates upward water vapor
transport. These conditions, strongly related to the forest structure, increase rainfall over
tropical forests compared to grass in grazing lands or soy crops [34]. In addition to carbon
sinks and carbon storage services (biogeochemical processes of climate regulation), forests
also provide climate regulation ES through biogeophysical processes [35]. Forests are
responsible for an atmospheric cooling effect through transpiration, and surface winds
can transmit the cold air beyond the forest boundary [36], which plays a role in regulating
the regional microclimate. Furthermore, biodiversity has been considered to be either the
basis for ecosystem services provisioning or a service in itself [2,37]. As the terrestrial
ecosystem with the highest biodiversity, the forest has been widely recognized for its
role in biodiversity conservation and ecosystem multifunctionality maintenance [38–40].
However, many precious studies paid more attention to species diversity and ignored
the role of functional diversity. Lyashevska and Farnsworth [41] pointed out that plant
diversity consists of multiple dimensions of diversity, including classification (such as
species richness), function (such as diversity of wood density), and structure (such as the
average height of the community). Different plant diversity indicators can show different
relationships with different ecosystem services [42]. For example, forest functional diversity
is positively correlated with hydrological regulation services. The increase in land use
intensity led to a reduction in niche differentiation of interspecific functional traits, resulting
in the degradation of hydrological services in the forest ecosystem [43]. Although some
studies have shown the role of functional traits [44], species diversity [45,46], and functional
diversity [47] in forest ES, the relationship among them needs further study, and the key
scientific issues need to be clarified.

In the carbonate region, especially in the karst desertification area, the soil layer is
shallow and forms slowly because of the binary (aboveground and underground) hydro-
logical structure and process. Serious soil erosion limits vegetation growth, and strong
human disturbance leads to the occurrence of karst desertification eventually [48,49]. Fur-
ther, karst desertification intensifies the frequency of droughts, floods, and other disasters,
which seriously damage ecological functions and restrict regional sustainability [50]. For
example, water and wind can erode the topsoil easily after vegetation degradation, which
reduces the water conservation and nutrient supply capacity [51]. Moreover, the decline
in plant coverage also degrades regulation services such as carbon sequestration, oxygen
release, and hydrological regulation [52]. Water flow takes nutrients into underground
spaces, which limits the growth of ground flora and reduces product provision services [51].
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Restoring damaged ecosystems rapidly and effectively and improving ES supply capacity
are the primary tasks of the eco-degradation area. According to a study by Duarte et al. [53],
landscape composition and configuration significantly affect ES. Hodder et al. [54] believed
that conservation, management, and interventions at the landscape scale might enhance
the supply of a series of ESs (carbon storage, fiber and food, etc.). Laughlin [55] proposed
a quantitative model for ES recovery using trait values (e.g., selecting species with high
wood density and low specific leaf area to improve community resistance to drought).
Biodiversity and ES loss not only directly affect the livelihood of poor populations but
may also further exacerbate a decline in human well-being [2]. The ecosystem structure
and landscape pattern lend support to this theory at the macro scale, while tree structure,
functional trait, species diversity, and functional diversity at the meso and micro scale can
provide specific community construction and species configuration schemes. Although
the combination of the two scales can effectively optimize the functions of degraded forest
ecosystems, there are few existing studies that have been reported.

The purpose of this study is to provide a theoretical basis for the optimization of forest
ecosystem function by summarizing the relationship between structure, functional traits,
and biodiversity and ES. A systematic review of 408 publications related to ES driving was
conducted. We analyzed the annual, institution, and country distribution of publications
and created a co-occurrence network analysis for keywords. The research progress on
the driving effect of structure, biodiversity, and plant functional traits on ES change was
emphatically summarized, and the findings for improving forest ecosystem function in
karst desertification areas were put forward. Specifically, we (i) identify the development
trend of ES drivers research, (ii) discuss the enlightenment of ES driving factors for forest
ecosystem improvement in karst desertification areas, and (iii) explore some scientific issues
and opportunities for future work.

2. Materials and Methods

2.1. Publications Acquisition Source

The web of Science (WoS) is an important database for obtaining global academic
information. The three major citation indexes (SCIE + SSCI + A&HCI) of WoS include more
than 12,400 authoritative and high-impact international academic journals worldwide,
covering natural science, engineering technology, social sciences, and arts and humanities.
China National Knowledge Infrastructure (CNKI) is the largest academic resource data
platform in China, which includes academic resources in multiple research fields and
disciplines. These two databases can provide a large amount of research data for this study,
so we chose WoS and CNKI as the literature acquisition sources. On 12 October 2022,
“Structure (ST) + Ecosystem services (ES)”, “Biodiversity (BD) + Ecosystem services (ES)”,
“Plant functional trait (PFT) + Ecosystem services (ES)” were used as the search terms, and
a document search was carried out in WoS and CNKI databases (Figure 1). To ensure that
the retrieved publications were highly relevant to this research topic, the search criteria
were set as “title”. A total of 521 publications were obtained, and screening and statistics
of publications were conducted. It should be emphasized that due to the restrictions of
access rights and language barriers, we only accessed the WoS and CNKI databases and
read the articles that written in English and Chinese, which makes many publications in
other languages unavailable.
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Figure 1. Process of publications’ acquisition and screening. This study’s systematic mapping process
illustrates articles from the initial search to screening for synthesis (identification, screening, eligibility,
and inclusion). Publications were found through a database search in the identification stage. Then,
the articles captured were screened based on ecosystem services drivers (through titles, keywords,
abstracts, and full-text articles) at the screening and eligibility stages. Finally, the publications
satisfying the eligibility criteria were included in the study.

2.2. Publications Screening and Statistic

After searching, we selected and exported all publications to excel sheets. Then,
publications were preliminarily screened by reading titles, abstracts, and keywords. The
title, abstract and keywords that did not contain “ecosystem services” or did contain but
had nothing to do with “ecosystem services” were not considered. A total of 20 articles
were excluded that were not relevant to the research topic. After that, 501 remaining
full-text publications were read. Excluded publications included those in which there were
“ecosystem services”, “structure”, “biodiversity”, “plant functional traits” in the text, but
the text did not involve research on the driving force of ecosystem services. A total of
93 articles which were uncorrelated to the purpose of this study were excluded. Eventually,
408 publications were retained, including 84 (21%) for structure, 312 (76%) for biodiversity,
and 12 (3%) for plant functional traits. The included 408 publications (84 in Chinese and
324 in English) were read entirety to extract useful information. MS Office excel 2016 was
used for statistical analysis and drawing. We graphed the number of publications in each
year from 2005 to 2022 to identify the specific year in which there was the co-occurrence
of ES and drivers and development trends in ES drivers research. We then used ArcMap
10.5 to map the publications’ distribution in countries and institutions to analyze major ES
research countries and organizations. Finally, the keywords of all articles were exported
as “ris” files in WoS and CNKI and imported into VOSviewer 1.6.16 software to create a
co-occurrence network of keywords.

3. Results and Discussion

3.1. Distribution of Documents

The annual distribution of literature (Figure 2) shows that the research on biodiversity
and plant functional traits occurred later than that on structure. In terms of quantity,
the research on biodiversity has increased significantly, while the research on structure
and plant functional traits has increased slowly. From 2005 to 2014, the total amount
fluctuated, but the growth rate was slow. Therefore, we divided the period from 2005 to
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2014 into the initial stage of ES research. In 2015, the total amount of literature increased
significantly, so we named the period after 2014 the mature stage, mainly due to the
outstanding contributions of biodiversity research.

Figure 2. Distribution of documents.

The global distribution of literature was analyzed based on the country where the first
author’s organization was located. The area distribution is shown in the red map in Figure 2
(after sorting out 408 publications). China has the largest number (112), accounting for
27% of the total number of publications, followed by the United States with 47 (12%), and
Germany tied for third with 32 (8%). The reason for the large differences in the international
distribution of publications may be that there are few databases, and many publications
cannot be obtained. It may also be that there are differences in expressions at home and
abroad, so some publications are missed.

Based on the organization of the first authors, the organization distribution analysis
was carried out. There was a wide range of research institutions (303 in total), but the chart
space was limited. Therefore, only the top three organizations of each country were listed
here. Among them, the top 10 institutions are Chinese Acad Sci Res Ctr Ecoenvironm Sci,
UFZ Helmholtz Ctr Environm Res, Yunnan Univ, Michigan State Univ, Beijing Normal
Univ, Iowa State Univ, Swedish Univ Agr Sci, Univ Queensland, Univ Vermont, and Henan
Univ. Universities occupied most of the research institutions, indicating that the education
organizations paid more attention to ES drivers. Judging from the individual author, the top
10 contributors to the number of publications on the topic are Ricketts Taylor H (5), Sonter
Laura J (5), Polasky Stephen (4), Watson Keri B (4), Woodward Guy (4), Ding Shengyan (3),
Xue Fengzhi (3), Fu Bojie (3), Wen Zhi (3), Yu Dandan.

3.2. Co-Occurrence Network of Keywords

Keywords are the condensed key information of a paper, and we can determine
the research focuses of each field by analyzing the keywords. A co-occurrence network
clustering analysis was performed using the keywords of 408 publications (Figure 3).
Each keyword must appear in at least 5 publications or will not be counted; a total of
162 keywords were extracted. The larger the label and shape in the figure, the higher
the frequency of the keyword, and the thickness of the connecting line is proportional to
the co-occurrence frequency of the keyword. The most frequently used keywords were
ecosystem services (150), conservation (125), biodiversity (97), management (81), diversity
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(62), climate change (49). It can be seen in the figure that cluster 1 (green) is centered on ES,
with conservation, biodiversity, patterns, etc., as auxiliary research; cluster 2 (blue) focuses
on diversity and land use; cluster 3 (red) pays close attention to management and values.
In addition, keywords such as climate change, natural capital, and agriculture were widely
used.

Figure 3. Co-occurrence network of keywords.

3.3. Main Developments and Landmark Achievement

(1) Ecosystem structure determines ecosystem processes and functions

Landscape structure not only affects the biodiversity [56] and vertical structure [57] of
urban plants but also has a significant impact on the diversity of plant communities, the
structure of agroecosystems [58], and pollination [59]. The composition and configuration
of the landscape are considered key factors when explaining the changes in plant species
diversity at different spatial scales [60]. Habitat loss and fragmentation, such as the
reduction in patch size and loss of connectivity, have adverse effects on plant species
diversity [61,62]. Habitat fragmentation leads to patch area reduction, connectivity loss,
and edge effect increase, which may lead to a loss of ecosystem functions related to carbon
and nitrogen conservation, ecosystem productivity, and pollination [63]. Fragmentation of
the watershed landscape leads to a decline in soil conservation services [64]; a reduction
in forest area and an increase in impervious surfaces are the main reasons for the decline
in regional ecosystem service value [65]; landscape heterogeneity directly affects various
attributes of the ecosystem, such as seed propagation, animal movement, population
maintenance, the interaction between species, and dynamics and basic functions of the
ecosystem [66]. In other words, landscape structure, including composition (quantity of
each land use/cover type) and configuration (spatial arrangement of land use/cover type),
can affect the supply of ES [67].

(2) Forest spatial structure influences water regulation and species diversity

Forest spatial structure refers to the spatial relationship of trees in the forest (such as
size and distribution), which reflects the spatial relationship among species in the forest
communities [68]. It also determines the competition between trees, the spatial niches, and
the stability of the stand structure. In forest ecosystems, the density, spatial arrangement
and canopy structure of vegetation exert strong control over many ecosystem functions
that depend on the scale of the ecosystem [69]. The forest structure plays an important role
in regulating water and air circulation. Canopy coverage, leaf characteristics (area, biomass,
morphology), and branching characteristics (density, quantity, length) are considered key
factors affecting the canopy water storage capacity [70,71]. Tree height not only affects
canopy fluctuation and energy exchange with the atmosphere [72] but also affects soil splash
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erosion by water. In addition, the stand density can regulate the species diversity under the
forest. The species diversity of the shrub and herb layer under the high-density Eucalyptus
robusta Smith forest is significantly less than in low-density forests [73]. The shrub layer
diversity of the Cupressus funebris Endl. plantation in Yunding Mountain showed a single
peak change of first increasing and then decreasing with the decrease in stand density,
while the herb layer diversity showed a double peak change [74]. Tending and cutting can
effectively regulate the spatial structure of the forest, but the cutting intensity should be
different according to different forest types [75]. The more reasonable the structure of the
stand is, the higher its stability will be and the more functions it will play [76].

(3) Biodiversity is a crucial driver of the nutrient cycle

Some researchers believe that losing plant diversity will reduce soil microbial di-
versity [77]. High plant diversity will increase the carbon input from the rhizosphere to
the microbial community, thereby increasing microbial activity and carbon storage [78].
Increasing plant diversity can increase the accumulation and use efficiency of soil total
nitrogen [79,80], improve plant productivity and pollination media, and inhibit weeds
and pests [81]. Some researchers believe that the impact of plant diversity on dryland
ecosystem functions and services (i.e., multi-functionality) is indirect but is the result of the
positive impact of plant diversity on microbial diversity [11,82]. Most microbial species are
heterotrophs, which can produce specific extracellular enzymes to decompose fauna, plant,
microbial residues, and various complex organic substances into inorganic substances (such
as CO2, H2O, NH3, SO2−

4, and PO3−
4). These inorganic substances can be used by primary

producers to participate in the material cycle again [83,84]. The increase in soil biodiversity
from a very low level to a medium level may also accelerate nutrient cycling [85]. In
addition, microbial species are also involved in the mineralization of organic matter, biolog-
ical control of pathogens, and remediation of ecological environmental pollution [86,87].
Therefore, some researchers claimed that microbial diversity determines the productivity of
ecosystems (especially in nutrient-poor ecosystems) and plant diversity. On the other hand,
when soil microbial species compete for nutrients with plants as pathogens or convert
nutrients into forms unavailable to plants, they may also harm plant productivity [88].
However, the driving mechanisms of plant diversity and microbial diversity on ecosystem
functions and services lack sufficient empirical evidence and need further study.

(4) Functional diversity promotes the maintenance of ecosystem multi-functionality

Species require different conditions for seed production, propagation, and germina-
tion [89]. They can promote species coexistence by adjusting lifestyle or phenology habits
(such as the growth rate, shade tolerance, crown retention time, and reproductive capacity),
thus forming different ecosystem functions [90]. As the foundation, changing ecosystem
functions directly affects ES and human well-being [91]. Ecosystem multi-functionality
(EMF) was first proposed in 2004 [92]; since then, the maintenance of EMF has gradually
become one of the focuses of researchers, and substantial progress has been made. Gam-
feldt et al. [93] put forward a conceptual model to explore the impact of species loss on
the comprehensive functions of the ecosystem (i.e., EMF). They found that the overall
function is more vulnerable to the impact of species loss than a single function due to the
complementarity between the multiple functions. Xu et al. [94] emphasized that main-
taining multiple functions requires not only higher species richness but also diversified
community types. Because different functional traits of coexisting species can increase the
overall utilization efficiency of resources and thus promote ecosystem functions. The func-
tional traits of dominant species strongly affect the ecosystem functions of communities.
Therefore, functional diversity is considered the key driver of ecosystem versatility [95,96].
Though species diversity is also considered an important influencing factor of EMF, the
positive correlation between species diversity (especially species richness) and ecosystem
function may be due to the increase in species number leading to the increase in trait
diversity [97]. Functional traits are related to the resource utilization (including selection
effect and complementary effect) of species [98]; it may be a better predictor of ecosystem
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functions [99]. Therefore, functional diversity may be more conducive to maintaining EMF
than species diversity [100,101].

(5) Plant functional traits of both aboveground and underground parts affect
ESs simultaneously

Functional traits reflect the adaptation of organisms to physical and biological envi-
ronment change and the trade-offs among different functions [102], which is a core concept
of functional ecology [103]. Many studies have shown that plant functional traits play an
important role in ES. For example, high leaf nitrogen content can promote soil organic
carbon storage [104]. Plant canopy density and fine root percentage have an important
impact on ecosystem hydrological regulation services [43]. Different traits affect services
differently. Root traits are mainly related to erosion control, climate regulation, and biomass
production; flower traits are concerned with aesthetic attraction and pollination; and stem
and whole plant traits are associated with biomass production [105]. Dennis et al. [106]
believed that the type and quantity of root exudates determine the type and quantity of
rhizosphere microbial species, as well as affect the structure of the rhizosphere microbial
community and carbon utilization. As a key aspect supporting plants’ ability to stand and
nutrient absorption, the root system continuously secretes various substances to promote
the absorption of mineral elements by plants and provides carbohydrates, sugar alcohols,
amino acids, and phenols for rhizosphere microbial species as nutrients and energy sup-
ply [107]. At the same time, root-related microbial species can directly affect plant growth
and population dynamics and indirectly affect nutrient cycling by controlling plant litter
input and root nutrient absorption [88,108], forming a mutual feedback mechanism among
plants soil microbial species. The plant root system also has an important effect in promot-
ing material circulation and hydrological regulation [109]. Under specific conditions, plant
roots can transfer soil moisture in the deep layer to the dry surface soil through conduction
tissues, thereby completing water redistribution [110]. The interlacement of underground
roots can effectively improve the soil shear strength and soil permeability, which can reduce
soil erosion [111]. Plant functional traits are important driving forces for ES changes, both
aboveground and underground.

3.4. A Systematic Review of ES Drivers for Forest Ecosystem Improvement in Karst Desertification

(1) The optimization of stand spatial structure helps improve the quality of the ecosystem

The regulation of forest spatial structure and distribution pattern by manual measures
is conducive to promoting interspecific interaction and improving ecosystem functions.
Pruning significantly increases the light intensity, temperature, understory biomass, and
Shannon Weiner index of species [112]. The intercropping of forest and grass can promote
the regulation of soil quality and microclimate and increase forest products [113]. This
shows that reasonable management measures can not only improve the forest structure
and productivity but improve the carbon fixation capacity of vegetation. Thinning and
replanting can significantly improve the forest layer index and mixing degree. The in-
crease in individual differences between trees can expand the growth space of young and
middle-aged forests, which reduces the competitive pressure between trees and signifi-
cantly improves the stand structure (Figure 4) [114,115]. There are more problems in the
spatial structure of the karst desertification forest ecosystem compared with non-karst
desertification. Common situations include sparse understory vegetation and incomplete
hierarchical structure of arbor, shrub, and grass; broken patches and a lack of a large, con-
nected forest landscape; and a single species disposition, which is not conducive to resisting
diseases and pests. Therefore, implementing artificial management in this area to optimize
the forest spatial structure is conducive to improving the forest ecosystem function and
service supply capacity. According to the characteristics of karst desertification forest, the
optimization of stand spatial structure can be carried out horizontally and vertically. In the
horizontal space, natural forests can be thinned, replanted, and renewed manually. Inter-
cropping of trees and cereal/grass and mixed plantation can be implemented to regulate
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the composition and the proportion in the artificial forest. In the vertical space, trees can be
pruned and reshaped to control their height and crown width [116] so that the lower trees
can fully absorb solar energy and improve the community’ productivity. In short, during
planting and ecological restoration, the layers of trees, shrubs and herbs should be intact to
improve the self-regulation ability of the ecosystem in terms of nutrient decomposition and
circulation [117].

 
(a) 

 
(b) 

Figure 4. Comparison of different stand structures: (a) Worse stand structure with Tectona grandis
L.F. only. (b) Better stand structure with Quercus fabri Hance, Lindera glauca (Sieb. et Zucc.) Bl,
Arthraxon hispidus (Trin.) Makino, etc. (Source of the pictures: Photoed by Lingwei Kong.).

(2) Building plant functional groups based on functional characteristics and environmen-
tal conditions is conducive to improving ecological functions

Plant functional types combine a series of plants with certain plant functional traits,
which are the basic units for studying the dynamic changes of vegetation along with the
environment [118,119]. They link plant morphology, community science, and ecological
processes, and are a very useful tool for studying the dynamic changes between climate
and vegetation. Environmental heterogeneity (such as soil, light, and terrain) shapes
the characteristics of individual plants to a certain extent, it also affects the interactions
between species and their proportions in different spatial ranges. The aim of community
structure optimization can be achieved by making full use of the adaptability of species
characteristics to the environment to dispose of species [120,121]. In karst desertification
areas, due to exposed bedrock and a lack of surface water, adaptive plants are usually
drought resistant, lithophytic, and calciphilous [122]. The existing research found that
the soil enzyme activity, soil nutrients, and microbial community diversity index of forest
grass intercropping in karst mountain areas were significantly higher than in wasteland
and farmland returning to grassland [123]. Therefore, since few species are included in
afforestation for karst desertification control (Figure 5a), multi-species interplanting can
play an important role in promoting ecological restoration. In addition, in forest gaps
with enough sunlight, short-lived and shade-intolerant species have higher growth rates
than long-lived and shade-tolerant species [124]. In forests with high canopy density and
insufficient light, shade tolerant species can be selected for planting, which can enhance
the integrity of the stand structure (Figure 5b). The characteristics of herbaceous plants are
mostly similar—weaker than most trees and shrubs, but they can also be appropriately
added to enhance the overall stability of the community.
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(a) 

 
(b) 

Figure 5. Comparison of communities comprising different species in Guizhou, China: (a) Single
species with Zanthoxylum bungeanum Maxim. only. (b) Multiple species with Pinus massoniana Lamb,
Quercus fabri Hance, Populus alba L., etc. (Source of the pictures: Photoed by Lingwei Kong.).

(3) Biodiversity conservation is the foundation for maintaining EMF

Biodiversity determines ecosystem functions and processes [125,126]. Higher biodi-
versity can produce higher levels of ecosystem functions [127,128]. The plants are more
abundant in karst habitats than in non-karst habitats in South China karst (accounting for
30%–40% of the total local species). Many species are rare, endangered, protected groups,
and endemic species (10% are endemic karst species, and 20%–30% are characteristic karst
species) [129]. However, the change and degradation in the ecological environment in
karst desertification have led to the fragile karst ecosystem becoming more unstable and
biodiversity declining [130]. The degradation of plant communities led to reduced biomass
and soil organic matter, which affected microbial diversity. The evolution of habitat toward
drought accelerated the decomposition rate of soil organic matter [131]. As a result, the
content of soil organic matter and water permeability decreased, and finally, a fragile
ecosystem with poor ecological structure and functions was formed. The assessment and
protection of biodiversity loss should be one of the core tasks in this area. Unfortunately,
few researchers have carried out assessments and proposed feasible protection plans so
far. Under the threat of climate change, Hylander et al. [132] proposed two forest biodiver-
sity conservation tools (Resistance and Transformation) at the landscape scale, including
eight specific implementation measures. In addition, Lindenmayer [133] also proposed
four general principles from the perspective of natural forest restoration. We believe that
these are of great significance for biodiversity conservation in karst desertification areas.
However, due to the differences in natural conditions, it is better to seek local protection
schemes based on others’ measures. Here, we proposed some suggestions, hoping to help
the biodiversity conservation of karst desertification forest ecosystems. (1) In response to
the loss of biodiversity caused by climate change, the endemic species in this region can be
transplanted to other regions with suitable conditions, or the characteristics of species can
be improved to adapt to climate change. At the same time, it is important introduce new
species from other regions that do not exist in this region, but the scale should be controlled
to prevent the occurrence of biological invasion. (2) To address the loss of biodiversity
caused by human activities, supervision should be strengthened, and arbitrary logging,
mining, and hunting should be prohibited. In addition, people ought to be encouraged
to carry out relevant protection work, such as artificial afforestation, breeding instead of
killing wild animals, and anthropic management of natural forests (Figure 6). (3) In the
face of the loss of biodiversity caused by niche change, manual intervention can be carried
out (cultivate endangered species and appropriately remove excessive species) to prevent
the food chain from breaking. In a word, biodiversity conservation of karst desertification
ecosystems is a long-term job, and there is still a long way to go.
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(a) (b) 

Figure 6. Biodiversity conservation measures in Guizhou, China: (a) Close hillsides to facilitate
afforestation. The dominant species include Toona sinensis (A. Juss.) Roem., Pyracantha fortuneana
(Maxim.) Li, Cladrastis platycarpa (Maxim.) Makino, etc. (b) Artificial afforestation. The dominant
species include Zanthoxylum bungeanum Maxim., Juglans regia L., Prunus salicina Lindl., etc. (Source of
the pictures: Photoed by Kangning Xiong.).

(4) The combination of macro-scale landscape structure optimization and micro-scale
biodiversity improvement can effectively increase the supply of ES

As a result of ecological degradation, the landscape in karst desertification areas shows
high heterogeneity and fragmentation (Figure 7a) [134]. Meanwhile, the loss of plant and
microbial diversity has also caused great damage to the EMF at the micro scale [81,85].
However, the relationships of services have obvious spatial scale dependence [135]. Re-
search on a single scale may miss or even distort the interaction rules between ESs, which is
not conducive to a comprehensive and objective understanding of ESs [136]. The fragmen-
tation of landscape in karst desertification areas not only leads to a loss of biodiversity but
also reduces the sustainability of land use [137]. Research showed that after implementing
a series of afforestation and forest cultivation measures, the landscape diversity increased
by 8%, and fragmentation decreased by 25% [138]. Therefore, it is necessary to adjust
the type, number, and spatial distribution pattern of landscape components and patches
at the macro scale (Figure 7b) so as to make each component harmonious and orderly,
ultimately restoring the damaged ecosystem and achieving regional sustainable develop-
ment [139]. For example, according to the ecological vulnerability characteristics of karst
desertification areas, steep slopes and gentle slopes can be planned as forests/grasslands
and farmland, which can improve soil and water conservation capacity and make full use
of soil nutrients [140,141]. The configuration of patches (such as forest land, grassland,
and water) around farmland can help to increase landscape diversity and biodiversity,
improving the EMF [142]. The coupling of water and fertilizer in poor soil regions can help
to increase the content of soil organic matter and the number of microorganisms, improving
plant productivity [143]. Therefore, at the micro scale, plant and microbial diversity can be
increased by artificial afforestation [144] and organic matter addition.
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Figure 7. Comparison of landscapes configured by different patches in Guizhou, China: (a) Single
patch configuration landscape with karst desertification. (b) Small vegetation patches and large stone
patches in the process of ecological restoration. (c) Multiple patch configuration landscape without
desertification. (Source of the pictures: Photoed by Kangning Xiong.).

3.5. Key Scientific Issues to Be Solved and Prospects

(1) How do ecosystem functions respond to structural changes? Research on interspecific
relationships and functional differences in ecosystems with different structures can be
carried out.

Understanding the response of ES and functions to the change in ecosystem structure
is crucial for the efficient allocation of environmental resources and rational formulation of
environmental policies [145]. An unreasonable landscape structure will lead to an overall
decline in ESs and functions [146]. In the stand structure, interspecific interactions not only
directly affect the flow and circulation of matter and energy among different components of
the ecosystem but also affect the process of community construction, making the network
structure closely related to ecosystem functions and community stability [147]. Mixed
forests and multi-storied forest have stronger disease and pest resistance than monoculture
forests and single-storied forests; natural forest have a better stand structure and biodiver-
sity than artificial forests, as well as stronger overall ecological function [148,149]. Although
more and more evidence show that landscape structure and stand structure are crucial to
the supply of services, there are still some important questions to answer about the mecha-
nism and process behind this role, including the key question about how to configure them
to improve the ecosystem function. There are detailed results on the impact of a certain
ecosystem structure on services, but few researchers have focused on the interspecific rela-
tionships and ecosystem functions driven by different ecosystem structures. In the future,
research on biodiversity and ecosystem function differences within different structures
should be strengthened, and the role of structures in ecological processes, functions, and
services should be revealed.
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(2) Species diversity or functional diversity contributing more to ESs; comparative studies
on species and functional traits of different communities are needed.

Functional traits determine ecosystem functions, and species are considered a collec-
tion of functional traits [150]. Species provide many material products for human beings,
and functional traits can affect regulating services such as the water cycle. They are indis-
pensable carriers of ES. However, it is unclear who contributes more to ES supply between
species and functional diversity. At present, research on the driving mechanism of biodi-
versity to ES is mostly focused on a single scale or dimension, and different conclusions
will be drawn in different ecosystems [151,152]. Thus, the impact of species diversity and
functional diversity on ES change needs to be further studied. In addition, aboveground
and underground biodiversity, as well as their comprehensive impact in different scales or
dimensions, can effectively explain more variations in EMF [153,154]. Researchers should
pay more attention to the synergistic effect of above- and below-ground biodiversity in the
future, extending the field observation period, enriching the community survey content,
and selecting representative functional indicators to construct a long-term, multi-spatial,
and multi-dimensional biodiversity-EMF database [155].

(3) The application of relationships between biodiversity and ecosystem service is insuffi-
cient. The practical application of existing research results should be strengthened.

Although some studies have paid attention to the interaction between biodiversity and
ES, most focused on the impact of biodiversity on ESs. Few studies have talked about how
to apply the relationship between biodiversity and ES at the practical level, and there is a
lack of effective ways to realize relevant cognition. An important research direction is thus
to explore ways to improve ESs according to the relevant knowledge of biodiversity and
ESs, as well as diminishing the leap from theory to the application of the biodiversity ES
relationship. In the face of the continuous impact of human interference and environmental
change on ES, maintaining and improving ESs of oceans, forests, grasslands, and agriculture
has become a practical problem that many regions must address [156]. Theoretically, it is
possible to formulate management measures to improve and restore ES from the perspective
of biodiversity, and the implementation of ecosystem management measures can, in turn,
improve biodiversity and ESs. For example, forest restoration can increase species diversity
and ecosystem productivity at the same time [157]. In practice, some studies have explored
and verified the feasibility of applying the knowledge of biodiversity-ES relationships to
policy-making and natural reserve management, forest ecosystem management, degraded
ecosystem restoration, and agricultural ecosystem improvement, but the application of
existing research results still needs to be strengthened in future studies.

(4) Few pieces of research integrate multiple driving factors of ES change; the research on
the co-influence of natural and human factors should be strengthened.

In addition to climate change and human activities, ES changes are also affected
by various drivers, such as ecosystem structure, biodiversity, and landscape. There are
complex interactions between these driving factors [158]. Most existing research mainly
focuses on the role of a single driver, while research on the synergy of multiple factors and
their contribution rate is scarce. In the future, we should not only continue to deeply explore
the mechanism of impact of climate change and land use on services but also strengthen
the driving force of population, economy, policy, culture, and other social factors, as well
as natural factors, such as ecosystem structure, biodiversity, landscape pattern, regional
differentiation, and the interaction of multiple factors on service change. Meanwhile, it is
necessary to reveal the contribution rate of different driving factors on the service change
to manage the environment in the development, utilization, and protection of ecological
resources. This will provide scientific guidance for ecological restoration in ecologically
vulnerable areas and promote the realization of sustainable development goals.
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(5) There is no case study on improving ES through landscape pattern optimization.
Long time-series sample plot monitoring should be carried out to explore the optimal
landscape pattern.

The landscape composition and configuration affect the ecological process. Under-
standing how landscape composition and configuration affect the supply of ES is the key
to improving landscape management [67]. Most researchers have focused on the response
of ESs to landscape structure changes, there are few reports on how to improve ES via
landscape composition and configuration. Thus, effectively configuring the landscape
to promote ESs and function is a difficult problem for landscape ecology, especially in
areas with high spatial heterogeneity and changing land cover. Core area and grid size
are important determinants of ecosystem service trade-offs and synergies, which affect ES
interactions [159]. Future research needs to include a long-term dynamic observation of the
field landscape configuration to determine an optimal landscape composition and config-
uration scheme and provide scientific basis for improving regional ecosystem functions
and services.

4. Conclusions

A total of 408 publications were reviewed, and the annual distribution of publica-
tions showed a significant growth trend, in which biodiversity research accounted for the
majority. The driving factors of ESs mainly focused on biodiversity, ecological protection
and management, land use, and climate change. The role of structure, species/functional
diversity, and functional traits is still unclear. Further review found a progressive synergy
among structure, biodiversity, ecosystem function, and ES. A complete ecosystem structure
has higher biodiversity and ecosystem stability. The increase in biodiversity can acceler-
ate the material cycle and improve the ecosystem’s productivity. Multifunctionality of
the system helps to improve the supply capacity of ES. The combination of macro-scale
ecosystem structure optimization and micro-/medium-scale species disposition is helpful
for the ecological restoration and management in karst desertification areas. Specifically,
land use types and landscape structures can be planned according to actual conditions,
such as soil erosion, rock exposure rate, and soil quality, which is conducive to vegetation
restoration and biodiversity protection. Management measures (such as plantation) can
optimize the forest structure and promote the improvement of ecosystem functions. In
addition, constructing forest communities according to plant characteristics can help to
retard water and soil loss, accelerating nutrient cycling and improving the EMF.
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Abstract: Eco-product value realization and eco-industry are in a rapid development stage, but the
eco-product value realization mechanism is still unclear. Strengthening research on eco-industry
and eco-product value realization not only helps to coordinate the relationship between regional
ecologies and the economy but also contributes to regional sustainable development. This study
conducted a systematic literature review based on related articles retrieved from the Web of Science
database and China National Knowledge Infrastructure database. The results showed the following:
(1) Regarding time series, the average annual number of published works in the literature from 2000
to 2017 is less than 4, while the average annual number of published works in the literature from
2018 to 2022 is more than 97. The overall study on eco-product value realization and eco-industry
has shown a year-on-year growth trend. (2) The research content primarily involves five aspects,
including the connotation and extension of eco-products, eco-product supply, eco-product value
accounting, eco-product value realization, and eco-industry. (3) It is essential to deepen the study
on the improvement mechanism of the eco-product supply capacity, eco-products property rights,
evaluation system for eco-product value realization, ecological compensation mechanism, driving
mechanism for eco-products to eco-industry, and coupled development of ecological restoration and
eco-industry. Based on the above research, this paper presents an enlightment of the forest ecosystem
services in the karst ecological restoration area from three aspects: enhancing the supply ability of
eco-products, improving the compensation mechanism of forest ecological services, and coordinating
the development of ecosystem services and eco-industries.

Keywords: ecological products; value realization; ecological industry; value accounting

1. Introduction

The extensive mode of economic development has seriously damaged the ecological
environment; thus, changing the course of economic development and promoting ecological
environmental protection is necessary [1]. A good ecological environment can provide more
eco-products and services for people [2]. A hot topic is how to promote the transformation
of ecological value by adding value to the ecological environment and natural resources
and reflecting that in high prices, so that protecting the ecological environment can be
rewarded and, thus, promote improving the ecological environment and coordinating
economic development and environmental protection.

The concept of ecosystem services was first proposed by Holdre and Ehrlich in 1974 [3].
In 1997, Costanza [4] defined ecosystem services as representing the benefits human popu-
lations derive, directly or indirectly, from ecosystem functions. Since the definition was
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proposed, it has attracted widespread academic attention and ecosystem services have been
classified. The classification of ecosystem services defined by the Millennium Ecosystem As-
sessment [5]—provision, regulation, support, and cultural services—is generally accepted.
The proposed definition and classification of ecosystem services provides the basis for
valuing ecosystem services and quantifying the services that natural ecosystems provide to
humans. Introducing ecosystem services has led to a focus on ecological conservation [6,7].
Researching ecosystem services encourages people to give more attention to protecting the
ecological environment.

With environmental awareness being enhanced, “ecological products” appeared in
the mid-1980s in China [8]. Ren and Yuan defined eco-products in 1992 [9]. In China’s
National Plan for Main Functional Zones in 2010, natural elements such as air, water, and the
climate were each attributed as a “product” for the first time and classified into the category of
eco-products [10]. The plan proposed that eco-products are the natural elements that maintain
ecological safety, guarantee ecological regulation, and provide good living environments [10].
This definition is similar to that of ecosystem services [11]. At present, the definition of eco-
products proposed by Zhang et al. is generally recognized and accepted by scholars [12].
They suppose that eco-products are terminal products or services which are provided for the
use and consumption of human society by the interaction between the biological production
within the ecosystem and the production of human society. The initial purpose of eco-
products is to use them as a standard to measure ecological environmental protection when
developing key ecological functional areas. With human demand for quality eco-products,
local governments and academics have gradually carried out research on realizing the value
of eco-products and other aspects. Most studies focus on the concept of eco-products [12,13],
eco-product value accounting [14,15], and value realization paths and models [16,17]. The
research on how to improve the supply capacity of eco-products and how to build an
assessment system for the realization of eco-product value is rarely mentioned. Research in
these aspects is necessary to improve the eco-product value realization mechanism.

Eco-industry is a network-evolved industry organized according to the principles of
ecological economy and the laws of knowledge economy, with efficient economic processes
and harmonious ecological functions based on the carrying capacity of the ecosystem [18].
The idea emerged in the 1970s and grew rapidly in the late 1990s [19]. The idea of eco-
industry is widely used in product design and new product development for raw materials,
energy, and other industries [18]. In addition, based on Jinping Xi’s proposal that “lucid
waters and lush mountains are invaluable assets”, eco-industry can also depend on the
ecological resources of ecosystems. To elaborate, ecological resources require ecological in-
novation; thus, through the ecological value realization mechanism, ecological resources are
converted into products, with ecological industrialization enabling ecological resource protec-
tion and adding value to them [20]. This is a new industry that belongs to the coordinated
development of ecological resource utilization, ecology, and economy. As a specific form of
sustainable development, eco-industry harmonizes the unbalanced relationship between
ecological protection and economic development [21], which is consistent with the goal
of realizing the value of eco-products. On the basis of realizing the value of eco-products,
how to drive the formation of eco-industry and establish the formation mechanism of
eco-industry are the problems that need to be explored [22].

The global karst landscape covers about 15% of the world’s total area, in which a
quarter of the world’s population lives [23]. China’s karst area accounts for about one-
third of the national land area, and it is one of the countries with the largest area of karst
landscapes [24]. China’s karst area is widely distributed with many types, mainly in its
southern region. However, the karst ecosystem has been degraded due to unreasonable
human activities, with a dramatic reduction in biodiversity and a gradual intensification of
soil erosion, thus resulting in severe rocky desertification and causing the karst region to be
vulnerable [25]. Rocky desertification has become an essential ecological problem restricting
the development of regional economies and societies in South China’s karst areas [26].
To reduce land degradation and promote ecological and economic development, scholars
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have identified forests as the preferred target for ecological restoration in the region [27,28].
Management results have shown that forests are beneficial in stopping land degradation
and provide products and services such as carbon sequestration, oxygen release, soil and
water conservation, and timber in the control process [29,30]. Karst forest ecosystems
contain enormous ecological service values, and their own values are conducive to human
wellbeing [31]. At present, research on forest ecosystem services in karst restoration mainly
focuses on assessing ecosystem services [32–34] and the tradeoff synergy between ecosystem
services, and certain research results have been achieved [35–37]. However, owing to the high
elasticity of karst desertification management, how to maintain a sustainable supply of forest
ecosystem services requires continuous attention. Researching eco-product value realization
and eco-industry can help promote the sustainable supply of forest ecosystem services for
karst ecological restoration.

Agroforestry refers to a sustainable land use system formed by artificially combining
multiple components such as woody plants, crops, and livestock breeding in the same
land unit [38], which is a production mode designed to promote sustainable development
of forestry [39]. It is included in the scope of forestry. As a type of forestry, agroforestry
provides less biodiversity and ecosystem services than old-growth forests [40]. Based on
the value realization of eco-products and eco-industry research, some researchers have
proposed the enlightenment of agroforestry ecosystem services for karst ecological restora-
tion [41], but they only focused on agroforestry. Therefore, based on the value realization
of eco-products and eco-industry research, this study proposes that the supply capacity
of forest eco-products can be improved by realizing forest ecosystem service function
optimization through karst ecological restoration. The long-term dynamic observations
and ecological protection of forest ecosystem service value in karst ecological restoration is
established as the basis for formulating an ecological compensation standard, to improve
the forest ecological compensation mechanism. The synergistic development of forest
ecosystem services and eco-industry is proposed, for it aims to balance the development of
ecological benefits and economic benefits.

Understanding eco-product value realization and eco-industry helps to coordinate
ecological protection with economic development and promote ecological environment
improvement. The study of eco-product value realization and eco-industry is in a rapid
growth stage. Extensive studies have been conducted on eco-product value accounting,
the value realization mode, and the value realization path. However, the value realization
mechanism of ecological products still needs to be explored in depth, and the mechanism
of how eco-products drive the formation of eco-industries is unclear. Therefore, based on a
systematic review of the literature, this paper aims to (1) clarify the development trend of
studies on eco-product value realization and eco-industry; (2) summarize the landmark
achievements in eco-product value realization and eco-industry; and (3) condense the key
scientific issues that need addressing in the study on eco-product value realization and
eco-industry. This will help provide theoretical references for eco-product value realization
and scientific support for transforming forest ecosystem service values in karst areas.

2. Materials and Methods

To identify relevant studies, a literature search was conducted based on the China
National Knowledge Infrastructure (CNKI) and Web of Science (WOS) databases. To ensure
the timeliness of the number of publications, the search date was on 31 December 2022.
Figure 1 shows the process of the literature search and screening.
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Figure 1. The process of the literature search and screening.

Above all, Chinese literature was obtained from CNKI. For CNKI, “item” was the
search item, “eco-product value realization” was the search term for the first search, “eco-
product” and “eco-industry” were entered into the subject for the second search, and
finally, “ecosystem services” and “eco-industry” were the subjects for the third search.
Next, English literature was obtained from the WOS database. For WOS, “theme” was
the search item, “eco-product value realization” was the search term for the first search,
“eco-product” and “eco-industry” were entered into the subject for the second search, and,
finally, “ecosystem services” and “eco-industry” were the subjects for the third search. By
removing any duplicate items from the literature, 1048 Chinese articles and 440 English
articles were obtained. The statistical analysis was conducted on the retrieved articles.
First, according to the realization of the eco-product value and the research content of eco-
industry, the articles that were inconsistent with this research were screened out through
article titles, keywords, and abstracts. Second, the full text was read to filter out the articles
that were not relevant to this study. Lastly, 435 Chinese articles and 113 foreign articles
were obtained, with a total of 548 Chinese and English articles.

3. Results

3.1. Annual Distribution of Reports

As shown in Figure 2, studies on eco-product value realization and eco-industry began
to germinate in 2000 and has expanded swiftly since 2018. The studies can be roughly
divided into two phases. The first phase has a total of 61 articles from 2000 to 2017. The
related study started late, with an average annual publication volume of less than four
articles, representing the embryonic phase. The second stage is from 2018 to 2022, which
had a rapid growth phase, with a total of 487 papers, suggesting that this field of study has
a broad future.
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Figure 2. Annual distribution of articles.

3.2. Distribution of Research Areas in the Literature

As shown in Figure 3, the study institutions of eco-product value realization and eco-
industry formation were counted. Regarding the regional distribution, the study units were
mainly distributed in Asia (94.53%), followed by Europe (4.20%) and North America (0.73%),
with less distribution in Africa (0.18%) and Oceania (0.18%). Asia is mainly distributed in
China, India, Japan, and other regions; North America is mainly distributed in the United
States and Canada; and Europe is mainly distributed in Sweden, the United Kingdom, and
other regions. The largest number of articles was issued by Chinese institutions, followed
by India, the UK, Sweden, and the US. This is inseparable from the concern of local
governments and people for ecological protection and sustainable economic development.

Figure 3. The breakdown of the institutions and nations described in the study (owing to space
limitations, only institutions in China with more than seven publications are marked).
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3.3. Institution Distribution of the Literature

Owing to the large number of issuing institutions, the number of institutions with
more than seven articles was counted(Figure 4). Results of the statistical analysis show
that the institutions with more than seven articles are all from China and that the top units
in the number of publications in China are mainly divided into three categories: first, the
scientific research units that have been engaged in ecological environmental protection
and sustainable development for a long time include: the Environmental Planning Insti-
tute of the Ministry of Ecology and Environment (seven articles), the China Institute of
Natural Resources Economics (eight articles), Development Research Center of the State
Council (seven articles), and the Consulting and Research Center of the Ministry of Natural
Resources (nine articles); second, the units in the regions where the national eco-product
value realization mechanism points are located include: Zhejiang University (seven arti-
cles), Fujian Normal University (seven articles), Guizhou Normal University (nine articles);
and, third, the unit whose research objects are mainly finance and resources, such as:
Lanzhou University of Finance and Economics (eight articles). In addition, the colleges
and universities related to forestry and agriculture are also the main publishing units,
such as Beijing Forestry University (twelve articles), Eco-Environmental Research Center,
Chinese Academy of Sciences (twelve articles), etc. In general, the article distribution for
the research institutions is affected by factors such as research foundation and experience,
geographical advantages, and majors.

 

Figure 4. Literature by unit.

3.4. Content Distribution in the Literature

All of the identified literature is classified and summarized from the aspects of con-
notation and expansion, supply of eco-products, value accounting of eco-products, value
realization of eco-products, and eco-industry (Figure 5). The literature on eco-product value
realization accounts for 49.42%, mainly including eco-product value realization paths, mod-
els, and mechanisms. Eco-industry literature accounts for 21.82%, and mainly concerns
technology research and development, industrial model construction, and experimental
demonstration in eco-industry. The connotation and extension, and the value-accounting
literature account for 12.28% and 11.27%, respectively. These are mainly about the concept
and connotation of eco-products, value composition of eco-products, value-accounting in-
dexes and methods, etc. The literature on the supply of eco-products accounts for 5.20% and
mainly concerns the innovation of supplying the main body model, landscape planning,
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and so on. These proportions in the literature indicate that research on the value realization
of ecological products and eco-industries is becoming more mature, while the supply and
value accounting of eco-products are still in the exploratory and developmental stages.

Figure 5. Research content division.

3.5. Division of the Main Study Stages

As can be seen from Table 1, the related studies started in 2000. According to changes in
the research background, the studies about eco-product value realization and eco-industry
are divided into two stages, namely, the sprouting stage and rapid growth stage.

Table 1. Division of the research stages.

Research Stage Development Background Main Features

Budding stage
(2000–2017)

In 2010, China’s national main functional
area plan proposed the concept of

“eco-products” for the first time, but there
was no clear and unified concept. Some
scholars have studied and discussed the

concept and theory of eco-products.

There were less than four relevant articles per
year, and mostly focused on the concept and

theory of eco-products. For eco-industry
development, it mainly focused on the

transformation of traditional industries and the
design and planning of ecological technology.

Period of rapid growth
(2018–2022)

China has issued several documents and
policies on the realization of eco-product

value and carried out pilot projects
sequentially, realizing the value of

eco-products in several cities. Quality
eco-products have become a scarce resource,
and the coordinated development between

ecologies and the economy is attracting
increasing attention.

More than six relevant articles are published
every year, and the average annual publication

volume is more than 97. It is mainly about
eco-product value accounting, realization path,

mode, and mechanism research. A new
industrial form has emerged around

eco-products, and some scholars define it as the
fourth industry of eco-products.

3.6. Major Progress and Landmark Achievements
3.6.1. Connotation and Extension

(1) Eco-product concept

As research has deepened, the academic community has maintained different views on
defining eco-products. From the perspective of the natural environment, eco-products, as
important components of the ecosystem, are natural elements that can maintain ecological
security, safeguard ecological functions, and provide a good living environment [42]. From
the perspective of social development, eco-products also include products that humans
dedicate a certain amount of labor to and use in production, such as eco-agricultural
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products and eco-industrial products produced through clean production, recycling, energy
conservation, and emission reduction [12].

(2) Eco-products classification

Classifying eco-products is a prerequisite for studying their supply patterns and
operational mechanisms [43]. Currently, there are several approaches to classifying eco-
products. First, eco-products are classified into public eco-products, quasi-public eco-
products, and commercial eco-products, according to different paths and modes for realizing
their values [12]. Second, based on the theory of public goods, eco-products are divided into
national public eco-products, regional or regional public eco-products, community public
eco-products, and “private” eco-products [43]. Third, eco-products are divided into natural-
factor eco-products, natural-attribute eco-products, eco-derived eco-products, and eco-label
products, according to supply attributes [44]. Fourth, eco-products can be divided into
ecological material products, ecological regulatory services, and ecological cultural services
according to their manifestations and functions [45]. This is similar to the classification of
ecosystem services into support, supply, regulation, and cultural services proposed by the
Millennium Ecosystem Assessment [5].

(3) Composition of eco-product value

The types of eco-products are diverse and their value compositions are diverse. An
eco-product’s value is mainly manifested through its ecological, social, and economic
value [46]. Its value permeates in human life and production, cultural needs, economic
development, and other aspects [47]. Among them, the economic value of eco-products
is realized by directly participating in market transactions, which is also the embodiment
of direct-use value. The ecological value of eco-products is reflected in the natural value
of eco-products, which shows the function of eco-products in the process of conservation,
restoration, and regeneration of the whole ecosystem. It is also the embodiment of the value
of indirect use [48]. Social value refers to the value of eco-products embodied in the process
of enriching human spirit and culture and satisfying human needs for a better living
environment [49]. It is a concrete expression of nonuse value.

3.6.2. Eco-Product Supply

Several studies have improved eco-product supply capacity from the perspective of
supply-agent model innovation and spatial planning [42,50]. The single mode of supplying
eco-products is not conducive to efficiently supplying eco-products. Some scholars use
game theory to analyze the relationship between eco-product supply subjects by build-
ing a multicentered supply mechanism with the government as the main body and the
market and society working together to enhance the effective supply of eco-products [51].
Moreover, from the perspective of the relationship between macro- and microsuppliers of
eco-products, Zhang et al. [52] proposed multiple supply models such as a government-led
supply model, government-participatory market model, government-service-oriented guar-
antee model, and government-cooperative promotion model. Supply-mode innovation not
only realizes the diversification and individuation of supply content but also guarantees
the supply efficiency and quality of eco-products. From the perspective of spatial planning,
the normal play of ecosystem service functions depends on effective protection, restoration,
and expansion [53]. Therefore, some scholars start with regional landscape planning to
promote restoring damaged ecosystems by assigning various landscape types, quantities,
and spatial patterns, thus improving the quality of the regional ecological environment and
enhancing the supply capacity of high-quality eco-products [54].

3.6.3. Eco-Product Value Accounting

Quantifying the value of eco-products is fundamental to incorporate the welfare and
conservation effects of ecosystem services on humans into all decisions and is a prerequisite
to realizing the value of eco-products [55,56]. Currently, there is no unified method to account
for the value of eco-products, and the main approach is assessing the value of ecosystem
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services. There are three main methods. The first is the equivalence factor method [57]. This
is based on different types of ecosystem service functions, using quantifiable criteria to
construct the equivalent value of different types of ecosystem service functions [58,59].
Wang et al. [60] quantitatively analyzed the spatial and temporal distribution characteristics
of land use changes and ecosystem service values in Xinjiang from 1990 to 2020 using
equivalent factors combined with spatial autocorrelation and sensitivity. The second is
the functional value method [61]. The service types are divided based on clear ecosystem
types. Based on various monitoring and statistical data, the number of products and
services provided by the ecosystem is calculated and multiplied by the price to obtain
the total value [62,63]. Different types of eco-products require different functional value
methods (Table 2). Mou et al. [64] used the functional value approach to estimate the value
of ecosystem product supply, regulation service, and cultural service in the Yanqing district.
The third is the emergy analysis method [65]. Based on the solar energy value required by
each type of ecological resource to provide ecological services as a link, the service value
for different types of ecological resources is calculated, and finally expressed in emergy
units [66–68]. On account of the emergy analysis, Liu et al. [69] constructed the service
accounting method system provided by the agroecosystem and calculated the typical
agricultural ecosystem services per unit area in China.

Table 2. Classification of functional value method.

Type Methods Advantages Disadvantages

Functional value method

Market value method [4]

It can directly evaluate some of the
value of ecological service function

and is widely recognized by the
public.

Products and services that can be traded
through the market are evaluated, their

indirect benefits are ignored, and they are
easily influenced by market institutions

and policies.

Alternative cost method
[70–72]

The alternative approach solves the
problem of estimating the value of
ecosystem services in terms of the

willingness to pay.

The method’s effectiveness depends on
the public’s grasp of the information and
the calculation of the cost produces errors.

Shadow engineering [73,74]

The value of the ecological service
function, which is difficult to estimate

directly, can be calculated and
processed using alternative

engineering methods.

The replacement project is not unique, and
the replacement project has great

differences in time and space.

Cost of protection method
[75]

No detailed information or materials
are required.

The value is affected by many factors, cost
being only one of them, and it is easy to

underestimate.

Usage-of-travel fee [76]
Established based on the market,

recognized by the public, and has a
high degree of recognition.

The assessment results are influenced by
local economic conditions.

Hedonic price method [77,78]
Based on the market, it reflects the
actual preference of consumers and

has high credibility.
The statistical models are complex.

3.6.4. Eco-Product Value Realization

Through some studies, local governments and scholars have produced explorations
and summaries on the mode of eco-product value realization. Its main models can be
summarized as the ecological resource index and property rights trading model [79],
ecological protection compensation model [80], ecological industrialization management
mode [81], green finance model [82], and ecological protection and restoration, maintenance
and appreciation model [83]. For example, the “Chongqing Land Stamp Model” [84]
and “Fujian Forest Ecological Bank” [85] realize the value of eco-products through the
capitalization of ecological resources by implementing the flow of ecological resources.
For regulating service products, we mainly adopt the ecological protection compensation
method to achieve the goal of protecting the environment and social benefits through
governmental and market-based paths of ecological compensation [86,87]. Costa Rica has
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been able to achieve a win–win situation in terms of forest conservation and economic
development through market-based operations, relying on diversified funding channels
and a differential compensation standard [88]. Material products and cultural service
products need to rely on the organic combination of natural, constructed, and human
capital to transform ecological advantages into economic advantages through management
and development [89]. Zhou et al. [90] analyzed that the value realization of the Zhangye
Danxia landform in the original ecological mode relies on government policies, government
actions, scientific research institutions and researchers, local enterprises, farmers, and other
forces to realize its value through developing ecological tourism. The green finance model
is used to effectively reduce polluting projects and improve the investment return and
financing availability of green projects [82]. Green finance provides products such as green
credit, environment and climate fund, ecological trust, ecological insurance and ecological
benefit bonds to realize resource and capital complementarity [81]. The normal operation
of green finance requires a mature legal system, sustainable market conditions, and a sound
infrastructure construction system [91]. For areas with damaged ecological environments,
the mode of ecological protection and restoration and value preservation and appreciation
should be adopted to restore the natural ecosystem’s structure and function, enhance
eco-product supply capacities, and improve eco-product value by repairing the damaged
ecosystem [92]. Concerning China, some experiences in eco-product value realization have
been summarized for river basin management [93], mine ecological restoration [94], and
marine ecological restoration [95].

3.6.5. Eco-Industry

In the industrial age, humans have neglected the environment’s importance, thus
resulting in the increasing contradiction between resources, environment, and economic
development. Therefore, eco-environmentally friendly industry, circular economy, and the
design and optimization of eco-industrial parks have become the research focus [96,97].
Their purpose is to harmonize the relationship between the ecological environment and
economic development and achieve regional sustainable development. The speed of knowl-
edge flow and technology flow in the eco-industrial park ecosystem is fast, which drives
the speed of material, energy, information, and value flows in the system, strengthening
its ecological function [98]. Therefore, eco-industrial parks are an important vehicle to
promote environmentally friendly industries and develop a circular economy. In eco-
industrial parks, existing resources can be fully utilized to minimize waste emissions and
environmental pollution by connecting clean production and eco-industrial chains [99]. In
addition, the ecological carrying capacity and industrial ecological suitability also need to
receive focus [100]. Industrial ecological suitability is an assessment of the suitability and
limitations of industrial development and resource exploitation based on regional natural
environment characteristics, resource endowments, environmental capacity, social and
economic development needs, and the planned industrial structure, industrial layout, and
development scale [101]. The ecological carrying capacity determines the type and spatial
layout of regional industry. The ecological carrying capacity has become an important
constraint on regional industry development [101]. Therefore, the ecological carrying
capacity factor is considered when assessing the industrial ecological suitability, which
facilitates optimizing the industrial structure.

Entering the age of ecological civilization, the traditional division of labor among the
three industries cannot meet the needs of industrial development. Ye et al. [102] proposed
defining waste recycling as the fourth industry, thus expressing the worth of environmen-
tal production. However, it is too incomprehensive to define ecological environmental
production only as waste recycling. Subsequently, Wang et al. [103] proposed the concept
of the fourth industrial product from the viewpoint of eco-products, further analyzed its
formation mechanism and constituent elements, and constructed a system of evaluation
indicators for developing the fourth industrial product. With a continuously improving
eco-product value realization mechanism, the fourth industry of eco-products is being
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formed around eco-product supply and value realization. Nonetheless, the fourth industry
of eco-products is in the early stage of formation, and the theory and practice still need
to be expanded. Further clarifying the boundary of the fourth industry of eco-products,
standardizing the industrial classification system, strengthening the development index
system, and aligning with the economic accounting system to promote the sustainable
development of the fourth industry of eco-products are all recommended [104].

With the concepts of eco-industrialization and industrial ecologization being pro-
moted, the eco-industry has been developing. Eco-products are the basis of ecological
industrialization and industrial ecologization [105]. Eco-industrialization refers to the
process of forming various industries through market-oriented means relying on exist-
ing natural environment resources and finally realizing the value-added process [106].
Eco-industrialization emphasizes transforming and applying ecological resources in the
industrialization process. It is necessary to consider the ecological effects. The sustainable
use of ecological resources can only be achieved through protection during development.
Industrial ecologization refers to the process of using resource-saving and environmen-
tally friendly new technologies to transform and upgrade various industries to achieve
green production [107]. Industrial ecologization is an inevitable requirement of sustainable
development and an effective integration of economic and social development and ecological
protection. Therefore, eco-industrialization is mostly appropriate for areas with better ecologi-
cal resources. Producing eco-products facilitates ecological industrialization, which is one
of the intrinsic drivers of value realization; industrial ecological transformation promotes
the improvement of ecological concepts and enhances the demand for eco-products, which
is the external driving force to realize the value of eco-products [22].

4. Discussion

4.1. Differences in the Value Realization of Eco-Products and the Annual Volume of
Eco-Industry Publications

The number of articles related to eco-product value realization and eco-industry is
rapidly increasing (Figure 2). Therefore, discussing eco-product value realization and eco-
industry is a valuable research topic. Since the emergence of eco-product value realization
and eco-industry research, the number of articles has been increasing in the rapid growth
phase, accounting for 88.86% of the overall number of papers. In the early stage, eco-product
value realization and eco-industry research mainly focused on the concept and theory of eco-
products. As the research progressed, the literature on the path, mode, and mechanism of
eco-product value realization gradually increased. Local governments also began carrying
out pilot projects on eco-product value realization in different regions and summarizing
different value realization models. Relevant research on eco-product value realization and
eco-industry is mainly in key ecological function areas, national parks, and agricultural
products, and there are also some relevant studies on forest eco-product value realization.
However, there are few studies on the value realization of forest eco-products in karst
ecological restoration. There is a lack of research on how eco-products drive eco-industries’
formation mechanisms.

4.2. Differences in the Distribution of Research Areas

The differences in natural economic conditions and social situations among regions
contribute to the uneven development of eco-product value realization and eco-industry
research (Figure 3). Regarding the number of publications, Asia has the largest number of
publications, accounting for 94.53%, while Europe, North America, Oceania, and Africa
are less distributed, and account for 4.2%, 0.73%, 0.18%, and 0.18%, respectively. Among
them, China has the highest number of publications, with a total of 92.51% of publications.
This may be because the concept of eco-products was presented by Chinese scholars, and
international academics use the concept of ecosystem services more than eco-products.
Additionally, it may be related to the use of the CNKI database. Pilot projects on ecosystem
goods value realization have been carried out in various parts of China, and these pilot
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projects have developed models worthy of emulation. As a result, the number of articles
that describe studies of eco-product value realization and eco-industries is increasing.

4.3. Key Scientific Problems and Prospects to Be Solved at Home and Abroad

Based on the research status of eco-product value realization and eco-industry, this
study summarizes the problems of eco-products shortage, unclear quantity and ownership
boundary of natural resource assets, insufficient subsequent guarantee for eco-product
value realization, single ecological compensation models, insignificant implementation
effects, and insufficient internal driving force of eco-product to eco-industry. There are
also some problems, such as the deterioration of the ecological environment caused by the
unreasonable industrial structure. Among them, the remaining challenges in this field are
how to clarify the number and ownership boundary of natural resource assets, and how
eco-products drive the formation mechanism of eco-industry.

4.3.1. Mechanism of Improving Eco-Products’ Supply Capacity

In response to the current shortage of eco-products, improving the supply capacity of
eco-products is necessary [108]. Currently, research on the supply capacity of eco-products has
focused on improvement paths and strategies, such as innovating supply motifs, ecological
space optimization [109], certifying eco-products [110,111], and landscape planning [112,113].
However, less research has been conducted on enhancing eco-product supply capacities by
optimizing ecosystem service functions [114]. By optimizing the ecosystem structure, the
ecosystem’s stability is enhanced, the ecosystem’s integrity is ensured, the ecosystem’s
service function optimization is realized, and the ecosystem’s quality is improved to provide
more eco-products.

4.3.2. Building an Open and Shared Eco-Product Information “Cloud Platform”

Given the problems of unclear natural resource asset basis and ownership boundaries,
we combine digital technology applications to build an open and shared eco-product infor-
mation database. Eco-products require clear property rights before they can be transformed
into manageable production factors. However, in natural public resources with characteristics
of dispersion, mobility, and cross-region, such as rivers, forests, climate, and other ecosystems,
there are problems such as the unclear property rights ownership of eco-products. Therefore,
establishing a multisource monitoring mechanism for eco-products and a unified system of
natural resource classification standards is necessary [115]. By fully utilizing the latest digital
technologies such as big data, we organize and carry out a nationwide “pre-investigation”
of natural resource assets. At the same time, we must also dynamically adjust and op-
timize the classification standards according to the actual situation in different regions,
build an open and shared “cloud platform” for eco-product information, and establish an
eco-product catalogue information system to facilitate the timely tracking and grasping of
information on eco-product quality grades, ownership, quantity distribution, etc. [116].

4.3.3. Establishing an Evaluation System for Realizing the Value of Eco-Products

Regarding the insufficient follow-up guarantee for realizing eco-product value, an
assessment and evaluation system for realizing eco-product value should be constructed.
Some studies have shown that why excellent eco-products become scarce is inseparable
from the neglect of including ecological protection in environmental consciousness. This
stems from adopting the extensive development mode in the past. Therefore, scholars and
local governments should give attention to research assessing eco-product value realization
to guarantee the sustainable development of eco-product value realization. The evaluation
system of eco-product value realization should be constructed according to local conditions,
and the accounting results of natural resource asset quality and eco-product value should
be regarded as an important reference for evaluation. For the key ecological functional
areas mainly providing eco-products, we should focus on assessing the eco-product supply
capacity, environmental quality improvement, ecological protection effectiveness, and other
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indicators [117]. Most assessments of social and economic development only considered
gross domestic product (GDP) unilaterally. In the future, it will be necessary to consider
applying gross ecological product (GEP) indicators when evaluating relevant local gov-
ernment performance. The assessment results of GDP and GEP will be implemented in
property rights transactions, ecological compensation, and ecological and environmental
damage compensation.

4.3.4. Improving the Ecological Compensation Mechanism

In response to the problems of single ecological compensation models and insignifi-
cant implementation effects, a corresponding benefit evaluation and monitoring system
should be established, and a corresponding response should be proposed to improve the
ecological compensation mechanism. Most studies on ecological compensation standards
and ecological compensation pathways are more extensive, but there are relatively few
studies on ecological compensation that affect monitoring and environmental dynamics
after ecological compensation implementation. Dynamic monitoring using GIS and RS
technologies can meet the objectives and needs for large-scale, efficient, and accurate moni-
toring and understanding of ecological environment conditions and change factors such as
soil cover, vegetation conditions, and soil erosion across study areas. In addition, ecological
protection costs together with regional ecological and environmental management invest-
ment and effectiveness are included when evaluating ecological compensation benefits, and
long-term dynamic observation is used as the basis for ecological compensation standard
development to improve the ecological compensation standard system [118].

4.3.5. Driving Mechanism of Eco-Products in Eco-Industry

Eco-products contain strong ecological and economic value. With the development
of the social economy, the social demand for eco-products has been gradually increasing.
Eco-products are the basis for forming eco-industries, but there is still a lack of an internal
driving force for forming them. In the future, research must focus on integrating eco-
products, socializing the re-operation of eco-products, cultivating eco-product market
agents, and constructing eco-product market circulation systems. By investigating the
spatial distribution, quantity, and size of eco-products and being guided by the product
size and spatial concentration, product distribution and distribution centers are developed
to provide a basic platform for market transactions. We will strengthen the processing
of material products and brand building and promote integrating primary, secondary,
and tertiary industries. According to the spatial distribution in the main body supply,
the supply capacity, cost revenue, and market supply main body need to be cultivated.
According to the spatial distribution, consumption potential, demand size, and willingness
to pay for consumer agents, the market consumer agents are cultivated. Integrating product
distribution, market circulation, trading platform construction, and product trading paths
will build the eco-industry market circulation system to realize eco-product values.

4.3.6. Research on the Coupled Development of Ecological Protection and Restoration
and Eco-Industry

The problem of unreasonable industrial structures deteriorating the ecological en-
vironment has affected regional sustainable development. It is necessary to accelerate
the research on the coupled development of ecological protection and restoration and
eco-industry. The organic coupling and coordination of industry and ecological restoration
is conducive to the coordinated development of economic, social, and ecological benefits.
Combining ecological protection and eco-industry in ecological restoration areas has at-
tracted increasing academic attention. Eco-industry is the most suitable industry to realize
the coordinated development of ecological protection and economy in ecological restoration
areas. By establishing the coupling mechanism of the ecosystem carrying capacity and
eco-industry in ecological restoration zones, we clarify their relationship and explore the
optimization of the industrial layout. To clarify the stability between inputting ecological
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protection and restoration and developing eco-industry, a coupled coordination model of
ecological protection and restoration and eco-industry is constructed based on the theory
of the coupling coordination degree, and the coordination degree between them is clarified.
However, the coupling mechanism between ecological restoration and industrial models is
still in the exploratory phase, and there are few studies on integrating key technologies and
processes in coupled systems. In the future, the process characteristics, coupling purpose,
and overall benefits of coupled systems should be fully considered, and the degree of cou-
pling coordination should be used as a theoretical approach to evaluate the coordination
between the two systems.

4.4. Enlightenment toward Forest Ecosystem Services in Karst Ecological Restoration

Under the background of large-scale karst forest ecological restoration, the area of
rocky desertification has gradually decreased in China [119]. The ecological restoration of
karst forests involves not only restoring forest vegetation, but also restoring and reconstructing
the structure and function of the whole ecosystem, the above- and belowground biodiversity,
the ecological value and economic value, etc. [20]. The karst rocky desert ecosystem can be
improved by artificial afforestation and closed mountain afforestation (Figure 6). The results
show that forest ecosystem services are beneficial to controlling degraded land and play an
essential role in local agricultural and forestry production, improving people’s living condi-
tions, and maintaining the ecological environment. Controlling the desertification of karst
involves acknowledging that it is prone to recurrence. How to promote the sustainability
of forest ecosystem services in karst ecological restoration is worth considering.

  
(a) (b) 

Figure 6. Measures to control rocky desertification: (a) artificial afforestation; (b) closed mountain
afforestation.

4.4.1. Increasing Supply Capacity

Southwest China’s karst area is the country’s largest contiguous poverty-stricken
area. In recent years, in the rocky desertification control process, poverty alleviation and
economic improvement, the development of characteristic industries, and the large-scale
planting of economic forests and fruit forests, fast-growing timber forests, and other ar-
tificial forests, have all occurred in the karst areas [119]. The area of plantation forests
significantly accelerated the increase in vegetation coverage and biomass in karst areas and
increased the regional wood stock [120]. However, plantation tree species are relatively
monophyletic, have low biodiversity conservation functions, and have increased the inci-
dence of pests and diseases. It is also limited by the shallow soil layers, insufficient total
soil, and lack of mineral nutrients in the karst region [120]. These factors also lead to the
poor stability of ecologically restored forest ecosystems. Karst ecological restoration cannot
just blindly pursue the “greening” of vegetation coverage, but must turn to improving the
quality of karst ecological restoration forest ecosystem services and regional development.
Forest species allocation involves optimizing the forest ecosystem structure, enhancing the
forest ecosystem structure’s stability, maintaining the forest ecosystem integrity, realizing
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the forest ecosystem service function optimization, promoting the overall improvement of
karst forest ecosystem quality, and enhancing the supply capacity of forest eco-products.

4.4.2. Improving Mechanism Compensation for Forest Ecological Services

Ecological compensation has been used to solve environmental problems and promote
the sustainable provision of ecosystem services [121,122]. A reasonable forest ecological
compensation scheme is conducive to protecting forest resources and sustainable ecological
development. According to the ecological environment problem in karst areas and the need
for a national security ecological barrier, the principle of “who protects, who benefits, who
develops, who protects” should be highlighted in the artificial forest ecosystem and the
closed forest ecosystem formed in the rocky desertification control process. In the future,
long-term dynamic observations of forest ecosystem service value and ecological protection
input for karst ecological restoration should be used as the basis for formulating ecological
compensation standards and constructing long-term ecological compensation plans. To
ensure the effective functioning of the ecological compensation program, it is necessary
for the ecological compensation authority to track the whole compensation process and
manage it. In addition, ecological compensation benefit assessment should be carried out.

4.4.3. Synergistic Development

Ecosystem services lay the foundation for eco-industries, which can consolidate and
enhance the quality of ecosystem services [123]. Therefore, we should focus on the coordi-
nated development of forest ecosystem services and forest ecological industries in karst
regions. A karst ecology–restoration forest ecosystem service aims to provide high-quality
materials and service products for the survival and development of local rural residents
without compromising the ecosystem’s stability and integrity. The forest eco-industry must
promote local economic development under the premise of realizing the protection and
sustainable utilization of forest resources. The former aims to promote ecological priority,
through green and high-quality industrial development, while the latter aims to consolidate
the results of economic development and focus on the ecosystem’s stability and integrity.
Different from other forest eco-industry development areas in the world, the previously
fragile ecosystem patterns and functions are further degraded due to the karst’s fragility
and unreasonable human activities, with the spread of rocky desertification and other
ecological problems being exacerbated. Therefore, it is necessary to assess the ecological
and economic benefits of forest industrial structures in the karst regions. The forest industry
structure can then be optimized to improve the service function of the ecological restoration
forest ecosystem. Finally, with the actual situation of karst ecological restoration and its
own advantages, we will actively explore ways to extend the forestry industry chain and
promote developing the characteristic forest industry through cultivating and developing
the characteristic forest products under the premise of ecological security (Figure 7).

 
(a) (b) 

Figure 7. Rocky desertification control derivative industry in Guizhou: (a) prickly pear-planting
industries; (b) under-forest chicken-raising (source: https://sck.gznu.edu.cn/erji.jsp?urltype=tree.
TreeTempUrl&wbtreeid=1773 (accessed on 23 October 2022)).
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5. Conclusions

In this study, we analyzed a systematic review by statistically analyzing 548 papers
retrieved from the WOS and CNKI databases and concluded the following: (1) Regarding
the number of publications, there has been a rapid growth trend since 2018, and the research
process has experienced budding (2000–2017) and rapid development (2018–2022) stages.
(2) The research region is mainly concentrated in Asia, which accounts for 94.53%, with
China having the highest number of publications, with a total of 92.51% of publications.
This is followed by Europe, with 4.2%. (3) Regarding research content, eco-product value
realization research is the most abundant, accounting for 49.42% of the total, followed by
eco-industry, accounting for 21.82% of the total; connotation and extension, and also value
accounting, accounting for 12.28% and 11.27% of the total, respectively; and eco-product
supply, which was relatively low, accounting for 5.20% of the total.

The following are ideas for future scientific problems and solutions that need attention:
(1) For the shortage of eco-products, the eco-product supply capacities must be improved.
This can be achieved by optimizing the ecosystem’s structure, enhancing the ecosystem’s
stability, and realizing the ecosystem’s service function optimization. (2) Regarding prob-
lems such as unclear boundaries in the quantity and ownership of natural resource assets,
an open and shared eco-product information database should be built in conjunction with
digital technology applications, and an eco-product catalogue information system should
be established to keep track of information, such as the grade of eco-product quality, own-
ership of rights and interests, and quantity distribution, in a timely manner. (3) Because
ecological environment quality can easily be ignored, an assessment and evaluation system for
ecological product value realization should be constructed. The quality of natural resource as-
sets and eco-product value-accounting results should be regarded as important references for
assessment and evaluation. Additionally, the GEP index should be included when applying
the relevant performance assessment of local governments. (4) Because the eco-protection
compensation for eco-products is not obvious and the ecological compensation model is
singular, it is necessary to establish a corresponding benefit evaluation and supervision
system, and based on the benefit evaluation results and long-term dynamic monitoring, put
forward applicable countermeasures to improve the ecological compensation mechanism.
(5) To address the insufficient internal driving force of eco-products in eco-industry forma-
tion, research should be conducted on integrating eco-products, cultivating the main market
of eco-product supply and of eco-product consumption, and constructing the eco-product
market circulation system to drive eco-industry formation. (6) Because unreasonable in-
dustrial structures affect the sustainable development of regions and are deteriorating the
ecological environment, accelerating research on the coupled development of ecological
protection and restoration and eco-industry is necessary. Using the coupling coordination
degree theory, a coupling coordination model of ecological protection and restoration and
eco-industry can be constructed.
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Abstract: The exploration of the functional traits of Zanthoxylum planispinum ‘dintanensis’ and
Zanthoxylum amatum ‘novemfolius’ at the seedling stage may provide a scientific basis for the zoning
of germplasm resources and the introduction of plant varieties. The seedlings of the above mentioned
two species with an age of about 8 months were selected as the study material, and the structure,
nutrients, and physiological traits of leaves and roots were determined, respectively, to reveal their
survival strategies. The results demonstrated the following four key elements. (1) The leaf thickness,
specific leaf area, and leaf δ15N value of Z. planispinum ‘dintanensis’ were significantly higher than
those of Z. amatum ‘novemfolius’ (p < 0.05). However, the root diameter and Ca content showed the
opposite results, and the other traits were not significantly different. (2) Leaf functional traits except
Ca, as well as specific root length, and root P, Ca, and physiological traits had strong dominant effects
on the functional trait system. (3) Among the main functional traits, leaf K and root P preferred
environmental selection, leaf C, N, and P favored stable inheritance, and specific leaf area, leaf δ15N,
and root Ca were affected by varieties. (4) There were significant synergies (promotion) and trade-offs
(inhibition) between the functional traits, and the leaves and the root system were closely correlated.
It is speculated that Z. planispinum ‘dintanensis’ may have a stronger defense system. Its leaves are
mainly related to growth and defense functions, and its roots are mainly related to the regulation
of functions.

Keywords: structural trait; element trait; physiological trait; leaf; root; karst

1. Introduction

Plant functional traits are characteristic attributes regarding their morphology, struc-
ture, physiology, and biochemistry. They characterize the strategies of plants to adapt
to habitats [1], determine the level of productivity [2], and affect the elasticity of ecosys-
tems [3]. So, the functional traits of plants are the core means for researchers to learn about
the internal relationship between plants and the environment. The leaf is the specific site
of photosynthesis and the valve of hydraulic safety, and its functional traits may reveal
resource utilization and allocation strategies during plant growth and regulation [4], and
the maintenance of photosynthetic capacity [5], and there are strong hydraulic, anatomical
and economical traits [6]. The root system is an important organ for plants to absorb water
and nutrients, and the fine roots are the main bearers of ecological metabolic functions. The
functional traits of the root system were found to be closely related to plant phylogeny and
could indicate resource utilization strategies [7], and they also had an impact on the content
and stability of rhizosphere carbon [8]. Therefore, the study of the two main organs of the
plant, i.e., the leaf and root system, will help to deepen an understanding of the changes in
the patterns of plant nutrient and water balance [9], and to clarify the ecological strategies
of plants to adapt to the environment.

Forests 2023, 14, 386. https://doi.org/10.3390/f14020386 https://www.mdpi.com/journal/forests
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The seedling stage is a vulnerable stage in the life cycle of a plant, and it is very
sensitive to environmental changes [10]. Seedlings showed phenotypic plasticity in
the process of adapting to changes in habitat factors [11]. Thus, the seedling stage is a
key parameter during the growth period to inform about plant adaptation strategy in
the habitat. Thus, elucidating the survival strategy of seedlings may lay a foundation
for the planning and utilization of germplasm resources. Researchers have carried out
various studies on the functional traits of seedlings, and they have achieved various
results. The first one is the ecological implication of indicators. Studies have shown
that functional traits could reveal the growth strategies of seedlings [12], indicating
their great potential for drought resistance [13], and these traits may be different from
those of adult plants [14]. The second one is the environmental factors that affect the
variation of functional traits. It has been reported that the functional traits of the roots of
Cunninghamia lanceolata (Lamb.) Hook. across various geographical provinces are more
stable than those of the leaves [15]. It has also been revealed that the growth, biomass
distribution, and morphologies of seedlings of different plants respond differently to
their light environment, and thus, plant groups were categorized according to the
finding [16]. Studies have also shown that the seedling traits of the same plant group are
affected by environmental factors such as altitude [17], and these variations of traits have
their own biological scales of effects [18], with clearly differentiated scaling patterns.
The third is the regulation and application of traits. For example, brassinosteroids
and gibberellins have control effects on the traits of maize seedlings [19], and they are
closely related to the induction function of endogenous hormones. By regulating the
functional traits of seedling roots, a foundation can be laid for germplasm improvement
and quality optimization [20]. Different root traits also affect phosphorus utilization [21],
establishing a theoretical basis for the screening of target traits. However, there is no
research on the functional traits of the seedlings of Z. planispinum ‘dintanensis’ and
Zanthoxylum amatum ‘novemfolius’ adapting to a drought environment. This knowledge
gap has been limiting theoretical research on scientific introduction and germplasm
resource zoning. Additionally, it is not conducive to the promotion and application of
improved varieties, nor to the formulation of nursery stock standards.

Z. planispinum ‘dintanensis’ is a unique native plant in the karst dry-hot valley area of
Guizhou, China. It has excellent properties, i.e., it can sustain a rocky habitat, it is calcium-
preferred, and it is drought-resistant. The plant is famous for its ‘pure fragrance, thick
hemp flavor, excellent quality’. Additionally, it has been considered as a product-yielding
species listed in the protected geographical areas, and as a preferred species for ecological
industrial development. It has a planting area of more than 10,000 ha in China and has
become a pillar industry for regional ecological construction and economic development.
Z. amatum ‘novemfolius’ is the main variety of Z. amatum in the Sichuan and Chongqing
regions. It has a large cultivation area in Jiangjin, Chongqing, which has won the title
of “Hometown of Zanthoxylum in China”. The species has also been introduced to the
dry-hot valleys of Guizhou. As of now, the ages of the plants are mostly 3–5 years, and their
growth and adaptability still need to be investigated. So, studying the functional traits of
seedlings of these two varieties of Zanthoxylum can help us to explore the growth strategies
of Z. amatum ‘novemfolius’ at the seedling stage in dry-hot valley areas. This provides a
theoretical basis for introducing a fine variety, ecological restoration, and the utilization
of germplasm resources. However, the research in this field is currently very limited, and
there are no published literature reports. Therefore, this study selected the native plant Z.
planispinum ‘dintanensis’, taking the introduced species Z. amatum ‘novemfolius’ as the
control, to determine the functional traits of the leaf and root systems, mainly including the
structural, nutrient, and physiological traits, which mainly reflect the resource acquisition
and adaptive abilities of plants. These traits are the basis for selecting better traits in the
future, and they can serve for trait regulation and germplasm creation. The purpose of
elucidating their functional traits and growth strategies at the seedling stage is to answer
the following two scientific questions: (1) to elucidate the differences in leaf and root
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functional traits between Z. planispinum ‘dintanensis’ and Z. amatum ‘novemfolius’, and to
reveal survival strategies at the seedling stage; (2) to screen the dominant functional traits,
explore their sensitivities and selection tendencies, and to find out their internal correlation.
In view of the above two scientific questions, this study made the following scientific
hypotheses: (1) The resource acquisition and survival strategies of the local species of Z.
planispinum ‘dintanensis’ and the exotic species of Z. amatum ‘novemfolius’ are different;
(2) The dominance, selection tendency, and interaction of different plant functional traits
were different. We hope to provide theoretical support for the introduction of Zanthoxylum,
and to realize the scientific zoning and rational utilization of germplasm resources.

2. Materials and Methods

2.1. Study Site

The study area was located in Huajiang, Guanling, Anshun. The uniqueness of the
habitat is indicated as a dry-hot climate, a deep valley, and with rocky desertification.
The area has a dry and hot climate, mainly a subtropical humid monsoon climate, an
annual average rainfall of approximately 1100 mm, with uneven seasonal distribution,
severe drought in winter with spring and summer droughts, abundant heat resources,
an annual average temperature of 18.4 ◦C with maximum and minimum temperatures
of 32.4 and 6.6 ◦C, respectively, an annual total accumulated temperature of 6542.9 ◦C, a
warm and dry winter and spring, and a hot and humid summer and autumn. The annual
frost-free period is about 337 days, and the monthly mean meteorological data are shown in
Table 1. The valley is 530–1473 m above sea level, with a 943 m elevation. The groundwater
is deeply buried in the deep valley. Rocky desertification has developed in the Beipan
River Basin of the upper reaches of the Pearl River. The exposed bedrock rate is between
50% and 80%, and carbonate rock accounts for 78.45%. The soil is mainly a calcareous
soil of discontinuous soil mass. The vegetation is mainly natural secondary forest and Z.
planispinum ‘dintanensis’ plantations. Although there is a lot of rainfall in this area, but
the combination of geological and seasonal drought, as well as the tendency of plantation
xerification, make the habitat tend to be arid.

Table 1. Meteorological data statistics (2019 data) [22].

Month Rainfall/mm
Land Surface

Evaporation/mm
Available

Rainfall/mm
Temperature/◦C

Radiation
/(W·m−2)

Relative
Humidity

/%

January 17.00 16.49 0.51 12.17 227.26 80.02
February 10.40 10.32 0.08 14.79 320.71 70.44

March 12.60 12.51 0.09 19.15 373.30 67.19
April 33.50 32.84 0.66 26.40 572.70 64.11
May 31.20 30.65 0.55 26.20 465.80 67.24
June 253.00 125.07 127.93 27.41 582.78 78.13
July 156.60 112.47 44.13 27.40 585.91 78.62

August 75.60 70.09 5.51 28.70 761.22 73.05
September 296.40 105.78 190.62 25.30 587.69 73.80

October 101.00 80.77 20.23 23.80 332.78 70.10
November 57.60 45.43 12.17 14.30 282.56 68.47
December 43.50 36.05 7.45 12.00 247.72 72.34

2.2. Plot Setting and Sample Collection

During the higher seedling growth period of 11–12 June 2022, three standard
quadrats of 10 × 10 m were set up for each of Z. planispinum ‘dintanensis’ and Z. amatum
‘novemfolius’ in their bases, with similar environments (Table 2). Then, a number of
20 seedlings with heights of 30–40 cm, with no visible signs of diseases or pests to the
naked eye, were randomly selected. All seedlings were sown in the nursery site during
October 2021. At the seedling stage, thinning and tending measures were adopted,
and the seedling growth environment was consistent without transplanting. The seeds
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of Z. planispinum ‘dintanensis’ were locally harvested, while the seeds of Z. amatum
‘novemfolius’ were from Jiangjin, Chongqing; all were collected from their respective
adult mother trees. Select pure varieties, healthy growth, full fruits, stable yield, no pests
and diseases as the seed trees. The picked seeds are dried in the sun, shelled, and sown
in time to prevent damage due to heat.

Table 2. Basic situation of the seedling plots.

Variety
Altitude

/m
Longitude Latitude

Seedling
Age/Month

Seedling
Height/m

Insect Feed Rate

ZP 620 105◦41′30.17” E 35◦39′49.35” N 8 0.3–0.4 Less
AP 620 105◦41′30.17” E 35◦39′49.35” N 8 0.3–0.4 More

ZP: Zanthoxylum planispinum ‘dintanensis’; AP: Zanthoxylum armatum ‘novemfolius’. The same below.

All of the leaves and roots of 20 seedlings in each quadrat were collected. Only the
primary roots were sampled, since the secondary roots had not fully grown by that time,
and they were retained mostly on the primary roots. After collection, the samples were
washed with tap water, and then rinsed 3 times with deionized water. In each quadrat,
with the quadrate as the scale, 10 leaves and 10 roots were selected from all of the plants.
After recording the number, the thickness, area, fresh biomass, saturated (in water for
12 h) fresh biomass of the leaf, as well as the diameter, length, and fresh biomass of the
root were measured immediately, to prevent the impact of water loss on the test results.
Among the measurements was each first-order branch root on the taproot; since plant root
development in the karst area is greatly affected by underground cracks, the total root
system could not be measured in this study. Then, all samples were dried in an oven at
65 ◦C to constant mass, and the biomass as dry wight was determined. The leaf thickness
and root diameter were measured using a vernier caliper, the leaf area was measured using
Delta-T Devices (Cambridge, UK), the root length was measured using a tape measure, and
the mass was weighed using an analytical balance.

2.3. Sample Processing and Testing

All of the remaining fresh samples of leaves and roots were dried following the
same procedure as that described before, being thoroughly mixed with the previously
dried samples, and then ground and filtered through a 0.25 mm sieve for the analyses
of chemical elements and stable isotopes. Plant carbon (C), nitrogen (N), and their
stable isotopes were determined using elemental analyzer-stable isotope ratio mass
spectrometry (Vario ISOTOPE Cube—IsoPrime IRMS, Elemental); a stable carbon isotope
is denoted as δ13C, and a stable nitrogen isotope is denoted as δ15N. The contents of
phosphorus (P), potassium (K), and calcium (Ca) were determined via perchloric acid–
sulfuric acid digestion–molybdenum antimony anti-colorimetric–UV spectrophotometry,
a flame spectrophotometer method, and inductively coupled plasma optical emission
spectroscopy (ICP-OES) methods, respectively. Then, via calculation, the following
parameters were obtained: the specific leaf area was the ratio of the leaf area to the
dry mass, the leaf dry matter content was the ratio of the dry weight to saturated fresh
mass, the specific root length was the ratio of the root length to dry weight, and the
stoichiometric ratio was the element quality ratio.

2.4. Data Analysis

All data were organized and preprocessed using Microsoft Office Excel. In detail,
firstly, Shapiro–Wilk function was used to test the normal distribution of the data, and
lg transformation was performed if the data did not conform to the normal distribu-
tion. Then, a one-way analysis of variance (ANOVA) and least significant difference
(LSD) methods were adopted to conduct multiple comparisons to test for the significant
differences between the functional traits of the two Zanthoxylum varieties. Secondly,
principal component analysis (PCA) was performed to screen out the main traits from all
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of the functional trait indicators. Then, intraspecific and interspecific sensitivity indexes
were calculated, respectively. Intraspecific refers to the internal species of Zanthoxylum
planispinum ‘dintanensis’ or Zanthoxylum armatum ‘novemfolius’, and interspecific refers
to between the two Zanthoxylum species. Intraspecific is to judge the changes within a
single species, while interspecific is to judge the overall changes of two Zanthoxylum
species. The calculation method was referred to the reference [23]. The intra-species
and inter-species sensitivity indicators were calculated, respectively, by dividing the
difference between the respective maximum and minimum values by the minimum
value of a trait. The inter-species sensitivity was calculated using the maximum and
minimum values of all values of a trait. The formula is Mi = (Iimax − Iimin)/Iimin, where M
is the sensitivity index and I is the functional trait. Finally, Pearson correlation analysis
was used to reveal the correlation characteristics between the main characters, at a very
significant and a significant level of α = 0.01 and α = 0.05, respectively. The data in the
figures and the tables are the mean ± standard deviation. Origin 2021 (version 2021,
Originlab Corporation, Hampton, NY, USA) was used to make the figures.

3. Results and Analysis

3.1. Leaf Functional Traits
3.1.1. Leaf Structural Traits

The leaf thickness and specific leaf area of Z. planispinum ‘dintanensis’ were signifi-
cantly higher than those of Z. amatum ‘novemfolius’ (p < 0.05, same as following), suggesting
that Z. planispinum ‘dintanensis’ had a stronger ability to utilize and to preserve resources
and to resist diseases. The leaf dry matter content of Z. amatum ‘novemfolius’ was higher,
but the difference was not significant (Figure 1a).

(a) 

 
(b) 

Figure 1. Cont.
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Figure 1. Leaf functional traits of Zanthoxylum planispinum ‘dintanensis’ and Zanthoxylum armatum
‘novemfolius’. Different letters represent significant differences at the level of p < 0.05. (a) The
comparison of the leaf structural traits between Zanthoxylum planispinum ‘dintanensis’ and Zanthoxy-
lum armatum ‘novemfolius’. (b) The comparison of the leaf element traits between Zanthoxylum
planispinum ‘dintanensis’ and Zanthoxylum armatum ‘novemfolius’. (c) The comparison of the leaf
element stoichiometry between Zanthoxylum planispinum ‘dintanensis’ and Zanthoxylum armatum
‘novemfolius’. (d) The comparison of the leaf physiological traits between Zanthoxylum planispinum
‘dintanensis’ and Zanthoxylum armatum ‘novemfolius’.

3.1.2. Leaf Nutrient Traits and Stoichiometry

In general, the contents of C, N, P, K, and Ca in the leaves of Z. amatum ‘novemfolius’
were higher, but the differences were not significant. It thus indicates a similar ability of
these two varieties to adjust and to store nutrients (Figure 1b). Neither were the ratios
of C:N, C:P, or N:P significantly different (Figure 1c), supporting their consistency in
regulating leaf nutrient balance.

3.1.3. Leaf Physiological Traits

The δ13C values of Z. planispinum ‘dintanensis’ and Z. amatum ‘novemfolius’ were
(−31.53 ± 0.22)‰ and (−31.33 ± 0.20)‰, respectively, with no significant differences.
Additionally, both varieties had small variations, indicating no significantly different long-
term water use efficiency between the two varieties. The δ15N value was higher in Z.
planispinum ‘dintanensis’, and 2.43 times that of Z. amatum ‘novemfolius’, suggesting that
some volatile substances in Z. planispinum ‘dintanensis’ leaves were released, and that this
resulted a strong fractionation effect (Figure 1d).
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3.2. Root Functional Traits
3.2.1. Root Structural Traits

The root diameter of Z. planispinum ‘dintanensis’ was significantly smaller than that
of Z. amatum ‘novemfolius’, and its variation was narrower as well. Additionally, the root
length of Z. planispinum ‘dintanensis’ was also shorter than that of Z. amatum ‘novemfolius’,
although the difference was not significant. The results suggested that Z. planispinum
‘dintanensis’ might absorb the available nutrients in niche spaces through a fine root
strategy. There was no significant difference in the specific root length between the two
varieties, but Z. planispinum ‘dintanensis’ exhibited less variation, indicating that the native
species Z. planispinum ‘dintanensis’ may possess a more stable ability to withstand adversity
(Figure 2a).

(a) 

(b) 

Figure 2. Cont.
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Figure 2. Root functional traits of Zanthoxylum planispinum ‘dintanensis’ and Zanthoxylum armatum
‘novemfolius’. Different letters represent significant differences at the level of p < 0.05. (a) The
comparison of the root structural traits between Zanthoxylum planispinum ‘dintanensis’ and Zanthoxy-
lum armatum ‘novemfolius’. (b) The comparison of the root element traits between Zanthoxylum
planispinum ‘dintanensis’ and Zanthoxylum armatum ‘novemfolius’. (c) The comparison of the root
element stoichiometry between Zanthoxylum planispinum ‘dintanensis’ and Zanthoxylum armatum
‘novemfolius’. (d) The comparison of the root physiological traits between Zanthoxylum planispinum
‘dintanensis’ and Zanthoxylum armatum ‘novemfolius’.

3.2.2. Root Nutrient and Chemical Traits

There were no significant differences in root C, N, P, and their stoichiometric ratios, as
well as the K content between the two varieties, indicating that Z. planispinum ‘dintanensis’
and Z. amatum ‘novemfolius’ had similar abilities to maintain a large number of elements
and to regulate nutrient balance (Figure 2b,c). However, the Ca content was higher in
Z. planispinum ‘dintanensis’ (Figure 2b), suggesting a possible regulatory mechanism of
Z. planispinum ‘dintanensis’ for Ca uptake in a high Ca environment.

3.2.3. Root Physiological Traits

There was no significant difference in root δ13C between the two varieties (Figure 2d).
Combined with the results of root diameter and length, it indicated that Z. amatum ‘novem-
folius’ might counteract the disadvantage of thick roots by increasing the root length to
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obtain a larger specific surface area and physiological activity, thereby increasing the res-
piration rate. Similarly, there was no significant difference in δ15N, suggesting consistent
volatilization patterns of the root secondary metabolites of the two varieties.

3.3. Screening for Major Functional Traits

According to the principal of an eigenvalue of >1 and a cumulative contribution rate of
>90%, the functional traits were extracted into five principal components. Then, according
to the loading cutoff of >0.80, 14 factors with a big influence were extracted. In detail, there
were nine leaf functional traits, including specific leaf area. Those were leaf thickness, dry
matter content, C, N, P, K, δ13C, and δ15N. Similarly, there were five root functional traits,
including specific root length, P, Ca, δ13C, and δ15N. The results demonstrated that leaf
functional traits play a dominant role, especially the leaf structural traits and physiological
traits (Table 3).

Table 3. Principal component analysis of plant functional traits.

Factor
Principal Component (PC)

PC 1 PC 2 PC 3 PC 4 PC 5

Specific leaf area −0.963 −0.018 −0.214 0.058 0.154
Leaf δ15N −0.923 0.320 −0.077 −0.057 0.189

Leaf dry matter content 0.911 0.054 −0.016 0.302 0.274
Leaf thickness −0.852 0.483 −0.200 0.007 0.021
Root diameter 0.766 −0.472 0.034 −0.430 0.057

Root length 0.694 0.042 0.414 0.376 0.452
Specific root length 0.250 0.965 0.039 0.025 −0.061

Root δ15N 0.151 −0.891 −0.388 −0.176 −0.048
Leaf K content −0.288 0.867 −0.311 0.086 −0.248
Leaf N content −0.463 0.860 −0.108 0.159 0.095
Leaf P content −0.430 0.838 0.221 −0.181 −0.174
Root P content 0.243 0.182 0.941 −0.148 0.026

Leaf δ13C 0.364 −0.191 0.896 0.207 −0.118
Root Ca 0.398 −0.211 0.874 0.029 −0.178
Root K −0.539 0.221 0.797 0.111 0.114
Root K 0.008 −0.304 −0.777 −0.342 0.432
Root C 0.431 0.391 −0.571 −0.507 0.278

Root δ13C 0.200 0.118 0.166 0.955 −0.085
Leaf C 0.141 0.307 0.188 0.194 −0.902
Leaf Ca 0.221 0.340 −0.506 0.477 0.594

Eigenvalue 5.909 5.086 4.910 2.149 1.946
Cumulative contribution

rate/% 29.546 54.974 79.525 90.272 100

3.4. Sensitivity to Changes in Major Functional Traits

The sensitivity index can represent the sensitivity or dullness of different functional
traits to a variable response. A high sensitivity means a low anti-interference ability. Among
the 14 main functional traits, high intraspecific and interspecific sensitivity were leaf K and
root P, indicating that they were more prone to environmental selection. The intraspecific
and interspecific sensitivities of leaf C, N, and P all had small variations, suggesting
their stable heritabilities and lagged responses to habitat changes. The intraspecific and
interspecific sensitivities of leaf δ15N, specific leaf area, and root Ca had big variations,
indicating that they were heavily affected by varieties (Table 4).
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Table 4. Sensitivity analysis of changes in main functional traits.

No. Functional Traits ZP AP Interspecific

1 Leaf thickness 0.11 0.14 0.50
2 Specific leaf area 0.15 0.05 0.56

3 Leaf dry matter
content 0.11 0.21 0.33

4 Leaf C content 0.03 0.04 0.04
5 Leaf N content 0.03 0.02 0.04
6 Leaf P content 0.12 0.05 0.13
7 Leaf K content 0.44 0.53 0.70
8 Leaf δ13C 0.01 0.01 0.01
9 Leaf δ15N 0.13 0.12 1.78
10 Specific root length 0.32 0.11 0.32
11 Root P 0.19 0.21 0.25
12 Root Ca 0.08 0.11 0.82
13 Root δ13C 0.02 0.01 0.02
14 Root δ15N 0.50 0.02 0.50

3.5. Correlations between Major Functional Traits

According to Table 5, there were highly significant positive correlations between leaf
δ15N with leaf thickness and specific leaf area, and between leaf δ13C with root Ca. There
were significant positive correlations of leaf N with leaf thickness, leaf P, and leaf K; of
specific leaf area with leaf thickness; and of root P with leaf δ13C and root Ca. In contrast,
root δ15N was significantly and negatively correlated with leaf N, and with P and specific
root length.

Table 5. Correlation analysis of main functional traits.

Index Leaf Thickness Specific Leaf Area Leaf N Leaf P Leaf δ13C
Specific Root

Length
Root P

Specific leaf area 0.857 * 1
Leaf dry matter

content −0.739 −0.850 *

Leaf N 0.835 * −0.332 1
Leaf P 0.722 0.459 0.851 * 1
Leaf K 0.721 0.335 0.903 * 0.809

leaf δ13C −0.534 0.285 −0.322 −0.052 1
Leaf δ15N 0.961 ** 0.932 ** 0.720 0.626 −0.469

Specific root
length 0.244 −0.278 0.708 0.716 0.051 1

Root P −0.307 −0.426 −0.079 0.278 0.881 * 0.268 1
Root Ca −0.619 −0.596 −0.472 −0.129 0.974 ** −0.058 0.872 *

Root δ15N −0.484 −0.044 −0.827 * −0.857 * −0.242 −0.838 * −0.466

There is no significant (*) or extremely significant (**) correlation between some indicators, and they are not
written out.

4. Discussion

4.1. Characteristics of the Seedling Leaf Functional Traits of the Two Zanthoxylum Varieties

Traits such as leaf thickness and dry matter content affected the cellulose content
and palatability of plants [24]; they also had an impact on the digestion of herbivores, and
thus they are important defensive traits. According to an on-site investigation during
sampling, the insect herbivory rate of Z. amatum ‘novemfolius’ leaves was ~60%, much
higher than the ~30% insect herbivory rate of Z. planispinum ‘dintanensis’ leaves [25]. It
is speculated that Z. planispinum ‘dintanensis’ may adopt thicker leaves and volatilize
some metabolites that are harmful to herbivores, to defend against insect pests. The
reason for this is that Z. planispinum ‘dintanensis’ is a native species and it has a dry-hot
ecotype. It has already developed a relatively stable adaptive mechanism and a stronger
defense against common diseases in the area. As a contrast, Z. amatum ‘novemfolius’ is
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an exotic species and has a wet-hot ecotype. Its defense mechanism has not yet been fully
developed, and the smaller leaves and higher nutritional contents make it preferred by
animals. Studies have confirmed that the plant functional traits were closely correlated
to the ability to resist pests and diseases [26]. In the future, the studies, including leaf
texture, nutrient elements, and metabolites, to explore the plant’s ability to resist pests,
may provide a strong practical value.

Leaf δ13C correlated positively with long-term water use efficiency [27,28]. No sig-
nificant difference was seen in the seedling leaves of the two varieties, suggesting that
their long-term water use efficiency was not significantly different. However, this was not
consistent with the ecotype habits of these two Zanthoxylum varieties. The reasons might
be that firstly, the precipitation in the first half of 2022 in the study area was relatively
abundant, being higher than the historical period. There was less soil water deficit, and
even drainage measures needed to be taken to prevent flooding in the nursery. Therefore,
water was not a dominant or a limiting factor affecting the growth of seedlings. Secondly,
both of the two varieties belong to the Zanthoxylum genus and share a common origin.
During the later environmental selection process, although they evolved different traits,
their water use capacity was controlled by their individual genetic characteristics and was
highly stable, and this was also related to their climate-controlled ecotype. In the future, it
is necessary to study the interpretation rates of genetics and habitat (soil moisture, light,
etc.) on the water use capacities of different varieties of Zanthoxylum. In addition, there
were no differences in leaf nutrient element traits between the two varieties of Zanthoxylum,
indicating a similar nutrient retention capacity shared by them.

Plant secondary metabolites can represent environmental adaptability, including
metabolic substances such as osmoregulation and antioxidants [29], have many func-
tions such as allelopathic effects, drug components, signal transduction, and ecological
adaptation [30,31], making their roles complicated in plant growth and physiology. The
results of the present study suggested that more volatile substances were released from
the leaves of Z. amatum ‘novemfolius’ seedlings [32], resulting in an effect in N isotope
fractionation. The reason for this may be that chlorophyll was degraded, triggered a
series of changes in physiological processes, and became a source of energy [33]. It may
also be that Z. planispinum ‘dintanensis’ has evolved a special defense system and adap-
tive mechanism during its long-term adaptation to the environment [34]. In production
practice, the main body of planting also employed the leaf flavor as a simple indicator for
the screening of provenance. However, how leaf traits and quality traits are correlated
and what is the underlying mechanism have not been elucidated yet, and these await
further exploration.

4.2. Characteristics of Root Functional Traits of the Two Zanthoxylum Varieties

Plant root traits characterized the individual plant’s strategy to cope with heteroge-
neous environments [35]. The thinner the roots, the better the ability to absorb nutrients.
Previous studies have shown that root tips have evolved to be narrower and narrower
from a nutrient-rich environment to a nutrient-deficient environment, in seeking to utilize
nutrients efficiently [36]. It is speculated from our results that Z. planispinum ‘dintanensis’
prefers to obtain available nutrients in niche spaces through the fine root strategy and has
evolved it into a stable trait during its long-term adaptation to the habitat. Compared with
Z. planispinum ‘dintanensis’, Z. amatum ‘novemfolius’ might compensate for the deficiency
of low surface area by increasing the root length to obtain nutrients and water. In the future,
it is necessary to determine the morphology and diameter of root tip micro-domains to
clarify the relationship between these root traits and nutrient utilization. Among the root
structure traits, the specific root length of the two varieties did not vary significantly. Pre-
sumably, it is because the similar natural environment in the nursery caused the identical
availability of soil resources, resulting in specific environmental selection pressure. More-
over, the nutrient-holding capacities of the root systems of these two varieties were also not
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significantly different, and this was presumed to be related to the lower heterogeneities of
nursery habitats.

Karst soil is rich in Ca due to its high inheritance of Ca in the parent rock, and accord-
ingly, plants have developed a specific mechanism to adapt to the high Ca environment [37].
As an important biogenic element, Ca functions for both nutrient and signal transduction,
and it is a key nutrient element and messenger substance [38]. As a Ca-loving plant,
Z. planispinum ‘dintanensis’ possesses a specific Ca-dependent mechanism. The results of
the present study demonstrated that the root Ca content of Z. amatum ‘novemfolius’ was
significantly higher than that of Z. planispinum ‘dintanensis’. The reason for this might
be that Z. planispinum ‘dintanensis’ has a stronger buffer capacity to the fluctuation of Ca
content, so as to maintain Ca2+ in a suitable range. In addition, the Ca content in the root
system of Z. planispinum ‘dintanensis’ may also be limited by the type and quantity of soil
Ca components, and it may also have a synergistic absorption relationship with elements
such as C and N. It is speculated that Z. planispinum ‘dintanensis’ has a mechanism of
affecting the distribution of other elements by regulating Ca. However, the related mecha-
nism remains elusive. As an exotic species, the suitability of the introduction of Z. amatum
‘novemfolius’ needs to be further investigated.

Combined with the root δ13C values of the two varieties, our results suggested small
differences in root respiration rates and the activities between them [39]. It may be because
of the weather that the root system was in water-saturated soil for a long time. Soil
water content affected the root respiration intensity and rate. At the same time, the δ13C
values of roots were higher than those of leaves, consistent with the results reported by
Diao [39]. This was related to the transport route of high δ13C substances from leaves
to roots [40], and it was also impacted by the fractionation of substances such as sucrose
during their synthesis. In addition, from what was revealed by the δ15N of the root system,
the metabolites released by the root system and leaf behaved quite differently, indicating
certain differences in the physiological functions of the underground and aerial parts of the
two Zanthoxylum varieties. This may be due to the fact that the respective metabolites exert
different effects, and it may also have practical value for a plant to construct its system
of defense against external threats. In the future, isotopic methods may be adopted to
study the functions of root respiration and vitality, and to explore the internal relationships
between roots and leaves, branches, bark, soil, etc.

4.3. Trade-Offs and Synergies among Major Functional Traits

Leaf thickness and specific leaf area had highly significant positive correlations with
leaf δ15N. Both of these two structural traits affect the ability of plants to capture light and
to utilize nutrients, and to respond to element content and climate changes [41]. They also
regulate heat and water [42], further affecting physiological processes in leaves such as
photosynthesis and respiration, and they act on the utilization and fractionation of nitrogen.
Thus, there are strong synergistic relationships between them. This indicated to a certain
extent that easily observable phenotypic traits such as leaf thickness could serve as simple
trait indicators to direct production practice. The results of this study also revealed a very
significant enhancement effect between root Ca and leaf δ15N. The reason for this is that
the abundant Ca element in the environmental background of the karst area mediates
ecological function and resource utilization, and it restricts the stability and heterogeneity
of the ecosystem. As the starting point of plant Ca transport, root Ca has nutrient and
messenger functions for material synthesis, secondary metabolism, etc. [36], and further
exerts a synergistic effect on the fractionation of nitrogen.

Leaf N had a significant enhancement effect on leaf P and K. N and P are the basic
elements of biological proteins and genetic materials, and both of them are restrictive
elements. They help each other and have a same-direction effect for growth and for
physiological activities. K is an essential element in the regulation of photosynthesis and
osmotic substances, and it has a synergistic gain with the nitrogen element of the synthetic
organism. However, there is no significant correlation between P and K, and it may be
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related to the trade-offs and synergies between the nutritional and messenger functions
of the elements. Root P and Ca were synergistic. It might be due to the fact that Ca
and P were converted into insoluble phosphorus in closed storage through precipitation,
adsorption, immobilization, and microbial absorption [43]. Furthermore, the Ca content
in karst areas was higher than those of Fe and Al and participated in the main chemical
reaction. However, there was no similar pattern in the leaves. Presumably, this is related
to nutrient reabsorption in the leaves, and a shorter distance between plants and the
environment [44]. Moreover, it is also affected by the difference in the element transfer
rate. Root δ15N exhibited a significant negative effect on leaf N and leaf P. It may be that
physiological activities such as root respiration and metabolism affected the microbe and
extracellular enzyme activities involved in N and P cycles. Nevertheless, there was no
significant effect on the contents of N and P in the root system itself. The reasons for this
need to be further explored.

5. Conclusions

The local species of Z. planispinum ‘dintanensis’ has stronger ability to utilize and
to preserve resources and to resist diseases, and builds stronger defense system by re-
leasing volatile substances and forming fine roots. By increasing root length, Z. amatum
‘novemfolius’ can obtain a larger specific surface area and stronger physiological activity.
Leaf functional traits (except Ca), specific root length, P, Ca, and physiological traits of the
root had greater dominance on the trait system. Leaf K and root P tended to be selected
by environment; leaf C, N, and P tended to be inherited stably, which was more greatly
affected by variety than by specific leaf area, leaf δ15N, or root Ca. Leaf and root functional
traits had strong interaction through synergistic and trade-off effects.
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Abstract: Severe soil-water loss and unfertile soil frequently occur under karst desertification environ-
ments. The surface-underground dual structure in these areas allows the surface water to leak into the
subsurface through cracks and sinkholes, as well as other conduits, causing a special “karst drought”.
Hence, water-resource shortage has become a challenge for local agricultural development. To realize
efficient utilization of water resources, an urgent need is to clearly understand and study the law
of farmland hydrological cycles under agroforestry practices, which is still understudied. Here, we
focused on the hydrological cycle at the farmland scale and water-saving measures under agroforestry
in three study areas representing different degrees of karst desertification. First, a significant positive
correlation was found between total and available precipitations as well as land evapotranspiration
(LET). Second, under agronomic measures, the soil water content in the three areas was all higher than
that of the control group while soil evaporation was all lower. This indicates that agronomic measures
can contribute to the efficient use of water resources by halting soil evaporation and increasing soil
water content. Third, dwarf dense planting and pruning technologies were helpful in inhibiting crop
transpiration and reducing vegetation interception. Fourth, in the farmland hydrological cycle of
agroforestry, 77.45% of precipitation transformed into soil water storage, 24.81% into soil evaporation,
20.73% into plant transpiration, 17.40% into groundwater, and 5.18% into vegetation interception.
However, their sum was greater than 100%, suggesting that the farmland-scale water cycle is an
open system. The implication is that different agronomic practices under agroforestry bring certain
water-saving benefits by constraining the conversion of ineffective water and promoting the storage
of effective water, thus opening up promising opportunities for efficiently utilizing water resources
in karst desertification areas. The finding is also significant to the control of karst desertification, soil
and water conservation, and karst drought alleviation.

Keywords: karst desertification environment; farmland hydrological cycle; agroforestry; agronomic
measures to water saving

1. Introduction

With carbonate rock exposure covering 10% of the world’s land area [1], and providing
water for 20%–25% of the world’s population [2], karst regions are undoubtedly one of the
most ecologically fragile areas in the world [3]. Karst desertification is a land degradation
phenomenon caused by the interaction between unreasonable human activities and a fragile
ecological environment in karst areas [4]. This is a serious ecological environment prob-
lem [5,6], and gives rise to a delicate ecological system [7,8]. It also constantly results in severe
soil and water loss [9,10], and land degradation (a systemic global problem) [11]. In China,
karst desertification has been recognized as one of the ecological disasters [12–15]. The focus
of its control is on improving the environment and raising revenue through protecting and
establishing vegetation, promoting sustainable land use, and implementing water conserva-
tion measures [16]. In Southwest China, afforestation and reforestation projects are important
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ways of ecological restoration [17]. They have been adopted to combat desertification in the
karst regions [18], which has an impact on the hydrologic process [19]. Karst regions are
characterized by a discrete hydrological system [20]. Abundant precipitation fails to provide
sufficient surface water [2] and unique “Karst Drought” appears. The reason is that rainfall
tends to leak underground along rock fissures and pores [14,21]. A week with little rain
will induce drought stress on many crops, and thus agronomic water-saving measures are
necessary to alleviate this stress and improve crop productivity.

Currently, environmental degradation and loss of biodiversity are threatening the
stability of our planet [22]. These problems are especially a focus of the UN Sustainable
Development Goals (SDGs), which are trying to improve livelihoods while ensuring the
conservation and sustainable use of terrestrial ecosystems [23]. In real practice, agroforestry
is being widely implemented with the expectation that it can simultaneously meet each of
these goals [24]. It is seen as a way of promoting sustainable dryland use [25], generating
the ecological benefits of carbon storage rise [26], and land rehabilitation [27]. Agroforestry
systems have so far proven to offer significant co-benefits to the healthy ecological system
and crop yield growth and may be especially important for rural populations in low- and
middle-income countries [28]. Correspondingly, in karst areas, they not only help to rein
the rocky desertification process but also boost the ecological derived industry.

At the farmland scale, there has been some research involving the hydrological cycle
of agroforestry in all aspects. One study reported that surface runoff declined by 1%–100%
under agroforestry systems [29]. In another, it is said that agroforestry increased the soil water
buffering capacity, which enhanced the drought tolerance of the system [30]. Reports on other
aspects also appear from time to time. Ling et al. [31] suggested that agroforests generally
improved water conditions in shallow soil layers compared to single-culture plantations. A
study by Hombegowda et al. [32] showed that coffee plants drew water mainly from the
topsoil (56% from 0 to 20 cm). In some extremely dry periods, agroforests are reported to be
able to compete to absorb deeper soil water. One case showed that intercropping resulted in
jujube trees absorbing deeper water (up to 3 m) in overlap layers below the main root [33].
According to research by Liu et al. [34], 27.83% (4.3%–58.0%) of precipitation recharged
the groundwater of the agroforestry watershed in the Sichuan Basin. It was concluded
in a study by Wu et al. [11] that agroforestry has the ecological benefit of reducing soil
evaporation and crop transpiration. Zhang et al. [35] found that the actual evapotranspiration
was 7.64 ± 5.75 mm day−1 in a karst silvopasture system, of which 4.24 ± 3.35 mm day−1

was for crops and 5.78 ± 3.53 mm day−1 was for grass ecosystems.
This line of research shows interest in different aspects like surface water, soil water

content, soil water evaporation, plant transpiration, and groundwater. Nevertheless,
investigations into hydrological processes are limited [29], and thus it is significant to
examine the hydrological cycle at the farmland scale. This study selected the horizontal
plots which generate little surface water from natural rainfall, and hence the focus was on
rates of precipitation transforming into soil water, groundwater, soil evaporation, plant
transpiration, and vegetation interception. This was to make clear the hydrological cycle
law at the farmland scale under agroforestry systems, so as to provide a reference for the
efficient utilization of water resources and promote the healthy and high-yield development
of agroforestry.

2. Materials and Methods

2.1. Study Areas

Located in the northwest of Guizhou Province, Bijie Salaxi Research region (Bijie for
short) (105◦02′01′′–105◦08′09′′ E, 27◦11′36′′–27◦16′51′′ N) covers an area of 86.27 km2, of
which 73.94% is karst. The altitude of the region is 1509–2180 m above sea level, and its
average annual temperature is 12 ◦C, with 984.4 mm average annual precipitation. Mostly
limestone, this region represents typically potential-mild level karst desertification on
the karst plateau. The Guanling—Zhenfeng Huajiang Research Area (Huajiang in brief)
(105◦36′30′′–105◦46′30′′ E, 25◦39′13′′–25◦41′00′′ N) is in the southwest of Guizhou Province.
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It covers an area of 51.62 khm2, of which 87.92% is karst, rising above sea level about
450–1450 m, with a mean annual temperature of 18.4°C and receiving 1100 mm average
rainfall. It is dominated by dolomitic limestone, representing the typical medium-intensity
karst desertification in karst plateau canyons. The Shibing Research Area (Shibing in
brief) (108◦01′36′′–108◦10′52′′ E, 27◦13′56′′–27◦04′51′′ N) is in the eastern part of Guizhou
Province. It has an area of 282.95 km2, 89.11% of which belongs to karst. Its altitude
is 600–1250 m, with a 16 ◦C annual average temperature and 1220 mm annual mean
precipitation. It represents the no-potential karst desertification region in the dolomite
plateau valleys (Figure 1).

 
Figure 1. Topographic map of the study area.

2.2. Experimental Design and Data Processing

There were three study areas, each with two planting patterns and four treatments
for each planting pattern, so a total of 24 plots were delineated (4 m × 5 m). The crop
selection was based on natural conditions, economic growth needs, reasonable agroforestry
configuration, and optimal use of water resources. In Bijie, we selected Rosa roxburghii,
Walnut, Potato, and Ryegrass. Rosa roxburghii and Walnut are the dominating cash crop for the
local people and Potato is one of the staple foods that is suitable for the natural conditions
there. Ryegrass planting conforms to the requirements of controlling karst desertification
and local livestock development. In Huajiang, we chose Zanthoxylum planispinum var.
Dintanensis, Chili, and Pitaya, for they are drought-resisting and have become the local main
cash crops. In Shibing, we selected Osmanthus fragrans and Pseudostellariae Radix because
they are locally characteristic industrial crops. We planted these crops as: Rosa roxburghii +
Ryegrass (Model A) and Walnut + Potato (Model B) in Bijie, Pitaya + Zanthoxylum planispinum
var. Dintanensis (Model C) and Zanthoxylum planispinum var. Dintanensis + Chili (Model D)
in Huajiang, and Osmanthus fragrans + Pseudostellariae Radixo (Model E) and Pseudostellariae
Radixo monoculture (Model F) in Shibing. The agroforestry models realized the height
configuration and avoided interspecific competition so that the species of the agroforestry
system could maximize the use of soil water and nutrients and reasonably use rainfall and
solar energy resources.
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In April 2019, we applied four treatments (Table 1) to the plots according to the real
conditions. The first one was straw + water retaining agent (SWR). We used a polyacrylamide
water-retaining agent and the solution was prepared at 1% concentration. Later, this was
evenly applied to the surface soil where the crop roots were distributed. We then covered
the surface soil with 2 cm-long maize straw, to a thickness of 5 cm. The second was straw
mulching (STR). We first used 2 cm-long maize straw to cover the surface soil to a thickness
of 5 cm. We then dug 10 cm of soil in a vertical direction under the straw with a hoe and
mixed them well. The third treatment was only water-retaining agent (WRA), and the same
substance and concentration as that in the first treatment. After blending well in a plastic
bucket, this was applied evenly into the soil layer where the crop roots were distributed. The
fourth condition was the control plot (CON), with no agronomic treatment.

In the 2019 crop growing season (April–August), we monitored the soil’s physical
properties at the sample sites. The monitoring was conducted once a month with the cutting
ring method, and three layers of soil were taken—0–10 cm, 10–20 cm, and 20–30 cm from the
upper, middle, and lower layers (each layer was taken 3 times along an S-shape, and then
averaged). Then it was taken back to the laboratory for test analysis to obtain soil properties
such as soil water content, porosity, field water capacity, and saturated water content.

We monitored the surface water at the study sites by conducting artificial simulated
rainfall tests in March 2019. When the rain intensity reached 140 mm h−1, no surface
runoff occurred. Data from the weather station (DAVIS-Vantage Pro), which we installed
in the study sites, showed that in 2019 the maximum rain intensity was only 78 mm h−1

in Bijie, 60 mm h−1 in Huajiang, and 97 mm h−1 in Shibing, and the heaviest rainfall was
116 mm d−1, 98 mm d−1, 105 mm d−1, respectively. Meanwhile, we built runoff plots (4 m
× 5 m) around the sample plots with iron sheets of 3 mm thickness, 500 mm height, and
1900 mm length. These iron sheets were 200 mm high above the surface and 300 mm deep
under the soil. Our monitoring did not find surface runoff. As a result, surface runoff was
negligible and excluded from the hydrological cycle in this study.

We used self-made microlysimeters to monitor soil evaporation [36]. On days in the
middle of every month from April to August 2019, 48 self-made microlysimeters were
placed in the parts with and without vegetation cover in each of the 24 sample plots when
there was no rain. Each microlysimeter consisted of inner and outer rings, made of Poly
Vinyl Chloride (PVC). The inner ring was 300 mm long, 100 mm in diameter (cross-sectional
area: 78.5 mm2), and the wall thickness was 3 mm. The outer ring was 300 mm long, 150 mm
in diameter, and 3 mm in wall thickness. At 8:00 on a given day, the inner ring was driven
into the soil with a hammer, creating a column of soil in the inner ring. We used a hoe to dig
out the inner ring along with the soil column (taking care not to damage the soil column in
the inner ring and cleaning up the soil on its outer wall). After this, we wrapped the bottom
with nylon netting to prevent soil from leaking. Third, the inner ring with the soil column
was weighed with an electronic balance (a measuring range of 5 kg and an accuracy of
0.01 g). Fourth, the outer ring was installed vertically into the pit where the column was
excavated so that the upper part was flush with the ground. A scrap newspaper was also
placed inside the outer ring to stop the soil from sticking to the bottom of the inner ring.
Finally, we placed the inner ring inside the outer ring. At the same time the next morning,
the inner ring was taken out and weighed again. The difference between the two days
of weighing was the 24-h soil evaporation (g). The average daily soil evaporation was
measured for 3 consecutive days in each plot every month.
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We conducted real-time monitoring of precipitation and temperature with the installed
small weather stations (DAVIS-Vantage Pro) in the three study sites. The Koichiro Takahashi
formula (Equation (1)) [37–39] was applied to process the collected data to obtain land
evapotranspiration and available precipitation. Land evapotranspiration (LET) refers to the
loss of water from the land surface into the atmosphere through evaporation from ground
and canopy rainfall interception and transpiration from vegetation; it is a key process in
the climatic and biogeochemical cycles of terrestrial ecosystems and plays a vital role in the
hydrological cycle, energy balance, and carbon cycle [40–42]. The two variables were then
analyzed using SPSS to identify their relationship with precipitation in the corresponding
period. Precipitation occurrence and transformation in the three study areas were analyzed
according to temporal scale and spatial variation, hoping to provide a reference for studies
on the storage and conversion of soil water, soil evaporation, plant transpiration, vegetation
interception, and groundwater.

E =
3100P

3100 + 1.8P2exp (− 34.4t
235+t )

(1)

where E is monthly LET (mm), P is monthly total rainfall (mm), and t is monthly average
temperature (◦C). Based on this formula, we obtained the following variables through linear
equations: available precipitation F (mm) (Equation (2)), evapotranspiration coefficient α
(Equation (3)), and available precipitation coefficient β (Equation (4)).

F = P−E (2)

α = E/P (3)

β = (P−E)/P (4)

We used the pruning and weighing method to assess the crop transpiration rates of
agroforestry [43,44]. We conducted the measurements in the study sites from April to
August 2019. First, we placed a wind-proof electronic balance with a precision of 0.001 in a
relatively flat place, which was near the crops to be monitored in the field. We then cut off
the standard branches (branches or leaves in the crown of a tree or crop, having an average
diameter, length, and average leaf weight), and immediately put them on the balance to
weigh. Third, we returned the weighed branches to their respective places and weighed
them five minutes later. The difference between the two weights was the transpiration rate
and amount (Equation (5)). We weighed the branches from 8:00 in the morning to 6:00 in
the evening, once every 2 h, a total of 6 times a day.

Et =
m0 − m1

(m0 − mz)× 5
× 60 (5)

where Et refers to the transpiration rate (g g−1 h−1), m0 to the initial weight of branches
and leaves (g), m1 to the final weight of branches and leaves (g), and mz to the weight of
branches (g).

Crop biomass and dry matter need monitoring when calculating transpiration and
water use efficiency (WUE). Biomass is constantly changing and thus was obtained by the
harvest method [45–47]. In order to ensure that continuous positioning monitoring can be
carried out in the future, we applied an analogy for crop selection. We selected the crops
with the same stand, species, average plant height, stand age, density, and planting method
from adjacent plots (4 m × 5 m), which were 5 m apart and had similar altitudes, slope
soil type, and agronomic measures. We harvested the aboveground parts of all the crops,
weighing the fresh weight and taking them back to the laboratory for dry weight analysis.

We performed the immersion method (Equation (6)) to calculate vegetation intercep-
tion. We immediately immersed the last-weighed branches and leaves in the water for
5 min and then removed them. After the branches and leaves stopped dripping (about 3
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min later), we put them into a plastic bag to weigh. By removing the plastic bag weight, we
assessed the difference between the left weight and that of the last-weighed branches and
leaves, so as to obtain the weight of intercepted water; that is, the plant water capacity [48].

Iv = Pb × Rw/S × n (6)

where Iv is the amount of vegetation interception (mm), Pb is crop biomass (g), Rw is plant
water holding rate, S is the sample area (m2), and n is the number of rainfall.

Wg = P − Wi − Wr − Ws (7)

Equation (7) was used to calculate the groundwater of each planting mode. Where
Wg represents groundwater (mm), P is rainfall (mm), Wi is the amount of vegetation
interception (mm), Wr is surface water (mm), and Ws is soil water (mm).

3. Results

3.1. Characteristics of Precipitation Transformation

In the three research areas, summer (June to August) received the most rain yet spring
suffered severe drought. During the 2019 crop-growing season (April to August), Shibing
received the largest amount of rain (1003.00 mm), followed by Bijie (981.60 mm), with
Huajiang at the bottom (549.90 mm) (Table 2). Spring drought is a meteorological disaster
in karst areas. Of the three areas, Huajiang ranked the severest, where little rainfall events
occurred in March and May; only 64.70 mm of rainfall was received from April to May.
That was only 33.18% of Bijie’s rainfall and 22.75% of Shibing’s during the same period.
Occasionally, sporadic light rain fell on the surface of the soil but quickly evaporated under
the influence of the climate in the hot and dry valley (high temperature, strong sunshine,
intense evaporation). Spring is when crops depend on a large amount of water to grow
and is the time little soil water can be absorbed by plants. In Huajiang, severe spring
drought was responsible for yellow or wilted crops, including the drought-resisting ones
like Zanthoxylum planispinum var. Dintanensis and Pitaya.

Table 2. Precipitation, available precipitation and LET distribution in study areas.

Months
Precipitation (mm) Available Precipitation (mm) LET (mm)

Bijie Huajian Shibing Bijie Huajiang Shibing Bijie Huajiang Shibing

Apr. 88.00 33.50 112.80 28.41 0.66 52.24 59.59 32.84 60.56
May 107.00 31.20 171.60 39.39 0.55 107.56 67.61 30.65 64.04
Jun. 196.60 253.00 243.80 125.27 127.93 157.99 71.33 125.07 85.81
Jul. 304.00 156.60 216.60 243.73 44.13 119.01 60.27 112.47 97.59

Aug. 286.00 75.60 258.20 200.67 5.51 154.67 85.33 70.09 103.53
Total 981.60 549.90 1003.00 637.47 178.78 591.47 344.13 371.12 411.53

In the three areas, we monitored the precipitation from April to August. SPSS was
employed to analyze the collected data to reveal the relationship among precipitation,
available precipitation, and land evapotranspiration (LET). It was found that precipitation
was positively correlated to the other two variables (p < 0.01). The highest correlation
coefficient was found with available precipitation (Bijie r = 0.984, p < 0.01; Huajiang
r = 0.965, p < 0.01; Shibing r = 0.994, p < 0.01), and the second with LET (Bijie r = 0.780,
p < 0.01; Huajiang r = 0.889, p < 0.01; Shibing r = 0.975, p < 0.01). Based on the monitored
temperature and precipitation, the Koichiro Takahashi formula was applied to generate
the precipitation result; that is, precipitation was the sum of the available precipitation and
LET. For instance, in Bijie, precipitation was 981.60 mm, the summation of the available
precipitation (637.47 mm) and LET (344.13 mm). The same was true for the rest of the
study areas. The implication here is that precipitation transforms into either available
precipitation or LET. In other words, the sum of the two variables is precipitation and
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there is a trade-off between them. For a certain amount of precipitation, the available
precipitation is more if the LET is less, and vice versa.

3.2. Storage and Transformation of Soil Water and Efficient Utilization of Water Resources

Soil water consists of transformation amount, and soil water storage—an important
index of soil water content. Agronomic treatments were implemented in April and analysis
compared the soil water content for May and July. Under each treatment, it was higher in
July than in May. While more rain in July did contribute to this, the agronomic measures
certainly produced water conservation benefits, for there was higher soil water content
under almost all treatments than that of the control plot (the soil water content of some
individual treatments was lower than that of the control. A case was found in the model of
Rosa roxburghii + Ryegrass. In May, the soil water content was 17.17% in the 0–10 cm soil
layer under the water-retaining agent while it was 17.45% in the control plot. This may
be because the surface soil was affected by the difference in terrain height, direction, and
soil water absorption by plant roots. Analysis between groups produced the result that
the average soil water content of the study areas in May and July was 23.17% in Shibing,
higher than those for Bijie (18.60%) and Huajiang (17.63%). This was consistent with the
distribution in the control group and the total rainfall distribution in the crop-growing
season. Another finding was that straw mulching produced higher soil water content
in the surface layer (Figure 2). The reason for this was that the straw on the surface of
the soil became fertilizer after rotting and hence triggered the “coupling effect of water
and fertilizer”, which brought about the effect of “using fertilizer to increase and retain
water”. When comparing the soil water content between different measures, we found that
the highest was from straw + water-retaining agent (21.83%), with the second from straw
(20.42%), and the third from the water-retaining agent alone (19.73%). The lowest was found
in the control (17.93%). Agronomic treatments presented obvious water-retaining effects.

  

Walnut potato

Figure 2. Cont.
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Pitaya Zanthoxylum planispinum var. Dintanensis

Osmanthus fragrans + Pseudostellariae Radixo

Figure 2. Soil water content under each treatment.

Soil water transformation is mainly manifested by soil evaporation. In the crop-growing
season, soil evaporation occurred the most in Shibing (327.98 mm); Bijie (168.70 mm) followed
and Huajiang (134.90 mm) evaporated the least. This conformed to the same law as the
precipitation distribution in the three areas. Between the treatments, the lowest evaporation
was found from straw + water-retaining agent (172.37 mm), and the highest from the control
plot (253.57 mm), with the other two being in the middle (201.39 mm from the water-retaining
agent and 214.78 mm from straw). The evaporation under each measure was lower than
that of the control. Correlation analysis generated the following result: soil evaporation was
positively related to soil water content (r = 0.602, p < 0.01) but negatively associated with
vegetation coverage (r = −0.943, p < 0.01). To sum up, rich soil water content provided a
water source for evaporation, which could be effectively slowed down by carrying out more
vegetation covering, finally reaching the efficient use of water resources.

3.3. Characteristics of Plant Water Transformation and Efficient Use of Water Resources

Plant water transforms into transpiration and vegetation interception. The analyzed
result was that the overall transpiration was greater under the agronomic treatments when
compared to the control, and higher in the agroforestry treatments than monoculture.
Of the agroforestry models, transpiration reached the maximum in the Rosa roxburghii
+ Ryegrass (344.98 mm) model and the minimum in Pitaya + Zanthoxylum planispinum
var. Dintanensis (43.92 mm). Between the three regions, Bijie showed the highest average
transpiration, with Shibing in the middle and Huajiang being the lowest. The results of the
correlative analysis were: except for Pitaya + Zanthoxylum planispinum var. Dintanensis, the
transpiration amounts and rates of the other planting models were significantly positively
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correlated with biomass (r= 0.964–0.971, p < 0.01). This positive association was also found
in the case of vegetation interception and biomass (r = 0.830, p < 0.01).

As presented in Figure 3, the Pitaya + Zanthoxylum planispinum var. Dintanensis model
had the largest amount of vegetation interception (66.43 mm), resulting from the mass
biomass of Pitaya. The least vegetation interception was Pseudostellariae Radixo (20.16 mm),
which was strongly associated with vegetation transpiration (r = 0.993, p < 0.01). In contrast
to the other models, Pitaya + Zanthoxylum planispinum var. Dintanensis produced a signifi-
cant negative relationship between vegetation interception and transpiration (r = −0.993,
p < 0.01). This could be attributed to the low evaporation rate of the Pitaya, which gener-
ated less transpiration and whose large biomass brought greater vegetation interception.
Apparently, vegetation interception varied with transpiration (with the Pitaya + ryegrass
model excluded) (Figure 3). Meanwhile, the regression coefficient of vegetation intercep-
tion (−0.1122) was less than that of transpiration (0.87), indicating a smaller change in
vegetation interception compared with transpiration.

 

Figure 3. Plant water transpiration and vegetation interception under different measures.

Transpiration and vegetation interception are contradictory units, increasing or de-
creasing simultaneously. Transpiration is considered to be an effective water consumption
while vegetation interception is ineffective because it all evaporates. Karst areas are domi-
nated by rain-fed agriculture. In the same area, biomass increases along with flourishing
crops, which further results in high transpiration and vegetation interception. To enhance
the efficiency of water resource utilization, dwarf dense planting and pruning are suggested
ways to reduce biomass and lower transpiration and vegetation interception.

3.4. Storage, Transformation and Efficient Utilization of Water Resources

Precipitation is the total water resource in karst areas, which further transforms into
surface water, underground water, soil water, vegetation interception, plant transpiration,
and soil evaporation (Table 3). Through situ monitoring, we found that soil water was
positively correlated with the available precipitation and soil evaporation, yet negatively
associated with vegetation interception (p < 0.01); groundwater was observed to have a
positive relationship with the available precipitation (p < 0.01). Water consumption caused
by plant transpiration is a form of conversion after plants take in soil water or groundwater.
It is an effective water consumption for plants. We found a negative relationship between
plant transpiration and soil evaporation (p < 0.01). Vegetation interception and soil evapo-
ration, not absorbed by plants, were regarded as invalid water, and a negative association
was revealed between them (p < 0.01).
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Table 3. Storage and transformation of water resources.

Plant Measure
Precipitation

(mm)

Available
Precipitation

(mm)

Soil Water
Storage
(mm)

Underground
Water (mm)

Transpiration
(mm)

Vegetation
Interception

(mm)

Soil
Evaporation

(mm)

A

SWR 981.6 432.63 412.95 517.75 383.2 50.9 114.87
STR 981.6 449.58 663.09 273.09 341.34 45.43 145.25

WRA 981.6 467.58 866.33 71.64 333.14 43.62 137.26
CON 981.6 471.34 823.73 115.11 322.26 42.75 145.25

B

SWR 981.6 423.74 493.78 441.29 325.21 46.53 186.12
STR 981.6 415.52 677.3 258.13 319.23 46.17 200.68

WRA 981.6 426.43 798.99 137.45 311.32 45.16 198.69
CON 981.6 417.05 845.94 92.37 299.73 43.3 221.52

C

SWR 549.9 306.75 425.83 55 44.88 69.08 129.19
STR 549.9 285.47 433.24 50.85 44.19 65.81 154.43

WRA 549.9 305.91 462.57 21.56 43.32 65.78 134.89
CON 549.9 264.78 419.9 64.94 43.3 65.06 176.76

D

SWR 549.9 231.27 512.63 7.18 185.81 30.09 102.73
STR 549.9 214.02 514.4 5.46 184.02 30.04 121.82

WRA 549.9 225.06 503.93 17.01 177.18 28.96 118.7
CON 549.9 211.24 503.16 19 170.23 27.74 140.69

E

SWR 1003 660.1 706.69 271.84 89.85 24.47 228.58
STR 1003 585.42 798.18 182.2 83.79 22.62 311.17

WRA 1003 605.85 775.45 204.43 86.72 23.13 287.3
CON 1003 506.52 799.49 182.35 78.82 21.16 396.5

F

SWR 1003 627.82 586.51 396.33 82.28 20.16 272.74
STR 1003 543.51 677.45 305.07 83.66 20.49 355.34

WRA 1003 568.13 858.7 123.98 83.06 20.31 331.5
CON 1003 462.16 850.34 132.99 80.47 19.67 440.7

The conversion rates of rainfall to soil water, groundwater, transpiration, vegetation
interception, and soil evaporation were 77.45% (42.07%–93.54%), 17.40% (0.99%–52.75%),
20.73% (7.86%–39.04%), 5.18% (1.96%–12.56%), and 24.81% (11.70%–43.94%). The highest
conversion rate occurred in soil water and the lowest in vegetation interception. To realize
the highly efficient use of water resources, we can perform agronomic measures to lower
vegetation interception, control excessive plant transpiration, halt soil water evaporation,
and increase soil water and groundwater storage. Thus, crops will have sufficient water to
support their growth, alleviating spring drought and karst drought in the study areas and
improving the WUE of crops.

4. Discussion

4.1. Available Precipitation and LET at Different Scales

It is still a worldwide challenge to study the water cycle in a water-air-land-plant
system from a farmland scale to a watershed or regional scale, and even to a global scale [49].
In this study, Table 2 above presents the monitored temperature and precipitation at the
watershed scale, and the LET and available precipitation calculated with the Koichiro
Takahashi formula. These data represent the hydrological cycle at the watershed or regional
scale. Precipitation at the watershed scale was equal to the sum of the available precipitation
and LET, forming a closed system. Table 3 above presents the amount of precipitation
transforming into soil water storage, groundwater, soil evaporation, plant transpiration, and
vegetation interception, which reflects the hydrologic cycle at the farmland scale. At this
scale, precipitation was not just the summation of surface water, soil water, groundwater,
and plant water, thus forming an open system. Table 3 shows that by removing soil
evaporation, plant transpiration, and vegetation interception, we obtained the average
available precipitation at the farmland scale (Bijie 437.98 mm, Huajiang 255.56 mm, and
Shibing 569.94 mm). Compared with Table 2, the available precipitation was relatively less,
except for that in Huajiang which was a little larger.

The implication of these results is that data obtained by in-situ monitoring vary from
model to model even in the same place and at the same time. LET is a way of water exchange
between land and air [50], including water surface evaporation, soil evaporation, and plant
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transpiration [51]. Vegetation interception is all evaporated and hence was also included
in LET. Accordingly, precipitation at the farmland scale goes into two types: available
precipitation and LET. The latter is the second largest component of the water cycle,
accounting for 50.69% of precipitation in this study and 44.4% in another [52]. The Current
global evapotranspiration products are derived from a variety of sources, including models,
remote sensing, and in situ observations. However, existing approaches contain extensive
uncertainties. The LET amount obtained varied when calculated by different methods at the
same scale or with the same method at different scales. Nevertheless, in almost all studies,
it is positively correlated with temperature and precipitation [53]. From the perspective
of improving WUE, LET needs slowing down, and at the farmland scale, agroforestry
contributes to increasing vegetation coverage and lowering forest temperature [13].

4.2. The Water-Saving Function of Agronomic Treatments in Agroforestry

Configurations of agroforestry are a biological measure to save water and belong to a
water-saving value-added industry [13,54]. It is under the category of water-saving agri-
culture, being able to enhance water retention [55]. Compared to row crops, agroforestry
practices help reduce runoff losses from the watershed and promote soil water infiltration,
whereby it increases soil water storage [13,29,56,57]. Different agroforestry configurations
have varying capacities for water retention. In Dehra Dun, India, researchers monitored
the surface runoff of agroforestry at an erosion plot (90 × 15 m), finding that the runoff in a
maize-wheat + leucaenad model (209.3 mm) was more than that in a maize-wheat + euca-
lyptus model (141.8 mm) [58]. This has also been confirmed in other studies: agroforest of
eucalyptus has shown a superior water-retention capacity to the agroforestry of leucaenad;
there are gaps between the soil moisture contents under different agroforestry systems [59].

Agronomic treatments also contribute to water saving. Compared to traditional tillage,
agronomic tillage improved water productivity and increased soil organic carbon and total
soil nitrogen [60]. In India, Manohar et al. [61] practiced four types of mulching tillage:
Green gram (Vigna radiatus), Black gram (Vigna mungo), Sun hemp (Crotalaria juncea), and
Daincha (Sesbania aculeata). When a comparison was made between these experimental
models and the control group (without legume green mulching), they found that mulching
tillage showed larger water-holding capacity and richer soil moisture (Figure 4). Sum-
ming up, different configurations of agroforestry produce varying water-saving functions.
Agronomic measures do manifest water-retention capacity to varying degrees. There-
fore, a combination of the two will significantly enhance the water-retaining function of
agroforestry in karst areas.

 

Figure 4. Water-holding capacity and soil moisture content under various agronomic measures.
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4.3. Standard Selection for WUE and Improvement of Crop WUE by Agroforestry

WUE is the only effective index to evaluate the efficient water use of crops [62]. Im-
proving WUE is essential for the advancement of agricultural production [63]. There are
multiple standards for WUE, including leaf WUE, yield WUE, and community WUE [62,64].
Leaf WUE indicates the physiological characteristics of the crops and is of biological signifi-
cance. Yield WUE manifests the average significance, yet fails to show the dynamic water
consumption law of crops. While community WUE reflects the dynamic characteristics
of crop water consumption, there is no consensus on whether crop water consumption
refers to transpiration or evapotranspiration [65]. In view of such understandings, the
suggestion is to combine WUE standard selection with the actual needs of the research. In
the case of our study, since we aimed to identify the dynamic water consumption law of
agroforestry in the three study areas, the pruning and weighing method was adopted to
test the dynamic water consumption of leaves, which employed the leaf WUE stand.

Luxury transpiration refers to the extra part of water consumption that exceeds the
necessary amount for the physiological and metabolic requirements of crops, the transfer
and transportation of nutrients, the production of photosynthetic substances, and the
formation of yield [65]. Luxury transpiration tends to lower the WUE. However, when
drought stress occurs, it can be slowed down, so that the WUE is once again improved [49].
In all the planting models in Bijie, Huajiang, and Shibing, the highest water consumption
through transpiration was found in the Rosa roxburghii + Ryegrass model, and lowered
successively in the Walnut + potato, Zanthoxylum planispinum var. Dintanensis + Chili,
Osmanthus fragrans, Pseudostellariae Radixo, Pseudostellariae Radixo monoculture, and Pitaya +
Zanthoxylum planispinum var. Dintanensis models. Yet a different law was found in WUE,
which reached the bottom in the Rosa roxburghii + Ryegrass model, and then rose successively
in the Walnut + Potato, Pseudostellariae Radixo monoculture, Zanthoxylum planispinum var.
Dintanensis + Chili, Osmanthus fragrans + Pseudostellariae Radixo, and Pitaya + Zanthoxylum
planispinum var. Dintanensis models. Of these models, Walnut + Potato, with the lowest
WUE (0.892 kg t−1), transpired the most (342.070 mm). Conversely, Pitaya + Zanthoxylum
planispinum var. Dintanensis transpired the least (44.021 mm) but reached the highest WUE
(6.510 kg t−1) (Figure 5). WUE was negatively correlated with transpiration (p < 0.01).
The results suggest that crop WUE can be improved by reducing crop transpiration using
effective ways such as drought stress, pruning, and dwarf dense planting. These measures
will effectively decrease luxury transpiration and thus enhance the crop WUE.

 

Figure 5. Transpiration and water use efficiency of crops under different planting models.
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5. Conclusions

The unique hydrological cycle of the karst regions serves to be the basis for the effi-
cient utilization of crop water resources. Agroforestry, a type of water-saving value-added
industry, produces changing water-saving benefits with different configurations. Hence,
varying configurations of agroforestry are in the agronomic water-saving category. To
different degrees, agronomic treatments help to hold water, increase the conversion amount
of effective water resources and weaken that of the ineffective ones. The combination of
agroforestry and agronomic measures highlights the water-saving ability of crops. In this
study, monitoring the farmland hydrological cycle generated the following results. (1)
Precipitation was significantly positively related to the available precipitation and LET. The
highest correlation coefficient was found with available precipitation, followed by evapo-
transpiration. (2) The soil water content under all agronomic measures was more than that
of the control group while evaporation was less. This indicates that agronomic measures
can halt soil evaporation, increase soil water content and promote efficient use of water
resources. (3) Plant water consisted of transpiration consumption and vegetation intercep-
tion. The latter fully evaporated and belonged to ineffective water consumption. When
transpiration exceeded the minimum water consumption required for normal production,
it was luxury transpiration. Transpiration, transpiration rate, and vegetation interception
were positively associated with biomass. As a result, we can adopt dwarf-dense planting
and pruning to reduce biomass to bring down luxury transpiration and improve the WUE.
(4) In the cycle of precipitation transformation, most transformed into soil water; some
transformed into groundwater, soil evaporation, and transpiration, and the least into vege-
tation interception. More water was transformed into soil water, which can satisfy the soil
water absorption by crops and enhance water resource utilization. The conclusions of this
study can provide a reference for other karst areas to develop water-saving value-added
industries and improve the efficiency of water resource utilization.

Author Contributions: Conceptualization, Q.W. and J.X.; methodology, R.L.; software, J.X.; valida-
tion, K.X., R.L. and J.X.; formal analysis, Q.W.; investigation, Q.W.; resources, K.X.; data curation,
Q.W.; writing—original draft preparation, Q.W.; writing—review and editing, Q.W.; visualization,
J.X.; supervision, K.X.; project administration, K.X.; funding acquisition, K.X. All authors have read
and agreed to the published version of the manuscript.

Funding: This study was supported by The China Overseas Expertise Introduction Program for
Discipline Innovation (No. D17016), the Key Project of Science and Technology Program of Guizhou
Province (No. 5411 2017 Qiankehe Pingtai Rencai), the Natural Science Foundation of Guizhou
Province (No. 317 2022 QianKeHe JiChu -ZK), and the Science and Technology Support Plan of
Guizhou Province (No. 462 2021 QianKeHe ZhiCheng).

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Ford, D.C.; Williams, P.W. Karst Hydrogeology and Geomorphology; Wiley: Chichester, UK, 2007; p. 9. [CrossRef]
2. Li, Y.; Liu, Z.; Liu, G.; Xiong, K.; Cai, L. Dynamic Variations in Soil Moisture in an Epikarst Fissure in the Karst Rocky

Desertification Area. J. Hydrol. 2020, 591, 125587. [CrossRef]
3. Qi, X.; Zhang, C.; Wang, K. Comparing Remote Sensing Methods for Monitoring Karst Rocky Desertification at Sub-pixel Scales

in a Highly Heterogeneous Karst Region. Sci. Rep. 2019, 9, 13368. [CrossRef]
4. Deng, X.; Xiong, K.; Yu, Y.; Zhang, S.; Kong, L.; Zhang, Y. A Review of Ecosystem Service Trade-Offs/Synergies: Enlightenment

for the Optimization of Forest Ecosystem Functions in Karst Desertification Control. Forests 2023, 14, 88. [CrossRef]
5. Zhao, L.; Hou, R. Human causes of soil loss in rural karst environments: A case study of Guizhou, China. Sci. Rep. 2019, 9, 3225.

[CrossRef]
6. Zhang, Y.; Tian, Y.; Li, Y.; Wang, D.; Tao, J.; Yang, Y.; Lin, J.; Zhang, Q.; Wu, L. Machine learning algorithm for estimating karst

rocky desertification in a peak-cluster depression basin in southwest Guangxi, China. Sci. Rep. 2022, 12, 19121. [CrossRef]
7. Zhou, H.; Xu, X.; Jiang, X.; Ding, B.; Wu, P.; Ding, F. Plant Functional Trait Responses to Dolomite and Limestone Karst Forests in

Southwest China. Forests 2022, 13, 2187. [CrossRef]

94



Forests 2023, 14, 453

8. Qi, D.; Wieneke, X.; Xue, P.; DeSilva, W. Total nitrogen is the main soil property associated with soil fungal community in karst
rocky desertification regions in southwest China. Sci. Rep. 2021, 11, 10809. [CrossRef]

9. Jiang, M.; Lin, Y.; Chan, T.O.; Yao, Y.; Zheng, G.; Luo, S.; Zhang, L.; Liu, D. Geologic factors leadingly drawing the macroecological
pattern of rocky desertification in southwest China. Sci. Rep. 2020, 10, 1440. [CrossRef]

10. Wu, Z.; Zhu, D.; Xiong, K.; Wang, X. Dynamics of landscape ecological quality based on benefit evaluation coupled with the
rocky desertification control in South China Karst. Ecol. Indic. 2022, 138, 108870. [CrossRef]

11. Burrell, A.L.; Evans, J.P.; De Kauwe, M.G. Anthropogenic climate change has driven over 5 million km2 of drylands towards
desertification. Nat. Commun. 2020, 11, 3853. [CrossRef]

12. Huang, X.; Zhou, Y.; Wang, S.; Zhang, Z. Occurrence mechanism and prediction of rocky land degradation in karst mountainous
basins with the aid of GIS technology, a study case in Houzhai River Basin in southwestern China. Environ. Earth Sci. 2019, 78,
217. [CrossRef]

13. Wu, Q.; Liang, H.; Xiong, K.; Li, R. Eco-benefits coupling of agroforestry and soil and water conservation under KRD environment:
Frontier theories and outlook. Agroforest Syst. 2019, 93, 1927–1938. [CrossRef]

14. Wu, Q.; Liang, H.; Xiong, K.; Li, R. Efectiveness of monitoring methods for soil leakage loss in karst regions. Environ. Earth Sci.
2021, 80, 278. [CrossRef]

15. Xiao, J.; Xiong, K. A review of agroforestry ecosystem services and its enlightenment on the ecosystem improvement of rocky
desertification control. Sci. Total Environ. 2022, 852, 158538. [CrossRef]

16. Bryan, B.A.; Gao, L.; Ye, Y.; Sun, X.; Connor, J.D.; Crossman, N.D.; Stafford-Smith, M.; Wu, J.; He, C.; Yu, D.; et al. China’s response
to a national land-system sustainability emergency. Nature 2018, 559, 193–204. [CrossRef]

17. Li, C.; Fu, B.; Wang, S.; Stringer, L.C.; Wang, Y.; Li, Z.; Liu, Y.; Zhou, W. Drivers and impacts of changes in China’s drylands. Nat.
Rev. Earth Environ. 2021, 2, 858–873. [CrossRef]

18. Tong, X.; Brandt, M.; Yue, Y.; Horion, A.S.; Wang, K.; Keersmaecker, W.D.; Tian, F.; Schurgers, G.; Xiao, X.; Luo, Y.; et al. Increased
vegetation growth and carbon stock in China karst via ecological engineering. Nat. Sustain. 2018, 1, 44–50. [CrossRef]

19. Zhao, M.; Zhang, J.; Velicogna, I.; Liang, C.; Li, Z. Ecological restoration impact on total terrestrial water storage. Nat. Sustain.
2021, 4, 56–62. [CrossRef]

20. Pitty, A. Calcium Carbonate Content of Karst Water in relation to Flow-through Time. Nature 1968, 217, 939–940. [CrossRef]
21. Jiang, Z.; Liu, H.; Wang, H.; Peng, J.; Meersmans, J.; Green, S.M.; Quine, T.A.; Wu, X.; Song, Z. Bedrock geochemistry influences

vegetation growth by regulating the regolith water holding capacity. Nat. Commun. 2020, 11, 2392. [CrossRef]
22. Leakey, R.R.B. A re-boot of tropical agriculture benefits food production, rural economies, health, social justice and the environ-

ment. Nat. Food 2020, 1, 260–265. [CrossRef]
23. Grass, I.; Kubitza, C.; Krishna, V.V.; Corre, M.D.; Mußhoff, O.; Pütz, P.; Drescher, J.; Rembold, K.; Ariyanti, E.S.; Barnes, A.D.; et al.

Trade-offs between multifunctionality and profit in tropical smallholder landscapes. Nat. Commun. 2020, 11, 1186. [CrossRef]
24. Blaser, W.J.; Oppong, J.; Hart, S.P.; Landolt, J.; Yeboah, E.; Six, J. Climate-smart sustainable agriculture in low-to-intermediate

shade agroforests. Nat. Sustain. 2018, 1, 234–239. [CrossRef]
25. Syano, N.M.; Nyangito, M.M.; Wasonga, O.V.J.; Yeboah, L.E.; Six, J. Agroforestry practices and factors influencing their adoption

by communities in the drylands of Eastern Kenya. Agroforest. Sys. 2022, 96, 1225–1235. [CrossRef]
26. Doelman, J.C.; Stehfest, E. The risks of overstating the climate benefits of ecosystem restoration. Nature 2022, 609, E1–E3.

[CrossRef]
27. Wurz, A.; Tscharntke, T.; Martin, D.A.; Osen, K.; Rakotomalala, A.A.N.A.; Raveloaritiana, E.; Andrianisaina, F.; Dröge, S.;

Fulgence, T.R. Win-win opportunities combining high yields with high multi-taxa biodiversity in tropical agroforestry. Nat.
Commun. 2022, 13, 4127. [CrossRef]

28. Zeppetello, L.R.V.; Cook-Patton, S.C.; Parsons, L.A.; Wolff, N.H.; Kroeger, T.; Battisti, D.S.; Bettles, J.; Spector, J.T.; Balakumar, A.;
Masuda, Y.J. Consistent cooling benefits of silvopasture in the tropics. Nat. Commun. 2022, 13, 708. [CrossRef]

29. Zhu, X.; Liu, W.; Chen, J.L.; Bruijnzeel, A.; Mao, Z.; Yang, X.; Cardinael, R.; Meng, F.R.; Sidle, R.; Seitz, S.; et al. Reductions in
water, soil and nutrient losses and pesticide pollution in agroforestry practices: A review of evidence and processes. Plant Soil
2020, 453, 45–86. [CrossRef]

30. Sari, R.R.; Rozendaal, D.M.A.; Saputra, D.D.; Hairiah, K.; Roshetko, J.M.; Noordwijk, M. Balancing litterfall and decomposition in
cacao agroforestry systems. Plant Soil 2022, 473, 251–271. [CrossRef]

31. Ling, Q.; Zhao, X.; Wu, P.; Gao, X.; Sun, W. Effect of the fodder species canola (Brassica napus L.) and daylily (Hemerocallis fulva L.)
on soil physical properties and soil water content in a rainfed orchard on the semiarid Loess Plateau, China. Plant Soil 2020, 453,
209–228. [CrossRef]

32. Hombegowda, H.C.; Köhler, M.; Röll, A.; Hölscher, D. Tree species and size influence soil water partitioning in coffee agroforestry.
Agroforest. Syst. 2020, 94, 137–149. [CrossRef]

33. Huo, G.; Zhao, X.; Gao, X.; Wang, S. Seasonal effects of intercropping on tree water use strategies in semiarid plantations:
Evidence from natural and labelling stable isotopes. Plant Soil 2020, 453, 229–243. [CrossRef]

34. Liu, H.; Tang, J.; Zhang, X.; Wang, R.; Zhu, B.; Li, N.; Liang, C.; Zhao, P. Seasonal variations of groundwater recharge in a small
subtropical agroforestry watershed with horizontal sedimentary bedrock. J. Hydrol. 2021, 596, 125703. [CrossRef]

35. Zhang, R.; Xu, X.; Liu, M.; Zhang, Y.; Xu, C.; Yi, R.; Luo, W. Comparing evapotranspiration characteristics and environmental
controls for three agroforestry ecosystems in a subtropical humid karst area. J. Hydrol. 2018, 563, 1042–1050. [CrossRef]

95



Forests 2023, 14, 453

36. Villalobos, F.J.; Fereres, E. Evaporation Measurements beneath Corn, Cotton, and Sunflower Canopies. Agron. J. 1990, 82,
1153–1159. [CrossRef]

37. Peng, J.; Li, G.; Wu, F. Analysis on the Changes of Utilizable Precipitation over Dongting Lake Region during the Past 100 Years.
Ecol. Environ. Sci. 2017, 26, 104–110. (In Chinese) [CrossRef]

38. Sun, Z.; Wang, S.; Liu, J.; Gu, J.; Gong, W. Driving Force Analysis of Runoff Attenuation in Tuwei River Basin. J. Nat. Resour. 2017,
32, 310–320. (In Chinese) [CrossRef]

39. Wang, K.; Chen, H.; Zeng, F.; Yue, Y.; Zhang, W.; Fu, Z. Ecological Research Supports Eco-environmental Management and
Poverty Alleviation in Karst Region of Southwest China. Bull. Chin. Acad. Sci. 2018, 33, 213–222. (In Chinese) [CrossRef]

40. Zhang, C.; Di, Z.; Duan, Q.; Wei, G. Improved land evapotranspiration simulation of the community land model using a
surrogate-based automatic parameter optimization method. Water 2020, 12, 943. [CrossRef]

41. Liu, J.; Jia, B.; Xie, Z.; Shi, C. Ensemble Simulation of Land Evapotranspiration in China Based on a Multi-Forcing and Multi-Model
Approach. Adv. Atmos. Sci. 2016, 33, 673–684. [CrossRef]

42. He, G.; Zhao, Y.; Wang, J.; Gao, X.; He, F.; Li, H.; Zhai, J.; Wang, Q.; Zhu, Y. Attribution analysis based on Budyko hypothesis for
land evapotranspiration change in the Loess Plateau, China. J. Arid Land 2019, 11, 939–953. [CrossRef]

43. Lu, G.; Meng, P.; Ma, X. Study on the plant transpiration and system evapotranspiration within an agroforest system of forest
belt-fruit tree crop. J. China Agric. Univ. 1996, 1, 103–109. (In Chinese)

44. Shi, L.; Sheng, H.; Man, X.; Cai, T. A review of the calculation method of water consumption by tree transpiration in different
scales. J. Nanjing For. Univ. (Nat. Sci. Ed.) 2016, 40, 149–156. (In Chinese) [CrossRef]

45. Rong, R.; Sun, B.; Wu, Z.; Gao, Z.; Du, Z.; Teng, S. Study on above-ground biomass measurement of Caragana microphylla in
shrub-encroached grassland. Acta Prataculturae Sin. 2023, 32, 36–47. (In Chinese) [CrossRef]

46. Tong, C.; Zhang, L.; Wang, W.; Gauci, V.; Marrs, R.; Liu, B.; Jia, R.; Zeng, C. Contrasting nutrient stocks and litter decomposition
in stands of native and invasive species in a sub-tropical estuarine marsh. Environ. Res. 2011, 111, 909–916. [CrossRef]

47. Liu, B.G.; Tong, C.; Huang, J.F.; Tan, J.; Li, H. Estimation models of green and dead standing aboveground biomass of Cyperus
malaccensis. Chin. J. Ecol. 2022, 41, 2163–2170. [CrossRef]

48. Yang, C.; Yao, W.; Xiao, P.; Qin, D. Effects of vegetation cover structure on runoff and sediment yield and its regulation mechanism.
J. Hydraul. Eng. 2019, 50, 1078–1085. (In Chinese) [CrossRef]

49. Wu, Q. Occurrence and Transformation of ‘Five Water’ and High Efficient Utilization Model of Agroforestry in the Karst Rocky Desertification
Environment; Guizhou Normal University: Guiyang, China, 2020.

50. Chen, Y.; Wen, J.; Liu, R.; Lu, X.; Chen, Y. Study on the spatial-temporal distribution pattern of land surface evapotranspiration
over the source region of the Yellow River. Plateau Mt. Meteorol. Res. 2021, 41, 35–42. [CrossRef]

51. Yang, M.; Zhong, P.; Wang, M.; Shang, Y.; Cheng, C. Comparative study on the methods of estimating land surface evaporation in
Dawenhe River basin. South North Water Transf. Water Sci. Technol. 2017, 15, 50–55. (In Chinese)

52. Zhao, M.; Liu, Y.; Konings, A.G. Evapotranspiration frequently increases during droughts. Nat. Clim. Chang. 2022, 12, 1024–1030.
[CrossRef]

53. Pascolini-Campbell, M.; Reager, J.T.; Chandanpurkar, H.A.; Rodell, M. A 10 per cent increase in global land evapotranspiration
from 2003 to 2019. Nature 2021, 593, 543–547. [CrossRef]

54. Wu, Q.; Liang, H.; Xiong, K.; Li, R. Frontier theories and countermeasures for Integrated regulation of soil and water loss and
mountainous agroforestry in rocky desertification environment. J. Soil Water Conserv. 2018, 32, 11. [CrossRef]

55. Muthee, K.; Duguma, L.; Majale, C.; Mucheru-Muna, M.; Wainaina, P.; Minang, P. A quantitative appraisal of selected agroforestry
studies in the Sub-Saharan Africa. Heliyon 2022, 8, e10670. [CrossRef]

56. Sahin, H.; Anderson, S.H.; Udawatta, R.P. Water infiltration and soil water content in claypan soils influenced by agroforestry and
grass buffers compared to row crop management. Agroforest. Syst. 2016, 90, 839–860. [CrossRef]

57. Anderson, S.H.; Udawatta, R.P.; Seobi, T.; Garrett, H.E. Soil water content and infiltration in agroforestry buffer strips. Agroforest.
Syst. 2009, 75, 5–16. [CrossRef]

58. Narain, P.; Singh, R.K.; Sindhwal, N.S.; Joshie, P. Agroforestry for soil and water conservation in the western Himalayan Valley
Region of India 1. Runoff, soil and nutrient losses. Agroforest. Syst. 1997, 39, 175–189. [CrossRef]

59. Luo, D.; Xiong, K.; Wu, C.; Gu, X.; Wang, Z. Soil Moisture and Nutrient Changes of Agroforestry in Karst Plateau Mountain: A
Monitoring Example. Agronomy 2023, 13, 94. [CrossRef]

60. Chaki, A.K.; Gaydon, D.S.; Dalal, R.C.; Bellotti, W.D.; Gathala, M.K.; Hossain, A.; Menzies, N.W. Achieving the win–win:
Targeted agronomy can increase both productivity and sustainability of the rice–wheat system. Agron. Sustain. Dev. 2022, 42, 113.
[CrossRef]

61. Manohar Reddy, R.; Ramkuma. Prospect and importance of green mulching on the soil status of tropical tasar plantation fields in
India. Nat. Preced. 2011, 6388, 1–13. [CrossRef]

62. Dong, B.; Liu, H.; Wang, Y.; Qiao, Y.; Zhang, M.; Yang, H.; Jin, L.; Liu, M. Physio-ecological regulating mechanisms for highly
efficient water use of crops. Chin. J. Eco-Agric. 2018, 26, 1465–1475. (In Chinese) [CrossRef]

63. Cui, Z.; Gao, Y.; Guo, L.; Wu, B.; Yan, B.; Wang, Y.; Liu, H.; Li, G.; Wang, Y.; Wang, H. Optimal Effects of Combined Application
of Nitrate and Ammonium Nitrogen Fertilizers with a Ratio of 3:1 on Grain Yield and Water Use Efficiency of Maize Sowed in
Ridge–Furrow Plastic Film Mulching in Northwest China. Agronomy 2022, 12, 2943. [CrossRef]

96



Forests 2023, 14, 453

64. Fang, Q.; Chen, Y.; Li, Q.; Yu, S.; Luo, Y.; Yu, Q.; Ou, Y. Effect of irrigation on water use efficiency of winter wheat. Trans. Chin. Soc.
Agric. Eng. 2004, 20, 34–39. (In Chinese)

65. Wang, Y.; Dong, B.; Qiao, Y.; Yang, H.; Jin, L.; Liu, J.; Liu, M. Experimental study on soil water threshold of luxury transpiration in
winter wheat leaves during flowering and filling stage. Chin. J. Eco-Agric. 2019, 27, 1024–1032. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

97





Citation: Li, Y.; Yu, Y.; Song, Y. Leaf

Functional Traits of Zanthoxylum

planispinum ‘Dintanensis’ Plantations

with Different Planting Combinations

and Their Responses to Soil. Forests

2023, 14, 468. https://doi.org/

10.3390/f14030468

Academic Editor: Jason G. Vogel

Received: 22 December 2022

Revised: 18 February 2023

Accepted: 22 February 2023

Published: 24 February 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Leaf Functional Traits of Zanthoxylum planispinum
‘Dintanensis’ Plantations with Different Planting Combinations
and Their Responses to Soil

Yitong Li, Yanghua Yu * and Yanping Song

School of Karst Science, State Engineering Technology Institute for Karst Decertification Control,
Guizhou Normal University, Guiyang 550001, China
* Correspondence: yuyanghua2003@163.com

Abstract: Leaf structural and physiological traits, nutrients, and other functional properties reflect the
ability of plants to self-regulate and adapt to the environment. Species diversity can positively affect
plant growth by improving the habitat, and offers mutual interspecies benefits. Therefore, optimizing
the types of plants grown in a specific area is conducive to achieving sustainable development
goals for plant growth. In this study, companion planting of Zanthoxylum planispinum ‘dintanensis’
(hereafter Z. planispinum) with Prunus salicina Lindl., Sophora tonkinensis Gagnep., Arachis hypogaea L.
and Lonicera japonica Thunb. was investigated, along with a monoculture Z. planispinum plantation.
The effect of different planting combinations on the adaptive mechanisms of Z. planispinum and
its response to the soil was explored. These results revealed that Z. planispinum preferred the slow
growth strategy of small specific leaf area, high leaf water content, and high chlorophyll content
after combination with P. salicina. Conversely, after combination with S. tonkinensis, Z. planispinum
exhibited a fast growth strategy. Combination with A. hypogaea enabled Z. planispinum to adopt
a transition from slow to fast growth. Z. planispinum regulated its economy of growth through
multiple functional trait combinations, indicating that planting combinations impacted its adaptive
strategies. The adaptability of Z. planispinum in combination with P. salicina, L. japonica, A. hypogaea
and S. tonkinensis decreased in turn, with only the adaptability of Z. planispinum + S. tonkinensis
lower than that of the pure forest. Leaf functional traits were jointly influenced by soil water content,
microbial biomass carbon (MBC), MB nitrogen (N), MB phosphorus (P), available N, total P and
available calcium (C:N:P). The main contributors were soil water content, the different component
levels and stoichiometry of elements and the MB. The results demonstrated that companion planting
can promote or inhibit the growth of Z. planispinum by adjusting its functional traits.

Keywords: planting combinations; investment strategy; plant adaptability; soil; response; karst

1. Introduction

Plant functional traits are stable properties formed by their interaction with the external
environment during growth and development, which can both respond to environmental
changes and influence ecosystem functions [1]. The leaf is the main site of photosynthesis
and a key organ for maintaining hydrological balance, sensitive to environmental changes
and highly plasticity [2]. Leaf functional and structural traits such as leaf thickness (LT),
specific leaf area (SLA), leaf dry-matter content (LDMC); and leaf physiological traits such
as chlorophyll (Chl) content and leaf nutrient levels, can sensitively indicate the adaptive
strategy, ability to adjust, and response patterns to resource competition in plants [3].

Strategic combinations of plant species according to their physiological and ecological
characteristics and their spatial locations form efficient artificial composite ecosystems
that promote each other. Mixed forests can change the properties of soil [4]. Variable
inputs and decomposition rates of litter from configured species, as well as different types
and quantities of root secretions, drive changes in the quality of soil fertility [5]. Nutrient
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reabsorption efficiency among the species present also changes the nutrient concentration
of the soil [6]. In addition, plant type can indirectly affect the soil microbial community
by changing the soil nutrient substrate [7]. Compared with pure forests, mixed forests
can significantly improve the physical properties of soil, slow soil nutrient depletion and
promote biomass recycling [8,9]. However, due to niche overlap between different species
in mixed forest, water and nutrient competition and allelopathy can occur [10]. Therefore,
clarifying the leaf functional traits and adaptability of Zanthoxylum planispinum ‘dintanensis’
(hereafter Z. planispinum) plantations in different planting combinations in the karst plateau
canyon area in the middle of Guizhou Province, China, is beneficial for checking suitable
planting patterns.

The response and adaptation strategies of plants to the environment have long been a
central question in ecological research. At a small regional scale, soil is considered to be a
key factor influencing leaf functional traits [11], due to its function in providing mechanical
support and nutrient supply for plant growth [12]. In addition, the carbon (C): nitrogen
(N): phosphorus (P) ratios can indicate the nutrient limitations of the ecosystem, reflecting
the nutrient cycle and utilization efficiency within the plants [13]. It is, therefore, important
to study the content and ratio of C, N, and P, as these nutrients affect the energy cycle
and stability of ecosystems [14]. In recent years, many achievements have been made
in exploring the synergy and trade-offs between leaf traits and soil factors on different
latitudes [15], slopes [12], climates [16], community levels [17], etc. However, studies on
the relationship between leaf functional traits and soil in different planting combinations
are limited. Karst ecosystems are characterized by high habitat heterogeneity, fragile
environment, low soil volume and weak nutrient supply capacity [18], but the adaptation
mechanisms of native plants are still unclear [19]. Therefore, the study of the interactions
between the karst plant Z. planispinum and soil is useful to conducting an in-depth analysis
of its unique ecological strategies for adaptation to this habitat.

Z. planispinum is the oldest and most widely distributed pioneer tree species in the
karst, dry hot valley of Guizhou Province, China [20]. During the process of long-term
adaptation to the environment, the tree has formed excellent characteristics, such as calcium
(Ca) preference, drought tolerance, and the ability to grow in stony areas. In recent years,
the cultivation of pure forests on a large scale has led to the gradual degradation of soil
fertility and productivity. The optimization of planting Z. planispinum in combination
with other species is based on the biodiversity theory of restoring the terrestrial ecosystem.
This is essential to prevent and control rocky desertification in karst areas and achieve
sustainable development goals. However, the effect of planting combinations on the leaf
functional traits of Z. planispinum and the relationship between the leaf functional traits and
soil are unclear. Therefore, in this study, we selected four common planting combinations
of Z. planispinum with Prunus salicina Lindl., Sophora tonkinensis Gagnep., Arachis hypogaea
L. and Lonicera japonica Thunb., respectively, and compared them with pure forests. This
study was conducted to explore the effects of planting combinations on the leaf functional
traits of Z. planispinum and to analyze the response mechanisms of these traits to soil factors.
We aimed to: (1) clarify the adaptation mechanism and resource utilization strategy of
Z. planispinum in different planting combinations; (2) explore the adaptability of different
planting combinations; and (3) extract the main factors from the soil that drive changes in
the leaf functional traits of Z. planispinum. This study provides a scientific basis for diversity
cultivation in plantations.

2. Materials and Methods

2.1. Study Sites

The research area was located in Zhenfeng County, Guizhou Province, China (105◦38′35”E,
25◦39’37”N), which has a mostly subtropical humid monsoon climate (Figure 1). The
average annual rainfall is 1100 mm, with severe drought in winter, spring, and summer.
The average annual temperature is 18.4 ◦C. It is a river valley terrain, with an elevation of
370~1,473 m [21]. The soil type is mainly lime soil, with limestone as the parent material.
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Carbonate rock accounts for 78.45%, pH > 6.5, the soil layer is mostly <20 cm, and the
soil cover is discontinuous. The soil is rich in Ca and Mg due to its high inheritance from
the parent rock. The area exhibits rocky desertification, with low forest coverage and a
bedrock exposure rate of 50~80% [21,22]. The types of microhabitats such as stone surfaces,
stone ditches, stone cracks, stone grooves and stone caves are diverse, and the environ-
mental heterogeneity is high. Z. planispinum has become a relatively stable ecological
restoration tree species with the largest planting area in the study region. In addition,
there are companion species such as Zea mays, L. japonica, P. salicina, S. tonkinensis, and
Arachis hypogaea.

Figure 1. Distribution of treatments (Trt).

2.2. Treatment Setting

One treatment was set up for each of the five plantations (Z. planispinum + P. salicina,
Z. planispinum + S. tonkinensis, Z. planispinum + A. hypogaea, Z. planispinum + L. japonica,
and Z. planispinum) (Table 1). Before planting the experimental tree species, all treatments
were planted mainly with Z. mays, with the same management measures and similar
soil background values. In 2012, Z. planispinum was planted in five treatments. Since
2018, P. salicina, S. tonkinensis, A. hypogaea, and L. japonica have been planted around
Z. planispinum. A. hypogaea has been planted continuously as an annual plant according to
the phenology; other perennial plants are under community management. The age of the
Z. planispinum individuals planted in the five treatments was 8 years, and the slope of all
treatments was 10◦. Detailed management practices for the five treatments can be found in
the literature [23].

Table 1. Descriptions of plantation types.

Plantation
Types

Species Combinations Longitude Latitude
Growing
Area (ha)

Altitude
(m asl)

Density
(m)

Height
(m)

Crown
Width

(m)

Coverage
(%)

Trt 1 Z. planispinum + P. salicina 105◦40′28.33” E 25◦37′57.41” N 1.34 764 3 × 3 3.5 2 × 2.3 70
Trt 2 Z. planispinum + S. tonkinensis 105◦40′19.79” E 25◦39′25.75” N 0.67 728 2 × 2 2.0 1.2 × 1.8 60
Trt 3 Z. planispinum + A. hypogaea 105◦38′36.32” E 25◦39′23.64” N 0.67 791 2 × 2 2.5 2.5 × 2.8 85
Trt 4 Z. planispinum + L. japonica 105◦38′36.35” E 25◦39′22.29” N 6.67 814 3.5 × 3 2.5 1.5 × 2.5 70
Trt 5 Z. planispinum 105◦38′35.64” E 25◦39′23.35” N 33.35 788 3 × 4 2.2 2.5 × 2.3 65
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The distance between plants was measured and expressed as “length × width”, and
the average value taken. Plant height was set as the distance from the root neck to the top
of the main stem as measured by an altimeter. The width of the crown was measured with
a tape measure, with the tree as the center. The measure was extended to the maximum
value covered by the crown in the east-west and north-south directions, respectively. The
average value of the two measurements was taken to obtain the width of the crown for each
tree tested. For convenience in terms of operation and estimation, to measure coverage,
a projected area approximately in the shape of a rectangle was measured using a tape
measure. The maximum length and width of the lines corresponding to the upper part of
the plant was used to estimate the projected rectangular area covered by the plant. All of
the approximate projected areas of each plant in the area were added to calculate the total
coverage. The calculation used to determine coverage was as follows:

Coverage = (S1 + S2 + . . . + Sn)/S × 100% (1)

2.3. Soil Sampling and Analysis

Between 19 and 21 November 2020, soil samples were collected, within a period of 15
or more consecutive sunny days. At this time, the soil material composition was relatively
stable, and the degree of soil variability low. This ensured that fewer testing time-points
could be used to characterize the component levels under long-term drought conditions,
facilitating a better evaluation of the effect of the planting combinations on soil. Three
sample squares (10 × 10 m) were set up in each treatment, with sufficient buffer strips left
between the squares. Sampling points were laid along “S” lines in each sample square.
We collected equal amounts of soil from the 0~10 and 10~20 cm soil layers (soil depth
<20 cm) at each sample point. Samples from the same soil layer were fully mixed. The
average value of the two soil layer values was taken for the final soil parameter calculation.
Artificial fertilization areas (about 20 cm away from the tree trunks) were avoided as far
as possible during sampling. The fresh soil samples were divided into two parts after
removing gravel, root systems, and residues from animals and plants. One part was dried
and passed through a 0.15 mm sieve to determine the soil nutrient contents. The other
was sieved through a 2 mm sieve and stored at 4 ◦C to determine the microbial biomass as
quickly as possible.

The soil water content (SWC) was measured with a TR-6 soil temperature and humid-
ity meter. Soil pH was determined using the potentiometric method; soil organic carbon
(SOC) with the potassium dichromate oxidation external heating method; total nitrogen
(TN) through the Kjeldahl method; total phosphorus (TP) by using molybdenum antimony
resistance colorimetry; total potassium (TK) with a sodium hydroxide melting flame pho-
tometer; and total calcium (TCa) by way of an atomic absorption spectrophotometer [24].
Available nitrogen (AN) was determined using the alkali hydrolysis diffusion method;
available phosphorus (AP) using the HCl-H2SO4 extraction method; available potassium
(AK) by flame photometry; and available calcium (ACa) content by atomic absorption spec-
trophotometry [25]. Soil microbial biomass carbon (MBC), nitrogen (MBN) and phosphorus
(MBP) were determined with the chloroform fumigation K2SO4 extraction method [26].
Specific data are shown in Table 2. Relevant data have been previously analyzed [23]. This
article uses existing data for in-depth analysis.

Table 2. Soil parameters in different planting combinations.

Soil Parameters Trt 1 Trt 2 Trt 3 Trt 4 Trt 5

SWC 31.60 ± 6.29 ab 36.73 ± 2.65 a 25.05 ± 1.38 bc 28.69 ± 0.30 bc 21.15 ± 0.14 c
pH 6.70 ± 0.42 d 7.35 ± 0.33 bc 7.92 ± 0.05 ab 7.28 ± 0.05 cd 8.08 ± 0.05 a

SOC 37.73 ± 7.32 ab 29.40 ± 0.57 ab 28.68 ± 12.62 ab 50.83 ± 13.33 a 26.50 ± 2.19 b
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Table 2. Cont.

Soil Parameters Trt 1 Trt 2 Trt 3 Trt 4 Trt 5

TN 3.53 ± 0.46 ab 2.64 ± 0.07 b 2.78 ± 0.74 b 4.60 ± 0.44 a 2.76 ± 0.23 b
TP 1.37 ± 0.02 a 0.82 ± 0.03 b 1.10 ± 0.43 ab 1.52 ± 0.17 a 1.26 ± 0.04 ab
TK 6.95 ± 0.34 b 6.11 ± 1.51 b 12.33 ± 0.25 a 11.88 ± 0.53 a 10.88 ± 0.03 a
TCa 0.95 ± 0.28 b 1.48 ± 0.39 b 1.85 ± 0.71 b 1.88 ± 0.18 b 6.05 ± 0.21 a
AN 275.00 ± 74.25 ab 160.00 ± 5.66 b 161.75 ± 61.87 b 350.00 ± 55.15 a 153.75 ± 15.91 b
AP 45.80 ± 13.29 a 23.38 ± 11.63 a 26.55 ± 10.54 a 36.68 ± 10.01 a 20.08 ± 2.44 a
AK 393.00 ± 107.48 a 195.85 ± 32.03 b 172.75 ± 57.63 b 223.75 ± 98.64 ab 141.25 ± 2.47 b
ACa 317.50 ± 14.85 b 334.75 ± 0.35 b 347.75 ± 24.40 ab 371.00 ± 8.49 a 350.50 ± 7.07 ab

Soil C:N ratio 10.65 ± 0.70 a 11.13 ± 0.53 a 10.07 ± 1.85 a 10.97 ± 1.85 a 9.59 ± 0.00 a
Soil C:P ratio 27.68 ± 5.79 abc 35.83 ± 0.79 a 25.82 ± 1.33 bc 33.10 ± 4.99 ab 21.03 ± 2.38 c
Soil N:P ratio 2.59 ± 0.37 ab 3.22 ± 0.22 a 2.60 ± 0.34 ab 3.02 ± 0.05 a 2.19 ± 0.25 b

MBC 243.00 ± 4.95 a 254.75 ± 2.47 a 252.00 ± 2.83 a 262.75 ± 21.57 a 262.25 ± 26.52 a
MBN 12.40 ± 1.70 a 13.58 ± 1.31 a 14.38 ± 0.60 a 13.90 ± 1.06 a 14.08 ± 0.18 a
MBP 128.00 ± 23.33 a 144.50 ± 4.95 a 148.00 ± 8.49 a 154.50 ± 13.44 a 139.00 ± 3.54 a

Trts 1–5, five plantations, representing the research objectives of this article. SWC, soil water content; SOC, soil
organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; TCa, total calcium; AN, available
nitrogen; AP, available phosphorus; AK, available potassium; ACa, available calcium; MBC, microbial biomass
carbon; MBN, microbial biomass nitrogen; MBP, microbial biomass phosphorus. Means followed by the same
lowercase letter are not significantly different (p > 0.05) among root types as determined by the least significance
difference (LSD) test. Data are presented as mean ± standard deviation.

2.4. Leaf Sampling and Leaf Functional Trait Analysis

Z. planispinum leaves were collected in September 2021. At this time, the leaves had
reached their full shape and were mature; new and old leaves could be distinguished
easily. Because the treatments underwent the same nutrient management program in
each growing season, the soil variations reflected the impact of the plants. In addition, as
functional traits have a hysteresis effect on nutrient changes, soil and leaf samples were
collected at different stages and selected at their most stable stages. Five Z. planispinum
plants of good growth and uniform size were selected from each plot. We collected leaves
of Z. planispinum from four directions (east, west, north, and south): 4–6 leaves from each
direction. The collected leaves had good lighting conditions, were of similar size and shape,
and were fully expanded and healthy. The collected leaves were wiped clean with gauze,
numbered and marked, and then swiftly placed in a sealed bag for low temperature storage.
Finally, they were taken back to the laboratory to determine their functional properties. In
addition, about 200 g of leaves without disease and pests were collected from each plot.
The samples were dried and crushed, and the contents of C, N, and P elements in the leaves
were determined after passing through a 0.25 mm sieve.

On returning to the laboratory, we measured the leaf traits as soon as possible. The
methods used to determine each trait specifically were as follows. Leaf fresh weight (LFW,
g) of all numbered leaves was measured using a balance with an accuracy of ±0.0001 g. Leaf
area (LA) was obtained by scanning the leaves using a Delta-T leaf area meter (Cambridge,
UK). Electronic vernier calipers were used to measure the thickness at 0.25 cm on both sides
of the main veins of the numbered leaves, and three points were selected uniformly for
each leaf; the average value was taken as the leaf thickness of a single leaf. The Chl content
(SPAD), as a typical physiological trait characterizing photosynthetic production capacity,
was measured using a Minolta SPAD502 chlorophyll meter at three points on the main
veins and leaf margins of the numbered leaves; the average value was taken to represent
the Chl content of a single leaf. All numbered leaves were soaked in water for 12 h, and the
water on the surface of the leaves was quickly dried with absorbent paper and weighed
with an accuracy of ±0.0001 g on a balance to obtain the leaf saturated fresh weight (LSFW).
After measuring the above functional trait indexes, the leaves were placed in an oven at
105 ◦C for 30 min and then baked at 70 ◦C until they achieved a constant weight to obtain
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the leaf dry weight (LDW). Specific leaf area (SLA), leaf tissue density (LTD), LDMC, and
leaf water content (LWC) were calculated as follows:

SLA = LA/LDW (2)

LTD = LDW/(LA × LT/10) (3)

LDMC = LDW/LSFW × 100% (4)

LWC = (LSFW - LDW)/LFW × 100% (5)

The leaf nutrient traits included leaf carbon (LC), leaf nitrogen (LN), and leaf phospho-
rous (LP) contents and their stoichiometric ratios. LC, LN, and LP contents were determined
with the potassium dichromate external heating method, Kjeldahl nitrogen determination,
and molybdenum antimony resistance colorimetry, respectively. The stoichiometric ratios
were calculated according to the element: mass ratio. The leaf functional traits selected and
their ecological implications are shown in Table 3.

Table 3. Leaf functional traits and their ecological implications [27,28].

Trait Unit Ecological Connotation

LT mm

LT is closely related to the rate of light energy utilization and photosynthetic efficiency,
affecting the water supply and storage of leaves and the process of material and

energy exchange in photosynthesis; the larger the value, the more suitable the plant
for resource-deficient habitats.

SLA cm2
SLA reflects the carbon acquisition strategies, growth strategies, and adaptation

characteristics of plants to different habitats and affects their relative growth rates; the
higher the photosynthetic rate, the higher the transpiration.

LDMC mg·g−1
LDMC reflects the ability of plants to acquire and maintain environmental resources
and the tissue construction of leaves. Higher values indicate that the leaves are better

able to lock up nutrients in the body and reduce losses.

LWC % Leaf water content is important in breeding for drought tolerance and water retention
traits of plants; higher values indicate higher drought resistance.

Chl - The higher the Chl content, the more photosynthetically active and shade-tolerant the
plant.

LTD g·cm−3
LTD is related to resource acquisition, indicating the ability of plants to store nutrients
and water and resist external interference; the higher the value, the stronger the ability

to resist interference.

LC g·kg−1 The higher the LC value, the stronger the water supply capacity of the plant in a
xerophytic environment.

LN g·kg−1 The higher the LN value, the better the chlorophyll synthesis and photosynthetic
efficiency.

LP g·kg−1 LP promotes protein synthesis and physiological repair, and improves plant cold
tolerance.

Leaf C:N ratio -
C:N is proportional to the growth rate; the higher the value, the higher the carbon
fixation advantage and nutrient utilization strategy, and the stronger the carbon

assimilation ability.

Leaf C:P ratio -

C:P represents the ability of plants to assimilate carbon when absorbing nutrients and
the efficiency of carbon fixation in plants; the higher the value, the higher the carbon

fixation advantage and nutrient utilization strategy, and the stronger the carbon
assimilation ability.

Leaf N:P ratio -
N:P indicates that plants are limited by nitrogen and phosphorus. If the value is >16,
the plants are limited by phosphorus, if it is <14, the plants are limited by nitrogen,

and between 14 and 16, both elements are limiting plant growth.

“-” indicates that the unit is dimensionless. LT, leaf thickness; SLA, specific leaf area; LDMC, leaf dry-matter
content; LWC, leaf water content; Chl, chlorophyll; LTD, leaf tissue density; LC, leaf carbon content; LN, leaf
nitrogen content; LP, leaf phosphorus content.

2.5. Data Analysis

The Kolmogorov-Smirnov method was used to test the normality of each index. With
a normal distribution, one-way analysis of variance (ANOVA) was performed using SPSS
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20.0 (version 20.0, IBM SPSS, Armonk, NY, USA) to test the variability of the soil properties
and leaf functional traits. The LSD test was used for post hoc multiple comparisons.
Dunnett’s T3 method was adopted when the distribution was not normal. The coefficient
of variation (CV) is equal to the ratio of the standard deviation and mean value. Generally,
CV ≤ 20% shows weak variation; 20% < CV ≤ 50% reflects moderate variation; and
CV > 50% indicates strong variation [29]. The plasticity index (PI) indicates the degree
of the response of traits to the planting combinations. The higher the value, the more
sensitive the plant is to the external environment. For the calculation method, refer to
Valladares et al. [30]:

PI = (maximum − minimum)/maximum (6)

The values used in the formula were all leaf functional traits. The nonlinear normal
curve model was used to fit the relevant parameters of leaf functional traits. Pearson’s
method was used to analyze the correlation between leaf functional traits, and the “corrplot”
program package in R4.1.2 software was used to plot the heatmap. Principal components
(PC) analysis was used to screen out the main indexes that affected the variation in the leaf
functional traits of Z. planispinum. Due to the different dimensions between the indicators,
they were standardized and pretreated before evaluation. Then, the plant adaptability
scores (PAS) of Z. planispinum with different planting combinations were calculated. The
PAS calculation was combined with the weighted method, using the following formula:

PAS = ∑Wi × Fi (7)

where Wi is the contribution rate of each PC, and Fi is the PC score of each planting
combination. By weighting the variance contribution rate (Wi) and factor score (Fi) of each
PC factor, the PASs of different planting combinations are obtained.

Stepwise regression analysis was used to explore the effects of soil factors on the leaf
functional traits of Z. planispinum. The data are expressed as mean ± standard value.

3. Results

3.1. Characteristics of Leaf Functional Traits of Z. planispinum in Different Planting Combinations

The change law of leaf functional traits of Z. planispinum in the five plantations are
shown in Figure 2. The LT was highest in Trt 4 and was significantly greater than that in Trts
1 and 2; there was no significant difference between the other treatments. The SLA value in
Trt 2 was the highest, significantly higher than that of other treatments, while that in Trt 4
was the smallest, significantly lower than that of Trts 2 and 3. The LDMC in Trt 1 was the
highest, whereas that in Trt 2 was the lowest, but there was no significant difference among
the five treatments. The LWC in Trt 1 was significantly lower than that in other treatments,
and there was no significant difference among the other treatments. The LTD of Trt 1 was
significantly higher than that of Trt 2. The Chl contents in Trts 1 and 5 were significantly
higher than those in the other three treatments. The CV among different plantations was
5.8~26.9%, with the largest CV seen in Chl (26.9%), which indicated moderate variation,
followed by LT (19.1%), LTD (18.0%), SLA (13.6%), and LDMC (9.1%); LWC had the lowest
CV (5.8%).

The ANOVA results show that LC, LN, LP, leaf C:N, leaf C:P, and leaf N:P were not
significantly different among the five plantations (Table 4). This indicated strong stability
in the leaf nutrition index.
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Figure 2. Leaf thickness (a), specific leaf area (b), leaf dry matter content (c), leaf water content (d), leaf
tissue density (e) and chlorophyll (f) of Z. planispinum in different planting combinations. Trts 1–5, five
plantations, representing the research objects of this article. Bars show mean ± standard deviation,
n = 30. “�” in the box plot indicates the mean value of individual plant traits; different lowercase
letters indicate significant differences between trait values (p < 0.05); percentages in parentheses are
the CV.

Table 4. Carbon, nitrogen, and phosphorus contents and stoichiometric ratios of Z. planispinum leaves.

Plantation Type LC (g·kg−1) LN (g·kg−1) LP (g·kg−1)
Leaf C:N

Ratio
Leaf C:P

Ratio
Leaf N:P

Ratio

Trt 1 46.38 ± 1.43 a 2.79 ± 0.08 a 2.74 ± 0.34 a 16.60 ± 0.01 a 17.02 ± 1.58 a 1.03 ± 0.10 a
Trt 2 44.64 ± 4.21 a 2.93 ± 0.11 a 3.42 ± 0.72 a 15.23 ± 0.86 a 13.49 ± 4.07 a 0.88 ± 0.22 a
Trt 3 45.33 ± 4.39 a 3.11 ± 0.23 a 3.00 ± 0.16 a 14.58 ± 0.33 a 15.16 ± 2.27 a 1.04 ± 0.13 a
Trt 4 44.40 ± 2.83 a 3.20 ± 0.14 a 2.92 ± 0.42 a 13.88 ± 0.28 a 15.31 ± 1.21 a 1.10 ± 0.11 a
Trt 5 42.98 ± 0.90 a 2.85 ± 0.45 a 3.46 ± 0.51 a 15.28 ± 2.74 a 12.57 ± 2.12 a 0.82 ± 0.01 a

Coefficient variation/% 5.8 8.1 14.8 9.0 16.7 15.2

Trts 1–5, five plantations, representing the research objectives of this article. LC, leaf carbon content; LN, leaf
nitrogen content; LP, leaf phosphorus content. Means followed by the same lowercase letter are not significantly
different (p > 0.05) among root types as determined by the LSD test. Data are presented as mean ± standard deviation.

3.2. Plasticity of Leaf Functional Traits of Z. planispinum in Different Planting Combinations

The PI values for Chl, LT, and LTD were higher than those for the other traits (PI > 0.50),
indicating that they were sensitive to the planting combinations. In contrast, the plasticity
change of LC was the least sensitive (PI < 0.20) and inert in response to the planting
combination (Figure 3). These findings imply that the Chl content as a physiological trait,
and LT and LTD as structural traits were more sensitive to the planting combinations.
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Figure 3. Plasticity index of the leaf functional traits of Z. planispinum. LT, leaf thickness; SLA, specific
leaf area; LDMC, leaf dry-matter content; LWC, leaf water content; Chl, chlorophyll; LTD, leaf tissue
density; LC, leaf carbon content; LN, leaf nitrogen content; LP, leaf phosphorus content; C:N, leaf C:N
ratio; C:P, leaf C:P ratio; N:P, leaf N:P ratio.

3.3. Correlation Analysis of the Leaf Functional Traits of Z. planispinum in Different Planting
Combinations

Leaf thickness had significant negative correlations with SLA. Three pairs of traits
were significantly positively correlated: Chl and LTD, LC and leaf C:P, and leaf N:P and
C:P, respectively. Leaf water content was negatively and positively correlated with LDMC
and LN, respectively. Leaf nitrogen content was significantly negatively correlated with
leaf C:N, as was LP with leaf C:P and N:P. The correlations between LC, LN, and LP
contents and their ratios were more significant than those between the other leaf functional
traits (Figure 4).

Figure 4. Correlation analysis of the leaf functional traits of Z. planispinum. LT, leaf thickness; SLA,
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specific leaf area; LDMC, leaf dry-matter content; LWC, leaf water content; Chl, chlorophyll; LTD,
leaf tissue density; LC, leaf carbon content; LN, leaf nitrogen content; LP, leaf phosphorus content;
C:N, leaf C:N ratio; C:P, leaf C:P ratio; N:P, leaf N:P ratio. Red indicates negative correlation, blue
indicates positive correlation, and the darker the color, the stronger the significance. * Correlation is
significant at the 0.05 level (2-tailed). ** Correlation is significant at the 0.01 level (2-tailed).

3.4. Analysis of the Adaptability of Z. planispinum in Different Planting Combinations

Following a PC analysis of the leaf functional traits of Z. planispinum, four principal
components were extracted, which explained 88.41% of the cumulative variance. This
finding indicated that these principal components could explain most of the information
about the original variables (Table 5). Among them, the first was significantly positively
correlated with LC, leaf C:P, and N:P, while it was significantly negatively correlated with
LP. The second principal component was greatly affected by LN and had a positive effect
on leaf C:N. The first and second principal components represented the LC, LN, and
LP contents and their ratios. The third principal component had a significant negative
correlation with LDMC and a significant positive correlation with LWC, representing the
nutrients and water stored in the leaves. The fourth principal component was mainly
controlled by SLA.

Table 5. Principal component analysis of leaf functional traits of Z. planispinum.

Factors
Load Matrix of Principal Component

PCA1 PCA2 PCA3 PCA4

LT 0.291 −0.508 0.309 0.625
SPAD −0.235 0.534 −0.249 0.647
SLA −0.097 0.114 0.210 −0.943

LDMC 0.104 0.115 −0.873 0.212
LWC −0.305 −0.440 0.769 0.090
LTD −0.217 0.520 −0.614 0.388
LC 0.727 0.196 0.452 −0.018
LN 0.107 −0.823 0.364 0.091
LP −0.928 −0.076 0.220 −0.088

Leaf C:N ratio 0.366 0.912 −0.047 −0.055
Leaf C:P ratio 0.979 0.121 −0.107 −0.009
Leaf N:P ratio 0.887 −0.406 −0.076 0.052

Eigenvalue 3.905 3.586 2.068 1.050
Variance contribution rate/% 29.838 23.051 19.480 16.035

Cumulative variance contribution
rate/% 29.838 52.889 72.370 88.405

LT, leaf thickness; SLA, specific leaf area; LDMC, leaf dry-matter content; LWC, leaf water content; Chl, chlorophyll;
LTD, leaf tissue density; LC, leaf carbon content; LN, leaf nitrogen content; LP, leaf phosphorus content. Bold font
is the relatively large influence factor of each main component load factor.

The plant adaptability scores of Z. planispinum in different planting combinations were
calculated (Table 6). The results showed that the Z. planispinum in Trt 1 had the strongest
adaptability, followed by Trt 4, while Trt 2 had the lowest adaptability. The factor 3 score
of Trt 1 was the lowest, indicating that it was mainly affected by the LDMC and LMC.
The factor 4 score of Trt 2 was the lowest, and the SLA of Trt 2 was significantly higher
than that of other treatments, which indicated that the SLA of Z. planispinum in Trt 2 was
mainly affected by the high SLA. Trts 3 and 4 had the lowest factor 2 scores, indicating that
they were highly restricted by LN and leaf C:N. The factor 1 score of Trt 5 was the lowest,
indicating that it was mainly affected by LC, LP, and leaf C:P and N:P.
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Table 6. Factor scores of leaf functional traits of Z. planispinum.

Sample Site
Factor Score

Soil Quality Index Rank
F1 F2 F3 F4

Trt 1 1.409 1.934 −2.516 0.959 0.530 1
Trt 2 −0.93 −0.187 1.526 −3.292 −0.552 5
Trt 3 0.466 −0.746 0.631 −0.178 0.061 3
Trt 4 0.904 −1.821 0.731 1.303 0.201 2
Trt 5 −1.844 0.820 −0.373 1.208 −0.240 4

Trts 1–5, five plantations, representing the research objectives of this article. The bold font indicates the factor with
the lowest score.

3.5. Effects of Soil Factors on Leaf Functional Traits

The Shapiro-Wilk normality test was performed for the 12 functional trait indicators
(dependent variables). The data analysis revealed that the significance level of all indicators
was greater than 0.05, indicating that the dependent variables obeyed a normal distribution,
so the next step of the stepwise regression analysis was carried out.

The relationship between the leaf functional traits of Z. planispinum in response to
soil factors was analyzed by stepwise regression (Table 7). The results showed that LT,
Chl, SLA, LTD, and soil C:N were significantly correlated with the soil factor (p < 0.05),
while the correlations between the remaining indicators and the soil factor were not
(p > 0.05). LT was significantly correlated with MBP (p < 0.05). Chl was significantly
correlated with soil N:P and MBN (p < 0.01), and in its regression equation, the standard
regression coefficient of soil N:P (−0.937) was greater than that of MBN (−0.373), indicating
that soil N:P was the main factor affecting Chl, while MBN was the secondary factor. SLA
was highly significantly correlated with TP, SWC, and AN (p < 0.01), and the standardized
coefficient of SWC (0.515) greater than that of TP (−0.412) and AN (−0.396), indicating
that SWC was the main factor affecting SLA, followed by TP and AN. LTD was highly
significantly correlated with soil N:P, soil C:P, MBC, SWC, and soil C:N (p < 0.01), where the
standard regression coefficient was soil C:P (4.493) > soil N:P (−4.464) > soil C:N (−1.474)
> MBC (−0.321) > SWC (0.21), indicating that LTD was mainly influenced by soil C:P
and soil N:P. Leaf C:N had a significant correlation with ACa and MBC (p <0.05), and the
standardized coefficient of ACa (−0.908) was greater than that of MBC (0.564), indicating
that the main factor affecting leaf C:N was ACa, with MBC a secondary factor. In summary,
leaf functional traits were jointly influenced by SWC, MBC, MBN, MBP, AN, TP, ACa, soil
C:N, C:P, and N:P.

Table 7. Stepwise regression analysis of leaf functional traits and soil quality.

Leaf Functional Traits Stepwise Regression Equation Standardized Regression Coefficients R-Square P

LT LT = 0.071 + 0.002 × MBP BMBP = 0.715 0.449 0.020
Chl Chl = 29.749 – 3.814 × N:P−0.65 × MBN BN:P = −0.937, BMBN = −0.373 0.796 0.002

SLA SLA = 127.27 – 17.515 × TP + 1.067 × SWC −
0.055 × AN BTP = −0.412, BSWC = 0.515, BAN = −0.396 0.960 0.000

LTD LTD = 0.868–0.226 × N:P + 0.017 × C:P − 0.001
× MBC + 0.001 × SWC − 0.033 × C:N

BN:P = −4.464, BC:P = 4.493, BMBC = −0.321, BSWC
= 0.21, BC:N = −1.474 0.983 0.000

Leaf C:N ratio C:N = 20.979 – 0.058 × ACa + 0.055 × MBC BACa = −0.908, BMBC = 0.564 0.628 0.013

P is significant. C:N, soil C:N ratio; C:P, soil C:P ratio; N:P, soil N:P ratio.

4. Discussion

4.1. Effect of Planting Combinations on the Leaf Functional Traits of Z. planispinum

Plants adapt to changes in the environment by adjusting their leaf morphology and
internal physiological characteristics, resulting in a rich combination of traits [31,32]. After
being combined with P. salicina, Z. planispinum improved nutrient acquisition by decreasing
SLA to reduce water loss from the organism [33], which is a strategy for resisting water
deficit stress. After planting with L. japonica, Z. planispinum formed a combination of
drought-tolerant traits, with large LT values and a small SLA. It cooperatively resisted
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drought stress and adapted to the arid and barren living environment by reducing the SLA,
strengthening defense tissues, storing nutrients, reducing water dissipation and improving
drought tolerance and defense capabilities [34]. In general, the above two plantations
had higher adaptive capacity than the other three plantations because, in addition to
their stronger resource acquisition and defense functions, the former may also have more
litter input to change the habitat quality. After planting with S. tonkinensis, Z. planispinum
showed a rapid investment strategy of low LT, LDMC, and Chl, as well as high SLA and
LWC, which met growth demands by reducing adaptability. The reasons are that the light
supply to Z. planispinum was relatively stable after planting with S. tonkinensis, which
is an understory crop. The thinner leaves lowered the required light intensity and CO2
transmission distance and improved the photosynthetic capacity of the leaves [35]. It can
be inferred that, in a habitat with abundant light, the Z. planispinum has less competitive
pressure and mostly adopts a fast growth strategy. The results showed that there was a
close relationship between the economic spectrum and the adaptive capacity of the leaves,
but the mechanism of action needs to be studied in depth.

Apart from Chl, LT, and LTD, the overall plasticity of the leaf functional traits in
Z. planispinum was relatively small. The reasons are as follows: (1) Due to the fragile
habitat in karst areas (where the superposition of geological and seasonal drought causes
a tendency for the environment to be xeric and there is a shallow soil layer and low soil
reserves), Z. planispinum resists environmental stress by improving its stability; (2) In order
to adapt to the nutrient poor environment, Z. planispinum adopts a conservative strategy of
slow investment, which ultimately leads to a relatively low growth rate and low plasticity in
the variation of traits. The structural traits of the leaves in this study were more plastic than
the chemical traits, reflecting the different adaptation strategies adopted by Z. planispinum
to cope with environmental changes [36]. The reason is that structural traits respond more
sensitively and intuitively to changes in the external environment and adapt to dynamic
changes in the resource environment through rapid adjustment. The LC, LN, and LP
contents and their stoichiometric ratios in Z. planispinum in different planting combinations
were not significantly different, and the CVs were all small, indicating that the biological
organism was able to maintain the relative stability of its chemical composition [37]. This
phenomenon showed that, as a suitable dominant species, Z. planispinum has higher internal
stability and a more conservative approach to nutrient utilization, making it more suitable
for water- and nutrient-deficient habitats [38,39]. In the future, the adaptation strategies
and driving mechanisms of Z. planispinum need to be investigated further in conjunction
with its internal stability mechanisms.

4.2. Coupling Relationship between the Leaf Functional Traits of Z. planispinum

Plants adapt to different environments through synergistic or trade-off relationships
among leaf functional traits [40]. This study showed a significant negative correlation
between LDMC and LWC, confirming that an increase in plant LDMC reduces LWC. This
combination of traits is common in plant communities [41] because Z. planispinum can
resist water stress by increasing its element retention capacity. Chlorophyll and SLA were
negatively correlated with LTD and LT as the physical support structures, respectively,
reflecting the resource balancing and allocation strategy of the leaves in terms of ecolog-
ical function [41,42] and structure construction. Z. planispinum, therefore, improved the
efficiency of resource allocation by adjusting the relationship between the photosynthetic
capacity (fast growth) and material accumulation (slow growth), and thus alleviated habi-
tat stress. There were strong correlations between LC, LN, LP, and their stoichiometry in
Z. planispinum. This occurred because the plant’s use of nutrients was influenced by the
environment and its own demands. Z. planispinum adjusted its own leaf nutrient elements
and stoichiometric ratio to adapt to the nutrient supply in the environment [43], which also
verified the internal stability theory of ecological stoichiometry. Among the stoichiometric
relationships, leaf C:P was significantly positively correlated and extremely significantly
negatively correlated with LC and LP, respectively, indicating that the accumulation and
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consumption of C and P in Z. planispinum were not synchronized, and there was a trade-off
effect, which may be related to the different cycling paths of C and P nutrient elements [44].

4.3. Response of Leaf Functional Traits to Soil Factors

This study found that leaf functional traits were affected mainly by the SWC, different
forms of massive elements, element stoichiometric balance, and microbial biomass. Soil
water affected the ecological adaptation strategy of Z. planispinum, and the reasons for this
are as follows: (1) The characteristics of a dry and hot valley, shallow soils, and deeply
burial groundwater in the study area made water the dominant factor, and the impact of
the plantations on the water cycle of the micro-habitat may have aggravated the water
restriction [45]; (2) Soil water is closely related to plant health [46], and drought stress makes
trees more vulnerable to insect pests and pathogens [47]; shallow-rooted species such as Z.
planispinum are particularly susceptible to water deficits; (3) Soil water and nutrients have
a strong coupling relationship which, together, affect C fixation and microbial activity [48],
as well as nutrient content and stoichiometry [49], which in turn have an impact on plant
growth. This indicates that the effect of water on the adaptive capacity of plantations is
worthy of further study.

Mineral nutrients affected the photosynthetic rate and plant composition of
Z. planispinum [50], and there was also a strong synergistic effect between photosynthetic
productivity and nutrients [51]. Therefore, the levels of mineral elements affected plant
growth and adaptation. Both N and P are limiting elements that constitute the body and
are important fertility indicators [52] which restrict the formation of ecosystem productivity
and are therefore key factors that affect plant survival. However, C had no significant
effect on plant adaptation, which is related to the fact that it is mainly derived from the
atmosphere and can be conserved through photosynthetic fixation. In addition, the forms
of N and P that affected plant growth were not the same, which may be due to the higher
degree of N restriction in this area [53]. Furthermore, the relatively abundant P had a
dilution effect on N [54], resulting in the limitation of AN. The P saturation caused an
imbalance in the C:N:P ratios, leading to element deficiency and limiting ecosystem func-
tions [55]. In addition, plants can absorb small molecular substances, such as free amino
acids in the soil [56], and the degradation of soil organic structure in this area may also
have been a reason for the lack of AN. Phosphorous is mainly derived from the geological
environment and is less affected by soil structure and biological activity, and its main
component forms are also different. Calcium is a characteristic element in karst areas,
which is mainly inherited from the parent rock, and has both nutrient supply and signal
transduction functions [57,58] with strong ecological regulation, so it has a significant
effect on the growth of Z. planispinum, which is mainly composed of more active quick
acting components.

Soil microbial biomass plays an important role in forest ecosystems by acting as a
storage reservoir of biologically active nutrients [59]. It is a nutrient pool that is easy to
decompose and turn over. It drives the biogeochemical cycle of biogenic elements [60], has
a crucial impact on the terrestrial ecosystem, and plays an important role in the soil [61].
Moreover, ecological stoichiometry regulates the cycle of C, N, and other elements [62];
influences the balance of elements; determines the processes of nutrient mineralization,
absorption, and utilization; and ultimately affects the productivity of the ecosystem [55].
Therefore, soil microbial biomass and element stoichiometry jointly affect plant growth
and adaptation, and plant functional traits have synchronous responses to them. The
comprehensive results of this study show that cultivating the organic structure of the soil is
particularly important to improving the ecological adaptation traits of plants and is a key
measure to improving their adaptive capacity. However, stoichiometry is dependent on
water [63], and there is a strong coupling effect between soil components. Therefore, the
comprehensive influence of soil action on leaf functional traits needs further study.
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5. Conclusions

(1) Z. planispinum tended to have a slow investment strategy after planting with P. salicina.
The combination with the S. tonkinensi showed a rapid growth strategy. Following
combination with L. japonica, Z. planispinum tended to form a combination of traits that
resisted drought and infertile environmental stress. The combination with L. japonica
made the investment strategy of Z. planispinum adopt a transition from slow to fast.
The results showed that species combination could affect the adaptive mechanism of
Z. planispinum.

(2) Z. planispinum was relatively more adaptive when combined with P. salicina or
L. japonica. However, the lowest adaptive capacity occurred when the Z. planispinum
was planted in combination with S. tonkinensis. The results indicated that planting
combinations can promote or inhibit the growth of Z. planispinum.

(3) The leaf functional traits of Z. planispinum were affected by SWC, MBC, MBN, MBP,
AN, TP, ACa, C:N, C:P, and N:P, involving the effects of soil physical properties, soil
elements, and their stoichiometry and microbial properties. In the future, it will be
necessary to further study the comprehensive effect of soil action on leaf functional
traits across a wider range of sites.
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Abstract: Ecological environmental security in karst areas is an issue of global concern. Identifying
the ecological landscape security pattern (ELSP) is key to promoting environmental protection and
alleviating the land development and utilization impacts. Ecological sources (ESs) and ecological
corridors (ECs) are important bases for constructing an ELSP. We used five influencing factors (land
use type, digital elevation model (DEM), rocky desertification degree, normalized difference vege-
tation index (NDVI) and slope) to obtain the distribution of the importance and sensitivity values
of ecosystem services in Guanling County, Guizhou Province. The probability of the connectivity
index (PC) was calculated, and the ES was extracted by combining the importance of ecosystem
services, ecological sensitivity, and landscape connectivity. According to the topographic and geo-
morphological characteristics of Guanling County, seven indicators of elevation, slope, landscape
type, degree of stone desertification, distance from rivers, distance from settlements, and distance
from roads were selected as resistance factors for the outward expansion of the ESs to calculate the
comprehensive resistance surface of Guanling County. Based on the gravity model, an interaction
matrix between 10 ESs was constructed, and the magnitude of the interaction forces between the
source sites was quantitatively evaluated to distinguish the important ECs and general ECs. The
study showed that the total length of the ECs in Guanling County was 509.78 km, and the core area of
Guanling County was large, accounting for 65.73% of the ecological landscape area. By assessing the
importance of ecosystem services, ecological sensitivity, and landscape connectivity, 10 ES and 45 EC
were obtained based on ArcGIS10.8, which constituted the landscape security pattern of Guanling
County by ESs and ECs. Suggestions were proposed for a planning layout that will benefit the
ecological restoration of Guanling County and environmental protection of the karst region according
to the study area characteristics.

Keywords: landscape security pattern; ecosystem services; sensitivity; landscape connectivity;
Guanling County; Guizhou

1. Introduction

With the acceleration of urbanization, frequent human activities have led to the frag-
mentation of ecosystems. Ecological security issues have increasingly become the focus
of attention of experts and researchers at home and abroad. The construction of regional
security patterns is an effective way to improve the ecological environment and achieve
regional sustainable development. Yu (1995) [1] proposed the theory of landscape security
patterns based on the landscape ecological planning method advocated by Forman [2].
This theory satisfied the theoretical requirements of the reasonable regulation of ecological
processes in ecological security research and became an effective way to guide the theory
and practice of landscape ecology spatial pattern-ecological process coupling [3]. Ecological
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security patterns focus on biodiversity conservation, landscape restoration, ecosystem ser-
vice supply, etc. It is of great significance to analyze the interaction between key elements
and ecological processes for ecological security such as ecosystem integrity, reasonable
structure, and normal function [4]. At present, the theory of landscape security patterns
has been widely used in empirical research. For example, Li et al. (2015), using Changzhou
as an example, used the minimum cumulative resistance model (MCR) to construct the
resistance surface, determine the quantity and pattern optimization of urban ecological
land, and solve urban environmental problems [5]. Based on the distance cost analysis
method, Su et al. (2016) constructed an urban regional composite ecological security pattern
(ESP) to protect the survival and habitat security of important vegetation, wild animals, and
human beings [6]. Liang et al. (2018) comprehensively analyzed the priority protection area
and the minimum cost EC, established a more representative, connected, and efficient EC
network system, and proposed a new framework for a protection area network composed
of protection priority and EC [7]. Peng et al. (2018) evaluated the ecological land risk,
quantified the value of ecological land, identified the ESs of Shenzhen, and constructed EC
to provide a theoretical framework for the study of urban ecological security patterns [8].
A large number of ES and EC studies have also been carried out in karst areas [9–12]. How-
ever, the research on ELSPs has mainly focused on cities, watersheds, and other regions,
and few in karst areas. The construction method of ELSP is divided into three steps: the
selection of ESs, the construction of comprehensive resistance surfaces, and the extraction
of ECs [13]. The traditional method is subjective when selecting the ESs and usually selects
areas with the highest ecological values as the ES, which lacks a certain scientific rigor.
Therefore, some researchers have introduced more scientific methods such as the impor-
tance of ecosystem services [14], morphological spatial pattern analysis (MSPA) [15], and
landscape connectivity analysis to identify ES.

Ecosystem services are the direct or indirect contributions of ecosystems to human
well-being. They reflect the human need for ecosystems and are the frontiers of eco-
logical, geographic and economic research [16]. At present, ecosystem services have
made many contributions to human development. Researchers at home and abroad have
studied the function, quantitative evaluation, and ecosystem service flow of ecosystem
services [17–19]. Ecological sensitivity is mainly used in ecological environmental protec-
tion and spatial planning. Researchers have also combined ecological sensitivity evalua-
tion with spatial security patterns, making it an important indicator for the selection of
ESs [20–22]. Ecosystem services and ecological sensitivity assessments have gradually been
applied to the study of regional security patterns, but little attention has been given to
ecological protection and ecological security pattern construction in karst areas.

The term karst originates from the karst plateau of the former Yugoslavia, coupled with
the atmosphere, hydrosphere, and biosphere to form the natural ecological environment of
karst. It is widely distributed, accounting for 10% of the total Earth area [23,24]. The distri-
bution of karst areas in China exceeds 1.24 million km2, which is concentrated in Yunnan,
Guizhou, Guangxi, etc., among which Guizhou karst has a continuous distribution and a
wide area of carbonate rocks. Due to the lack of water and soil components in the ecological
environment, the Guizhou karst area has low ecological capacity, poor environmental sta-
bility, and high sensitivity to variation, and is prone to disasters such as soil erosion, rocky
desertification, drought, and flood. The special geomorphic conditions result in complex
landforms and strong spatial heterogeneity in the karst areas. At present, the research into en-
vironmental governance and rocky desertification control in karst regions has achieved much
success [25], and is mainly concentrated on the environment monitoring of karst [26–29],
the spatial distribution of rocky desertification [30–32], the evolution process and patterns
of rocky desertification [33–35], driving factor analysis [36–40], and rocky desertification
control, etc. [41–43]. Guanling County in Guizhou Province is a typical karst landform area
in China. With the acceleration of urbanization and the development of a large number of
urban construction facilities, the originally fragile karst environment has been continuously
affected by human activity and economic development, and the landscape pattern in the
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area has changed dramatically [44]. The vegetation coverage has been reduced, cave cracks
have developed, water leakage has become serious, the terrain has become extremely frag-
mented, landscape connectivity has declined, and the ecological environment has become
fragile [45]. It is of great significance for the sustainable development of the ecological envi-
ronment in this karst region to construct a security pattern and optimize its spatial layout.
This paper identifies the ecological source of Guanling County based on the importance
of ecosystem services, ecological sensitivity, and landscape connectivity, and constructs a
comprehensive resistance surface of the study area from the aspects of landscape, terrain,
human interference, etc. ArcGIS spatial analysis was used to calculate the potential ecologi-
cal corridor of Guanling County, and identified the important ecological corridor based
on the gravity model to construct the landscape security pattern of Guanling County and
provide effective scientific support for the planning and construction of the study area.

2. Materials and Methods

2.1. Overview of the Study Area

Guanling County (Figure 1) is located in central Guizhou Province, the eastern ridge
slope of the Yunnan-Guizhou Plateau to the south of the Guangxi hilly slope, within the
city of Anshun, 105◦15′~105◦49′ E, 25◦19′~26◦05′ N, which is adjacent to Zhenning County,
Zhenfeng County, Qinglong County, etc. The total area of the county is 1464 km2. The
terrain is high in the northwest and low in the southeast. The elevation is between 370
and 1850 m. The mountainous area accounts for 89% of the total area of the county, and
the surface is rugged. The climate in the region is mainly a subtropical monsoon humid
climate with sufficient heat, concentrated summer rainfall, and serious soil erosion. The
mountains in the territory are part of the Wumeng Mountains. The landform types are
complex and diverse. Carbonate rocks are widely distributed, and karst development is
strong. Guanling County is a typical karst plateau mountainous area and the area of karst
landforms encompasses 83.83% of the county. With socioeconomic development and the
influence of human activities, the regional terrain is more fragmented, and the ecological
environment has been seriously damaged.

Figure 1. Geographical location map of Guanling County.
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2.2. Data Sources

The basic data used in this study include land use data, digital elevation model (DEM)
data, rocky desertification data, and normalized difference vegetation index (NDVI) data.

(1) Land use data: Derived from the results of the third national land survey (the third
national land survey) in Guanling County, according to the land use classification
system of the third national land survey (land use status classification GB/T21010-
2017) [46]; the data are divided into seven categories.

(2) DEM data: Obtained from the Chinese Academy of Sciences Data Sharing Center
(https://www.resdc.cn/), accessed on 17 May 2022, with a resolution of 30 m, and
using ArcGIS10.8 surface analysis to extract the slope data.

(3) NDVI data: Obtained from the National Ecological Science Data Center (http://www.
nesdc.org.cn/), accessed on 19 February 2022, with a resolution of 30 m.

(4) Rocky Desertification data: Rocky desertification data from Xiong et al. [47], and
corrected by the visual interpretation of remote sensing and field survey observations.

2.3. Research Methods
2.3.1. Importance and Sensitivity Analysis of Ecosystem Services

The ecosystem service value is the benefit to humankind from ecosystems [48–50].
The ecosystem service value per unit area of land use type was obtained according to the
ecosystem service value evaluation research of Xie et al. (2008). (Table 1).

Table 1. Ecosystem service value of land use types.

Value of Ecosystem Services Land Use Type Importance of Ecological Services

5 Water body Extremely important
4 Forestland and grassland Highly important
3 Garden plot Moderately Important
2 Cultivated land Slightly important
1 Construction land and other land Unimportant

Ecological sensitivity is a comprehensive index used to evaluate the regional ecological
environmental quality, land use rationality, and economic development. It is the basis of
regional ecological environment planning and management [51]. This paper, combined
with the principle of data availability and objectivity, chose five indicators (land use data,
DEM, rocky desertification data, NDVI and slope) according to the current research [52] to
evaluate the ecological sensitivity of the study area (Table 2).

Table 2. Ecological environment sensitivity the evaluation factor classifications and weights.

Sensitivity
Assignment

NDVI DEM/m Slope/◦ Land Use Type Rocky Desertification

1 ≤0.35 ≤500 ≤5 Construction Land Extremely strong rocky
desertification

3 (0.35, 0.50] (500, 800] (5, 15] Other land Intense rocky
desertification

5 (0.50, 0.65] (800, 1100] (15, 25] Cultivated land Moderate rocky
desertification

7 (0.65, 0.75] (1100, 1500] (25, 35] Grassland and Garden land Mild rocky desertification
9 >0.75 >1500 >35 Forestland and Water body No rocky desertification

2.3.2. Landscape Connectivity Analysis

Landscape connectivity refers to the degree to which the landscape promotes or
hinders movement between patches [53], which can be reflected by the size of the patches,
the distance between similar patches, and the presence of corridors [54], and promotes the
communication and exchange of species and biodiversity between patches. MSPA is an
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image processing method based on mathematical morphology principles such as corrosion,
expansion, open operations, and closed operations to measure, identify, and segment raster
images [55]. This method can suitably identify the important ecological patches in the study
area and obtain seven kinds of landscape elements (core, edge, bridge, islet, perforation,
loop and branch) for a clear spatial topological relationship between the target pixel set
and the structural elements [56]. Based on the Guidos software, this paper examined the
landscape structure of Guanling County by MSPA. The forestland, grassland, water area,
cultivated land, and garden land in the seven types of land use in the study area were used
as the foreground data, and the other types were used as the background data to extract
the core areas. All values were binarized and imported into the Guidos Toolbox software
for the MSPA analysis of the images using the eight-neighborhood analysis method.

Next, we used Conefor 2.6 software (available at http://www.conefor.org/ (accessed
on 2 March 2023), as proposed by Saura and Torne (2009), to calculate the dPC of the core
area. Finally, according to their dPC value from high to low, the patches were divided into
four levels, and the importance pattern of the Guanling County landscape connectivity
was finally obtained. The calculation formula of dPC is:

dPC =
PC − PCi−remove

PC

where PC is the possible connectivity index of the whole landscape when all patches exist in
the landscape and PCi−remove is the possible connectivity index value of the remaining patch
composition landscape after removing patch i. The higher the dPC value, the higher the
importance of the patch in landscape connectivity, and the more obvious its core position
in the landscape. The calculation formula of PC is:

PC =
∑n

i=1 ∑n
j=1 ai × aj × aij

A2
L

where n is the total number of habitat nodes in the landscape; ai and aj are the areas of
plaque i and plaque j, respectively; A is the total area of the study area; and aij is the
maximum final connectivity of all paths between plaque i and plaque j.

2.3.3. Construction of Ecological Resistance Surface

The flow of matter and energy needs to overcome a certain resistance, and the resis-
tance encountered in the outward diffusion of ESs constitutes the comprehensive resistance
surface [57]. Based on previous studies [58,59], seven indicators were selected from land-
scape, topography, and human interference including the elevation, slope, landscape type,
degree of stone desertification, distance from rivers, distance from settlements and distance
from roads as the resistance factors for the outward expansion of ESs, and these resistance
factors were assigned resistance values (from 1 to 9, where the higher the value, the higher
the degree of resistance) in a hierarchy (Table 3). Using ArGIS10.8, these seven types
of factors were superimposed by finding the mean value to obtain the comprehensive
resistance surface of Guanling County.

2.3.4. Construction of ELSP

The core steps of ecological security pattern construction include ecological source
identification, ecological resistance surface construction, and key ecological corridor extrac-
tion. Among these, the ecological source is the starting point for the outward diffusion of
species, which can promote the development of ecological processes and is the key area to
ensure regional ecological security [60]. The identification of ESs in Guanling County is
mainly based on the analysis of the importance of ecosystem services, ecological sensitivity,
and landscape connectivity. ECs are corridors that can provide protection for biodiversity
and prevent soil erosion and the loss of ecosystem services [61]. They are the pathways
of material and energy flow in the region and key factors in maintaining ecological sta-
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bility, ecological processes, and ecological function in the region [62]. According to the
constructed comprehensive resistance surface, the ECs between the sources were extracted.
Using the center point of the ESs as the ecological node, the minimum cost distance from
each source to other ESs was calculated by the cost distance using the distance analysis tool
in ArcGIS, and then the cost path was used to calculate the minimum cost path between the
sources. Finally, the key EC in the study area, which were the channels with the smallest
resistance value between the sources, were obtained. Based on the gravity model, we
quantitatively evaluated the interaction between each ecological source and determined the
importance of the potential corridor (the greater the interaction, the higher the importance
of the corridor). The calculation formula of gravity model is as follows:

Gij =
Ni ∗ Nj

D2
ij

=

ln si
Pi

∗ ln sj
Pj( Lij

Lmax

)2 =
L2

max ∗ ln(si) ∗ ln
(
sj
)

L2
ij ∗ Pi ∗ Pj

where Gij is the interaction force between source patches i and j; Ni and Nj is the weight
value of source patches, Dij is the potential corridor resistance value between source patches
i and j; Pi and Pj is the resistance value of source patches i and j; Lij is the potential corridor
resistance value from source patches i to j; Lmax is the maximum resistance value of all
potential corridors in the study area.

Table 3. Ecological resistance surface evaluation system.

Resistance
Value

Distance from
River/m

Distance
from the Set-

tlement/m

Distance from
Road/m

Degree of
Stone

Desertification

Landscape
Type

Elevation/m Slope/◦

1 ≤500 >1000 ≤1000 No rocky
desertification

Forestland
and Water

body
≤500 ≤5

3 (500, 1000] (1000, 800] (500, 1000] Mild rocky
desertification

Grassland
and Garden

land
(500, 800] (5, 10]

5 (1000, 1500] (800, 500] (200, 500]
Moderate

rocky
desertification

Cultivated
land (800, 1100] (10, 15]

7 (1500, 2000] (200, 500] (100, 200] Intense rocky
desertification Other land (1100, 1500] (15, 25]

9 >2000 ≤200 ≤100
Extremely

strong rocky
desertification

Cultivated
land >1500 >25

3. Results and Analysis

3.1. Land Use Analysis of Guanling County

According to the land use distribution in Guanling County (Figure 2), the largest
area was that of cultivated land at 404.34 km2, accounting for 27.94% of the total area;
the forestland area was 345.48 km2, accounting for 23.87% of the total area; the grassland
area was 246.31 km2, accounting for 17.02% of the total area; the garden land area was
16.38 km2, accounting for 1.13% of the total area; the water body area was the smallest, at
only 15.73 km2, accounting for 1.09% of the total area; and the construction land area was
42.31 km2, accounting for 2.92% of the total area. The area of bare land and other land was
376.50 km2, accounting for 26.02% of the total area. There was more cultivated land, bare
land, and other land in Guanling County (Table 4), and the ecological environment was
poor. Forest protection and the Grain for Green Project are recommended. The water area
was relatively small, and thus water resource protection should be improved.
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Figure 2. Guanling County land use distribution map.

Table 4. Areas of various land use types in Guanling County.

Land Use Types Area (km2) Proportion (%)

Forestland 345.48 23.87
Grassland 246.31 17.02

Garden land 16.38 1.13
Water body 15.73 1.09

Cultivated land 404.34 27.94
Construction land 42.31 2.92

Other land 376.50 26.02

3.2. Analysis of Importance and Ecological Sensitivity of Ecosystem Services

The importance of ecosystem services can be calculated for different ecosystems to
analyze regional differentiation rules and clarify the important areas of ecosystem services.
According to research on the evaluation of ecosystem service value by Xie et al. (2008),
water areas, forestlands and grasslands, garden lands, cultivated lands, and construction
lands were assigned an importance value of 5, 4, 3, 2, and 1, respectively (where the higher
the value, the higher the value of the ecosystem services). Then, a distribution map of the
importance of ecosystem services in Guanling County (Figure 3) was obtained. The area
of extremely important and important areas of ecosystem service value was 607.38 km2,
accounting for 41.98% of the total area of the county.

Ecological environmental sensitivity is an important factor restricting urban devel-
opment. The more sensitive the ecological environment, the more likely environmental
problems are to occur in the area. Through the superposition of ecological sensitivity
evaluation factors, the ecological sensitivity evaluation results were obtained. The natural
breakpoint method was used to divide the ecological sensitivity into five grades: insen-
sitive, mildly sensitive, moderately sensitive, highly sensitive, and extremely sensitive
(Figure 4). The highly sensitive and extremely sensitive area of Guanling County was
526.5 km2, accounting for 36.37% of the total area of the county, mainly in the northwest,
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central, east, and south; the insensitive area was 53.5 km2, accounting for 3.70% of the total
area of the county, mainly distributed in the western and southern fringes of the study area.
The ecological environment of Guanling County is relatively fragile.

Figure 3. Importance distribution map of ecosystem services in Guanling County.

Figure 4. Ecological sensitivity distribution map of Guanling County.
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3.3. Analysis of Landscape Connectivity and Landscape Types in Guanling County

There are many indicators used to measure landscape connectivity. The integral index
of connectivity (IIC) and probability of connectivity (PC) proposed by Pascual-Hortal and
Saura (2006) can evaluate landscape connectivity more effectively than other indicators [63].
Both the IIC and PC are landscape connectivity evaluation indices based on graph theory,
but the PC has more advantages and is more rational than the IIC index [64]. Guidos
software was used to analyze the landscape structure of Guanling County by MSPA,
and the core patches of Guanling County were extracted. Combined with Conefor 2.6
software, the dPC index value of each patch was calculated. According to the level of dPC,
the landscape connectivity of Guanling County was divided into four levels: extremely
high, high, medium, and low. In the landscape type of Guanling County (Figure 5), the
core area was an important species habitat, with an area of 608.61 km2, accounting for
65.73% of the ecological landscape area, and was widely distributed. The loop area had
a certain buffer effect on species migration, covering an area of 70.59 km2, accounting
for 7.62% of the ecological landscape area. The islet area was the smallest and was the
supplementary part of the core area. This area was only 11.71 km2, accounting for 1.30% of
the ecological landscape area. The perforation distribution in the study area was relatively
uniform, with an area of 45.15 km2, accounting for 4.88% of the ecological landscape area.
The edge area was the external boundary of the core area, with an area of 120.06 km2,
accounting for 12.97% of the ecological landscape area. The connecting bridge, with an area
of 31.30 km2, accounting for 3.39% of the ecological landscape area, had a certain effect on
the communication between species. The area of the branch line was 38.53 km2, accounting
for 4.16% of the ecological landscape (Table 5).

Figure 5. MSPA landscape type map of Guanling County.
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Table 5. Landscape types in Guanling County.

Landscape Type Area (km2) Proportion of Total Area of Ecological Landscape (%)

Core 608.61 65.73
Islet 11.71 1.26

Perforation 45.15 4.88
Edge 120.06 12.97
Loop 70.59 7.62

Bridge 31.30 3.38
Branch 38.53 4.16

In the analysis of landscape connectivity in Guanling County (Figure 6), the area of
very high and highly connected patches was 518.26 km2, accounting for 35.82% of the
total area, mainly in the central, western, and eastern parts of the study area. The area of
medium and low connectivity patches was 929.04 km2, accounting for 64.20% of the total
area, mainly distributed in the northern and southern regions of the study area, with a
relatively large area and wide distribution. The landscape patches in Guanling County
are relatively fragmented, and the connectivity between the landscapes is poor, which is
mainly related to the special topography of the karst region.

Figure 6. Guanling County landscape connectivity distribution map.

3.4. Comprehensive Resistance Surface and ES

We used the reclassification tool in ArcGIS10.8 to derive the resistance surface of
seven single factors, and then superimposed these seven types of factors to find the mean
value to obtain the comprehensive resistance surface distribution map of Guanling County
(Figure 7). The results show that there is a high resistance area mainly located in the north,
central, and south of Guanling County, and the patches in this area are fragmented and

126



Forests 2023, 14, 613

the landscape connectivity is poor. The low resistance areas are mainly located in the
western and southern fringes, where the landscape connectivity is relatively good and
mainly consists of woodlands and grasslands. The selection of ES sites was based on the
analysis of ecosystem service importance, ecological sensitivity, and landscape connectivity
in Guanling County, and the ecosystem service importance, ecological sensitivity, and
landscape connectivity were divided into four levels: very high, high, medium and low,
respectively. Patches with two levels, very high and high after overlaid analysis with
ArcGIS, were selected as ecological source sites. Finally, 10 ESs were obtained, with an area
of 387.48 km2, accounting for 26.78% of the total area. As far as the landscape components
are concerned, the source sites were mainly woodlands, waters, and grasslands, and the
ecological values of construction land and bare land were relatively low, mostly non-source
sites. In terms of distribution area, the southwest region of Guanling County had less
distribution, while the central, western, and eastern regions had more distribution. The
distribution of ESs was fragmented, and there were many fine patches in the area, with
poor inter-patch connectivity and high landscape fragmentation, which is very unfavorable
for species dispersal.

Figure 7. Guanling County comprehensive resistance surface distribution map.

3.5. EC Identification and ELSP Construction

EC are the links between each ecological source and the pathways of material flow,
allowing species to avoid disturbance during migration [65]. According to the results of the
ecological source distribution, using the distance analysis tool in ArcGIS10.8, combined with
the comprehensive resistance surface of the study area, the minimum consumption distance
between the ecological source points in the study area was calculated, and a total of 45 EC
were obtained. The total length of the EC was 509.78 km, the maximum resistance value
was 2.06 and the minimum resistance value was 0.23. Twenty of these ECs had resistance
values above 1. Based on the gravity model, the interaction matrix between the 10 ecological
source sites was constructed (Table 6), which could quantitatively evaluate the magnitude
of the interaction between the source sites and discern the importance of potential ECs, and
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the corridors with interaction forces greater than 10 were identified as important ECs, while
the rest were general ECs. The interaction between source 6 and source 8 was the largest
with 168.1243, which indicates that the material exchange and transportation between the
two sources were more convenient and less costly. The interaction between source 3 and
9 was the smallest at 2.2473, which indicates that the exchange between the two sources
requires a higher cost distance and a higher difficulty factor for material exchange and
transportation. The ELSP is mainly composed of ecological nodes and EC. Under certain
social, economic development and ecological protection conditions, this pattern plays an
important role in the regional ecosystem. The ELSP of Guanling County is composed of
ESs and ECs (Figure 8).

Table 6. Interaction matrix between sources based on gravity model calculations.

Number
of Source

1 2 3 4 5 6 7 8 9 10

1 0 23.556 4.1539 4.7667 4.765 8.9556 7.954 9.5467 43.4106 19.5628
2 0 7.0123 8.5573 4.9466 24.6238 24.6462 21.9493 6.4892 23.4465
3 0 22.3342 17.3254 16.2479 32.0352 10.4792 2.2473 4.4374
4 0 19.6368 12.927 32.9607 8.1683 2.2863 3.911
5 0 10.362 16.8525 7.2889 2.4914 3.4039
6 0 78.5538 168.1243 3.9237 17.3001
7 0 30.9580 3.5073 9.6917
8 0 5.3442 39.4447
9 0 9.4984
10

Figure 8. Landscape security pattern layout of Guanling County.

3.6. Discussion

This study combined ecosystem service values and landscape connectivity to deter-
mine the ESs, which is more scientific than previous methods and avoids the subjective
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selection of ESs. According to the particular topography and geomorphology in the study
area and considering the influence of various factors on regional development, the five
evaluation factors of rocky desertification degree, land use, NDVI, DEM, and slope were
selected to analyze the sensitivity of the study area. The selection of indicators takes into
account the geomorphological characteristics of the karst region, which provides a more sci-
entific basis for the construction of the comprehensive resistance surface and the extraction
of EC in the study area.

According to the results from this research, we suggest that the protection of the core
source area should first be strengthened in the process of ecological land use planning. The
ES is a key part of the region. The ecological source area in Guanling County is small, with
a low proportion and scattered distribution, which is very unfavorable for the exchange
of materials in the region. Therefore, it should be protected in the landscape planning
process and development, and construction should be prohibited. Second, ECs should be
established, native species should be used as much as possible, and corresponding widths
should be set according to the source distribution and the topographic and geomorphic
characteristics of the study area to promote species migration and minimize artificial
facilities. An organic combination of the ECs identified in this study and the original
corridor to form an EC system can improve landscape connectivity between patches.
In corridor planning, the potential corridors identified in this study can be organically
combined with the original corridors; important ECs can be built in combination with the
current corridors to enhance the connectivity between the corridors and the source sites;
the construction of general ECs can be combined with some scattered fragmented patches
using the existing spatial pattern to increase the connectivity between the source sites.
Third, we should focus on the restoration of landscape patches. The general landscape of
Guanling County is relatively fragmented. In the planning process, we should focus on the
reconstruction and restoration of landscape patches with poor patch connectivity and high
ecologically sensitive areas to minimize human interference.

4. Conclusions

This research selected five factors of land use type, DEM, slope, NDVI, and rocky
desertification to analyze the ecological sensitivity of Guanling County in Guizhou Province
with ArcGIS10.8 software. Through the superposition of various factors, the distribution
status of the ecological sensitivity of Guanling County was obtained. Based on the natural
breakpoint method, the calculation results were divided into five grades: insensitive,
mildly sensitive, moderately sensitive, highly sensitive, and extremely sensitive, and the
distributions of seven landscape types (core, islet, perforation, branch, bridge, edge, loop)
in the study area were identified. The core area was the main landscape in the study area
and an important habitat for species. The total core area was 608.61 km2, accounting for
65.73% of the ecological landscape area, with a wide distribution range. Using Conefor
2.6 software, the dPC index value of each patch was calculated, and the distribution of
landscape connectivity in Guanling County was obtained and divided into four grades:
extremely high, high, medium, and low. The results showed that the very high and high
connectivity patches in Guanling County had an area of 518.26 km2, accounting for 35.82%
of the total area, and were mainly distributed in the central, western, and eastern parts
of the study area; the medium and low connectivity patches had an area of 929.04 km2,
accounting for 64.20% of the total area, and were mainly distributed in the northern and
southern parts of the study area, with a relatively large area share and wide distribution.
The landscape fragmentation of Guanling County was serious, and the connectivity was
poor. According to the overlay of ecosystem service importance, ecological sensitivity,
and landscape connectivity in Guanling County, 10 ESs were obtained with an area of
387.48 km2, accounting for 26.78% of the total area of the county. Using the distance
analysis tool in ArcGIS10.8, combined with the comprehensive resistance surface of the
study area, the minimum consumption distance between each ecological source point
was calculated, and a total of 45 ECs were obtained. The maximum resistance value was
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2.06 and the minimum resistance value was 0.23, among which 20 ECs had resistance
values over 1. Based on the gravity model, the interaction matrix between 10 ESs was
constructed to quantitatively evaluate the magnitude of the interaction forces between the
source sites and identify the important EC and general EC in Guanling County. Together,
ESs and ECs constitute the ELSP of Guanling County. In the southwest part of the study
area, the connectivity of landscape patches was relatively poor, the distribution of ES
was limited, and the sensitivity was high. In future planning and construction efforts,
we should focus on the ecological protection of this area and reduce human interference.
However, there were still shortcomings in this study: the study of EC in the study area was
mainly based on the minimum cost distance, the width of the corridor was determined
by many factors together, influenced by topography, climate change, etc. In this study,
the article did not study the width of the corridor in detail because we were limited by
the data acquisition and, at the same time, there was not enough time to conduct detailed
experiments. The width of the corridor has an important impact on the ecological function
of the landscape [66]. Future research will address these inadequacies to improve the
scientific accuracy of the study.
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Abstract: The ecological rehabilitation project has greatly curbed the serious problem of karst rocky
desertification (KRD) in southern China and significantly changed the ecological environment and
landscape pattern of the karst rocky desertification control areas (KRDCA). As one of the most
important social–ecological fragile areas in the world, rural landscapes in KRDCA still show a
strong sensitivity to disturbance. To reduce risks and improve the resilience of landscapes, this
paper constructs a framework for assessing rural landscape resilience in KRDCA from the three
dimensions of ecology, engineering, and social culture, based on the concept of resilience defined
by the United Nations International Agency for Disaster Reduction. Considering the characteristics
of rural landscapes in KRDCA, we select typical villages for empirical study. The results show the
following: (1) The KRDCA is highly sensitive to natural disasters due to its special dual geomorphic
structure characteristics. The disaster preparedness capacity of villages is the key factor determining
the resilience of rural landscapes. The analysis of the disaster preparedness capacities of rural
landscape structures with different vulnerability characteristics can be used as an effective means of
evaluating the resilience level of rural landscapes in KRDCA. (2) Based on the empirical analysis of
Fanhua village, which is a typical KRDCA in southern China, we found that the ecological system
and engineering system of the village landscape have high resilience, while the resilience of the social
and cultural systems are weak. This is due to the fact that the large number of rural population
emigration in recent years has resulted in villages being at the key node of the reorganization of
the social and cultural value system. The unstable sociocultural value system reduces the ability of
rural landscapes to adapt to disturbance or environmental change. The study results could guide
improvement strategies for subsequent landscape planning and inspire new ideas and methods for
the implementation of rural revitalization strategies and the improvement of landscape resilience
in KRDCA.

Keywords: resilient landscape; rural planning; resilience assessment; karst rocky desertification
control areas

1. Introduction

1.1. Karst Rocky Desertification in Southern China

The world’s karst landforms are mainly distributed in southern China, central and
southern Europe, and eastern North America, accounting for 12% of the world’s total land
area [1]. Karst landforms account for more than 30% of the total land area in China. Karst
areas in Southwest China centered on the Yunnan-Kweichow Plateau are characterized as
the most intense karst development and acute human–land conflict, which makes this area a
typical ecologically fragile region [2]. Karst rocky desertification (KRD) is caused by various
factors and is considered to be a major socio-environmental problem in karst areas. It is a
typical ecological degradation process governed by vegetation degradation and succession,
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surface water and soil erosion, and land productivity degradation, and, finally, shows a
desert-like landscape on the ground surface [3–5]. The result of KRD in southern China
triggers a serious threat to the ecological security and downgrades sustainable economic
and social development in this region. In the past 30 years, the Chinese government
has realized the problems of KRD in southwest China and implemented many ecological
projects in the karst region to mitigate the severity of rocky desertification [6], such as the
projects of Grain for Green and Natural Forest Protection.

1.2. The Progress Karst Rocky Desertification Control in China

Since the beginning of the 21st century, the Chinese government has attached great
importance to the control of KRD. During the 10th Five-Year Plan period, “promoting the
comprehensive control of KRD in Guizhou, Guangxi and Yunnan” was listed as a national
goal. Since then, the 11th, 12th, and 13th Five-Year Plans clearly stated that efforts will
continue to be intensified to comprehensively promote karst rocky desertification control
(KRDC). The world’s largest KRD ecological restoration and protection project has been
carried out in 300 counties [7], forming a complete set of technical systems with ecological
governance technology and biological and engineering management technology [5]. Under
the background of the Chinese government’s implementation of KRDC and ecological
civilization construction, China’s ecological environment and landscape pattern have
undergone significant changes [8–10]. The serious KRD problem in karst areas of Southwest
China has been gradually addressed, the degree of KRD has been reduced, and the impact
of ecological damage has diminished [11–13]. The results of China KRD monitoring showed
that the area of KRD in Guizhou Province decreased by 8457 km2 in 2016 compared with
2005 [14]. In addition, the comprehensive management model of the fragile ecological
environment, the ecological agriculture construction model, the agroforestry model, the
poverty alleviation and ecological construction model, the returning farmland to forest and
forest ecological construction model, the nature reserve and forest park model, ecological
tourism and scenic area construction, and other models have achieved outstanding results
in karst areas [15,16]. In particular, the rich biodiversity and unique geomorphic landscapes
in karst areas have high aesthetic, scientific, and conservation values [17,18]. At present,
there are 32 national geoparks with karst landscapes as the main or auxiliary land type,
accounting for 23.2% of the national geoparks. Among them, Shilin Karst in Yunnan,
Libo Karst in Guizhou, Wulong Karst in Chongqing, Guilin Karst in Guangxi, Shibing
Karst in Guizhou, Jinfoshan Karst in Chongqing, and Huanjiang Karst in Guangxi are
nominated as World Natural Heritage Sites, highlighting the global value and importance
of the karst landscape in Southwest China [19,20]. In general, China’s KRDC measures
have achieved remarkable progress, effectively supporting the sustainable development
of Southwest China. However, in vast rural areas, due to the constraints of the karst
geological background (overground–underground water and soil dual structure, slow soil
formation and a shallow and discontinuous soil layer, rapid hydrological process, etc.) and
the influence of human–land conflict, there are some problems in the process of KRDC,
such as difficulty in consolidating control effects and lack of sustainability [21].

1.3. Rural Landscape in Karst Rocky Desertification Control Area

In 2017, the Chinese government put forward the strategy of rural revitalization, with
the strategic goals of accelerating the modernization of agriculture and rural areas and
improving the living environment [22], introducing a new connotation to rural environ-
mental governance in KRDCA. Rural landscape systems usually refer to the expression
of rural ecology, engineering, and social culture in the landscape, which can not only
provide a livable residential environment and activity space for people, but also promote
the sustainable and diversified development of rural areas [23,24]. Villages developed
on KRD are extremely vulnerable to the external environment, posing a serious threat
to the landscape pattern of rural human–land systems. The practical problem of how to
improve rural landscapes in KRDCA based on the consideration of ecological, social, and
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cultural factors must be urgently addressed. The concept of “resilience”, first proposed
by Canadian ecologist Holling in 1973 [25], provides a new perspective for the study of
the anti-disturbance capacity of rural landscapes in KRDCA. Resilience refers to the ability
of ecosystems to recover quickly without collapse in the face of disturbance, and was
gradually introduced into the fields of landscape planning and risk management to identify
potential risks and maintain the operational capacity of landscape systems [26–28]. In
recent years, due to the impact of global climate change and the frequent occurrence of
natural disasters, rural vulnerability in KRD areas has become prominent. The assessment
of landscape resilience by identifying the potential risks and system stability ability of
the landscape system can not only be used as an effective means to detect the effect of
rocky desertification control, but also can be based on the principle of landscape ecology to
enhance the ability of the village system in rocky desertification areas to respond to land
degradation through the optimization and coordination of landscape patches. It has the
potential to be an effective measure to control rocky desertification.

Currently, research on landscape resilience is gradually increasing, mainly focusing
on the connotation and representation of resilient landscapes [29], the maintenance and
management of resilient landscapes [30,31], the relationship between resilient landscapes
and climate [32], and the planning and design of resilient landscape cases [33]. Due to the
complexity of the influencing factors of landscape resilience, there have been relatively few
empirical studies that truly involve the assessment of landscape resilience. The quantitative
assessment of rural resilience has mainly focused on the dynamic changes in village
livelihood and the assessment of individual resilience adaptability, but has ignored the role
of rural landscape resilience, which is an important factor in rural development. Therefore,
it is necessary to construct a rural landscape resilience assessment framework for KRDCA
and to analyze the systematic adaptation and resilience of human–land landscape systems
to the interference of natural disasters in the context of KRDC. To provide strategies for
improving the resilience of karst rural landscapes and controlling KRD, this research
constructs the analysis framework of rural landscape resilience identification in KRDCA
based on the concept of resilience proposed by the United Nations International Agency
for Disaster Reduction [34], and selects typical karst villages in southern China to carry out
empirical research.

2. Assessment Framework for rural Landscape Resilience in Karst Areas Desertification
Control Areas in Southern China

Since the concept of ecological resilience was introduced in different fields, researchers
have begun to explore the quantitative evaluation of resilience, and a relatively complete
theoretical system has been developed. Bruneau et al. (2003) proposed that resilience could
be measured by the functional performance of infrastructure before and after a community
disaster [35]. Building on the research of Bruneau’s group, Henry et al. (2017) suggested
that resilience can be analyzed from key parameters such as disturbance events, system
resilience, and overall resilience strategies [36], and Equation (1) was also proposed, where
resilience is defined as the ratio between the recovery status of the system to be evaluated
at t1 after the disturbance and the loss status at t0 after the disturbance.

R(t) = recovery(t1)
/

loss(t0)
(1)

Referring to the definition of resilience proposed by the United Nations International
Agency for Disaster Reduction, Kusumastuti (2014) defined resilience as the ratio between
disaster preparedness and vulnerability, as shown in Equation (2) [37,38]. On this basis, Xu
(2020) conducted an empirical study on resilience assessment by identifying the disaster
preparedness and vulnerability of complex urban public spaces [39]. Due to the special
geomorphological characteristics of KRDCA, the difference in the disaster preparedness
capacity of rural communities before disasters determines the degree of disaster damage
to rural landscapes. Improving disaster preparedness capacity can effectively reduce the
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negative impact caused by disturbance events. Vulnerability is defined as a sensitive state
in which rural landscapes in KRDCA are susceptible to external disturbance or internal
pressure damage due to a lack of adaptability or defects in the landscape structure itself [40].
This is the regional background characteristic of the eco-social system in KRDCA, which
plays a decisive role in the resilience level of rural landscapes. Therefore, this paper also
defines rural landscape resilience in KRD management areas as the ratio of landscape
preparedness capacity and vulnerability.

Resilience Index (RI) =
Preparedness Index (PI)
Vulnerability Index (VI)

(2)

RI is the resilience level score of the village landscape in the KRDCA to be evaluated,
which is the ratio between the system disaster preparedness index (PI) and vulnerability
index (VI). If RI > 1, it means that the disaster preparedness capacity of the rural landscape
system can overcome its own vulnerability when facing disturbance events, it can use its
own resources, skills and social organizations to manage or deal with adverse conditions
or risks, and can restore to the original state; that is, the rural landscape system is resilient
in the face of risks. However, when RI ≤ 1, it means that the disaster preparedness capacity
is not enough to make up for vulnerability when disturbance events occur, and great losses
will result; that is, the rural landscape system has poor resilience in the face of risk.

The evaluation index system for the disaster preparedness capacity and vulnerability
level of the village landscape is constructed from the rural ecosystem, engineering facility
system, and social and cultural system in KRDCA. Disaster preparedness refers to the
ability of people, organizations, and systems to use all available resources and skills to cope
with adverse conditions, disasters, or risks [34]. This study mainly refers to the ability of
rural landscapes in KRDCA to cope with disturbances and reduce losses by using their main
components, the ecosystem, the engineering facility system, and the social and cultural
system. If the vulnerability is improperly handled, it can directly lead to the reduction
or cessation of some functions of the system [41]. In this study, it refers to the potential
threat caused by the defects and inadequacies of rural landscape ecosystems, engineering
facility systems, and social and cultural systems in KRDCA. Under the same vulnerability
status, the disaster preparedness capacity of village landscapes to natural disasters is a key
factor determining the resilience level of rural landscapes. The disaster preparedness and
vulnerability assessment of rural landscapes in KRDCA could be used to effectively assess
the resilience level of rural landscape systems in karst areas against the background of the
Chinese government’s KRDC. The disaster preparedness capacity of rural landscapes is
positively correlated with landscape resilience, while vulnerability is negatively correlated
with landscape resilience. In the face of external disturbance, if the disaster preparedness
capacity could resist the vulnerability caused by its own structural defects, the landscape
system is resilient; otherwise, the rural landscape system had no resilience or insufficient
resilience. The specific evaluation framework is shown in Figure 1.

136



Forests 2023, 14, 733

 

Figure 1. Rural resilient landscape assessment framework.

3. Data Source and Processing

3.1. Study Area

Centered on the Yunnan-Kweichow Plateau, South China karst area is one of the
world’s outstanding karst landscape, covering eight provinces and municipalities, including
Guizhou, Guangxi, Chongqing, Yunnan, Sichuan, Hunan, Hubei, and Guangdong [42].
Guizhou is a part of the plateau and mountains of Southwest China, located on the eastern
slope of the Yunnan-Kweichow Plateau, with complex karst types, complete morphology,
and a large, concentrated distribution area, accounting for 61.9% of the total area of the
province [43]. Affected by Himalayan movement, the Qinghai-Tibet Plateau has been
rapidly uplifted, and the karst areas in Guizhou have developed a typical plate-canyon
landform. The basic characteristics of the surface are broken and rugged terrain, a thin soil
layer, a small area of cultivated land with poor quality, low land carrying capacity, and
extremely fragile ecosystems [44,45]. Farmers living in this area have long been affected by
natural disasters such as soil erosion, landslides, debris flows, drought, and floods, which
have gradually led to large areas of KRD [46]. The China KRDC project has improved the
karst ecological environment and effectively curtailed the expansion of KRD by adopting
ecological control, engineering control, and biological control measures [47]. However, due
to the closed influence of the karst mountain environment, the rural landscape in KRDCA
in Guizhou still shows typical characteristics of high sensitivity to disasters.

Based on the rural landscape resilience analysis framework of karst areas, this research
selected Fanhua village in Guanling County, a typical county of KRDC in South China, as
a case study to carry out empirical research and analysis (the specific location is shown
in Figure 2). The main part of the village is in the southeast to northwest trend of the
peak cluster basin, covering an area of about 6 km2, and the lithology is mainly dominated
by limestone. The climate type of the study area is a subtropical monsoon climate that
characterized by sufficient heat and rain in the summer; the cumulative average annual
temperature, average maximum temperature, and average minimum temperature are
16.2 ◦C, 16.9 ◦C, and 15.4 ◦C, respectively. The annual precipitation is 1205.1 mm, and
the average annual humidity is 81%. The terrain of the study area is relatively gentle,
and is suitable for the growth of all kinds of vegetation and crops. However, long-term
unreasonable land utilization has led to low vegetation coverage and serious soil erosion in
the village. In addition, due to the influence of ground and underground dual structures in
karst areas, surface water carries an amount of soil that easily leaks into the underground
river system, which leads to significant trend of KRD. The local government has curbed
the trend of KRD in a timely manner through measures such as mountain closure and
forest cultivation, construction of water conservation facilities, vegetation management and
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protection, scientifically accelerated vegetation restoration, and soil fertility improvements.
The village landscape pattern and villagers’ livelihood modes have been significantly
improved, providing a good platform for the study of rural landscape resilience assessment
in KRDCA.

 
Figure 2. Regional location map of Fanhua Village.

3.2. Data Sources
3.2.1. Questionnaire Inquiry

In July 2022, the research group carried out a field survey of Fanhua village. First, the
village cadres were interviewed to understand the KRDC measurements and technologies
in Fanhua village, and then the field survey and data collection were carried out from
the three viewpoints of ecosystem, engineering system, and social and cultural system.
The survey and data collection included assessment indicators of the rural landscape
preparedness and vulnerability of Fanhua village. The quantitative indicators were mainly
evaluated by on-site data collection and local statistical data, while the qualitative indicators
were mainly analyzed and evaluated by villager interviews. The interviewees were mainly
residents over 40 years old who had a certain understanding of landscape pattern changes
and KRDC effects. A total of 44 people were interviewed, including 3 village cadres with an
average interview duration of 3.5 h, and 41 villagers with an average interview duration of
2 h. With the help of village cadres, on-site data collection and local statistical data reviews
were conducted. The Likert scale method was used in the study, and the evaluation index
score information was divided into five levels: very low (1), low (2), moderate (3), high (4),
and very high (5).

3.2.2. Assessment Indicators

Rural landscapes in karst areas have unique local characteristics. The existing land-
scape resilience evaluation index system was developed mostly for urban areas, and is
not suitable for the assessment of rural landscape resilience in KRDCA. Combined with
the rural regional characteristics of karst areas, this paper constructs an evaluation index
system based on the three dimensions of ecological system, engineering system, and social
culture system proposed in the evaluation theoretical framework (specific indicators are
shown in Tables 1 and 2).
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Table 1. Assessment index of disaster preparedness of rural landscapes in KRDCA.

First-Level
Indicators

Second-Level
Indicators

Third-Level Indicators Indicator Score Description

Ecological
system

Ecological pattern

Ratio of green space 0%–20% (1), 21%–30% (2), 31%–40% (3),
41%–50% (4), More than 50% (5)

Diversity of species
The proportion of vegetation species in the total number of
suitable plants in the area: less than 30% (1), 31%–50% (2),

51%–70% (3), 71%–90% (4), and more than 90% (5)
Ecological

governance The proportion of KRDCA 0%–20% (1), 21%–30% (2), 31%–40% (3),
41%–50% (4), More than 50% (5)

Engineering
system

Building facilities Building structure
The proportion of brick or reinforced concrete structure:

less than 50% (1), 51%–60% (2), 61%–70% (3),
71%–80% (4), more than 80% (5)

Proportion of new homes built in the
last decade

Less than 40% (1), 41%–50% (2), 51%–60(3),
61%–70% (4), more than 70% (5)

Water conservation
engineering

Kilometers of new aqueducts Less than 0.3 (1), 0.3–0.5 (2), 0.5–0.8 (3),
0.8–1.0 (4), more than 1.0 (5)

Number of new cisterns 0 (1), 1–2 (2), 3 (3), 4 (4), more than 5 (5)
Fire protection

facilities Fire station service radius More than 7 km2 (1), 4 km2–5 km2 (2), 5 km2–6 km2 (3),
6 km2–7 km2 (4), Less than 4 km2 (5)

Road engineering Proportion of concrete roads Less than 50% (1), 51%–60% (2), 61%–70% (3),
71%–80% (4), more than 80% (5)

Road supporting facilities 0 (1), 1–2 (2), 3 (3), 4 (4), more than 5 (5)

Sociocultural
system

Cultural disaster
preparedness

Number of disaster avoidance strategy
training per year 0 (1), 1–2 (2), 3 (3), 4 (4), more than 5 (5)

KRDC knowledge propaganda 0 (1), 1–2 (2), 3 (3), 4 (4), more than 5 (5)
Cultural landscape

protection
Establishment of cultural reserve 0 (1), 1–2 (2), 3 (3), 4 (4), more than 5 (5)

Awareness of cultural protection Less than 30% (1), 30%–50% (2), 50%–70% (3),
70%–90% (4), more than 90% (5)

Table 2. Assessment indicators of rural landscape vulnerability in KRDCA.

First-Level
Indicators

Second-Level
Indicators

Third-Level Indicators Indicator Score Description

Ecological system

Ecological pressure
The proportion of crops requiring

large amounts of water
0%–20% (1), 21%–30% (2), 31%–40% (3),

41%–50% (4), more than 50% (5)

Proportion of invasive alien plants 0%–10% (1), 11%–20% (2), 21%–30% (3),
31%–40% (4), more than 40% (5)

Ecological vegetation
sensitivity Threat assessment of native vegetation Number of endangered species of native vegetation:

0 (1), 1–2 (2), 3–4 (3), 5–6 (4), more than 6 (5)

Engineering system

Building instability Old buildings with security risks The number of buildings with security risks: 0 (1),
1–2 (2), 3–4 (3), 5–6 (4), more than 6 (5)

Water supply and
drainage pressure

Annual water supply and drainage
facilities failure days

Less than 15 days (1), 15–50 (2), 50–80 (3),
80–100 (4), more than 100 days (5)

Fire protection pressure Frequency of failure of fire protection
facilities in the past five years

0 (1), 1–3 (2), not checked (3), 4–5 (4),
more than 5 times (5)

Road sensitivity Annual frequency of road failure 0 (1), 1–2 (2), 3 (3), 4 (4), more than 5 (5)

Proportion of unrepaired roads 0%–10% (1), 11%–20% (2), 21%–30% (3),
31%–40% (4), more than 40% (5)

Sociocultural
system

Cultural resource loss
Idle cultural facilities 0 (1), 1–2 (2), 3 (3), 4 (4), more than 5 (5)

Damage to traditional buildings 0 (1), 1–2 (2), 3 (3), 4 (4), more than 5 (5)

Disaster sensitivity Setting of disaster sensitive area 1–2 (1), 3 (2), no disaster sensitive zones were set (3),
4–5 (4), more than 5 (5)

Ecosystems are an important part of rural landscapes that can not only bring good
landscape effects, but also regulate climate, alleviate pollution, and purify air [48]. When
the rural landscape system in KRDCA suffers from external disturbances, a good ecosystem
can effectively act as a buffer to address disasters. This paper measures the quality of ecosys-
tems from the two dimensions of ecological patterns and ecological governance [49,50].
Reasonable ecological patterns both create a good landscape effect and also effectively
alleviate the impact of floods and other disasters and enhance the disaster preparedness
ability of landscapes [51]. The ecological treatment project has improved the vegetation
coverage rate in KRDCA and effectively alleviated the threat of heavy rainfall and other
disasters to the rural landscape and to the safety of villager lives and property [52,53]. From
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the perspective of ecosystem vulnerability, this paper considers the two dimensions of
ecological pressure and ecological vegetation sensitivity to evaluate the status quo of rural
ecosystem vulnerability. When invasive alien vegetation and water-intensive crops account
for a high proportion of the total local green vegetation, the village ecological balance is
affected and the vulnerability of the village ecosystem increases. Ecological vegetation is
the basis of human survival and sustainable social development. The threat of the ecolog-
ical vegetation survival environment will inevitably lead to the loss of biodiversity and
affect the balance of the ecosystem so that the rural landscape system will show stronger
sensitivity to external impacts [54].

Engineering systems mainly refer to the use of people’s skills to plan various land-
scape infrastructures and recreational facilities, which can be used to mitigate and recover
from the negative effects of disasters when they occur. This paper analyses the disaster
preparedness capability of engineering systems from four perspectives: building facilities,
water conservation engineering, fire protection facilities, and road engineering. In the
face of natural disasters or human disturbance, healthy and safe living environments or
building facilities can be used as a refuge to exhibit their disaster preparedness capabilities.
Water conservation projects can effectively alleviate the negative impact of surface water
leakage caused by ground and underground dual structures in karst areas and reduce the
impact of drought and flood disasters on rural landscape systems [55]. Fire protection
facilities can manage the threat caused by potential fire hazards, and their logical use can
enhance the disaster preparedness ability of rural landscape systems. When natural disas-
ters or human interference occur, a perfect road system can help people safely evacuate
or provide emergency refuge places and enhance the ability of rural landscape systems to
avoid disasters. The vulnerability of engineering systems is analyzed from the following
perspectives: building instability, water supply and drainage pressure, fire protection pres-
sure, and road sensitivity. Building instability refers to the vulnerability of the residential
environment or building facilities in the face of disasters when they have certain security
risks or have difficulty performing their established functions; this can both damage the
rural landscape system and affect people’s life and safety. When water supply and drainage
facilities are not sufficient to cope with the impact of droughts and floods, the vulnerability
of rural landscape systems has increased, impacting landscape systems. The failure of fire
protection facilities makes it difficult for them to perform their intended functions, thereby
reducing their disaster preparedness ability. The imperfect or defective road system causes
potential threats to people’s disaster avoidance actions, which may enhance the destructive
power of disaster behavior on rural landscape systems.

The sociocultural system mainly refers to the use of social organization norms and
local culture to build and maintain the landscape, which can enhance people’s sense of
identity and belonging to the place [56]. Karst areas in southern China show a high sensi-
tivity to natural disasters, and the local cultural landscape contains the wisdom of ancient
people accumulated over thousands of years to deal with natural disasters. However, there
is a lack of in-depth, targeted, and comprehensive research covering both natural and social
sciences on the understanding of disaster culture in ethnic areas, the discovery of local
knowledge of disaster reduction, the changes in social and traditional culture caused by
disasters, and the construction of localized disaster prevention and reduction systems. In
this paper, we measure the disaster preparedness of the social culture system from two
perspectives: cultural disaster preparedness and cultural landscape protection. Cultural
disaster preparedness refers to the assessment of the existing cultural disaster perception
and response ability, which reflects the inheritance of traditional survival wisdom and
disaster avoidance and reduction skills in karst areas and the degree of integration with
modern science, including the popularization of the knowledge and achievements of rock
desertification control. Traditional cultural landscapes embody the folk experience of karst
area residents in adapting to habitat. If the traditional cultural landscape cannot be used,
the loss of cultural landscape leads to the loss of local disaster preparedness ability, which
enhances the vulnerability of the landscape system and reduces the resilience level of karst
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rural landscapes. This paper measures the vulnerability of the social culture system from
the two perspectives of cultural resource loss and disaster sensitivity. Traditional culture is
the crystallization of the wisdom of local ancient people, which contains rich knowledge
and survival skills. Abandoning traditional culture has increased the vulnerability of rural
landscapes in karst areas of South China and reduced landscape resilience. Identifying dis-
aster sensitive areas in different regions is conducive to formulating targeted risk response
strategies and reducing the disaster sensitivity of high-risk areas.

3.3. Data Processing
3.3.1. Index Weight Calculation Method

The DEMATEL method was used to determine the weight of each index. DEMATEL
is a graph theory and a matrix tool for system analysis that was proposed by A. Gabus
and E. Fontela in the Battelle Laboratory in 1971 to solve the problem of complex system
evaluation [57], which can be used to describe the logical relationship between system
elements and has been widely accepted [58,59]. All the elements of the system to be
evaluated are considered together, affecting one another. Based on the direct influence
relationship between the elements as the starting point, the influence matrix is analyzed
to obtain the influence degree of each element on other elements, and the centrality and
cause degree of each element are obtained as the basis for the construction of the model to
determine the weight of each element in the system. The specific steps are as follows:

Step 1. Implement the acquisition of the matrix. The rural landscape resilience
assessment index system in KRDCA in southern China is determined to be composed of
n elements, and m experts are invited to compare each other to determine the degree of
direct influence between elements. Factor i and factor j are compared twice, which is the
direct influence of factor i on factor j and the direct influence of factor j on factor i. The
specific function is shown in Equation (3), where M is the n × n direct influence matrix
and aij is the direct influence matrix that is the degree to which element i affects element j.
The direct influence matrix comparison scale has five levels: no impact (0), low impact (1),
medium impact (2), high impact (3), and very high impact (4), and the direct impact matrix
is obtained based on the scoring judgement of experts [50].

M =
(
aij

)
n×n (3)

Step 2. Calculate the normative influence matrix. The normalized influence matrix
is obtained by normalizing the direct influence matrix, and the specific function is shown
in Equation (4):

N =

( aij

Maxvar

)
n×n

(4)

Maxvar = max

(
n

∑
j=i

aij

)
(5)

where Maxvar is summed in each row of the matrix (Equation (5)), takes the maximum
value among these values, and then uses the obtained Maxvar to calculate the normative
influence matrix N.

Step 3. The total influence matrix is derived. The direct influence matrix multiplication
of the specification represents the increased indirect influence between elements. The total
influence matrix T is represented by adding all the indirect influences together, as shown
in Equation (6).

T =
(

N + N2 + N3 + . . . Nk
)
=

∞

∑
k=1

Nk (6)

where T is the total influence matrix and N is the canonical influence matrix.
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Step 4. Calculation of impact degree. The impact degree represents the comprehensive
influence value of each corresponding element on all other elements, and the set is denoted
as D, as shown in Equation (7). The method of obtaining Di is shown in Equation (8).

D = (D1 + D2 + D3 + . . . Dn) (7)

Di =
n

∑
j=1

tij(i = 1, 2, 3, . . . n) (8)

where tij represents the degree of direct influence and indirect influence brought by factor i
on factor j, that is, the degree of comprehensive influence. It also indicates the comprehen-
sive impact of factor j on factor i.

Step 5. Calculation of influence degree. The degree of influence represents the com-
prehensive influence value of each corresponding element by all other elements, namely,
the degree of influence. This set is denoted as C, as shown in Equation (9). The method of
obtaining Ci is shown in Equation (10).

C = (C1, C2, C3 . . . Cn) (9)

Ci =
n

∑
j=1

tij(i = 1, 2, 3, . . . n) (10)

Step 6. Calculation of centrality. The degree of influence (Di) and the degree of
influence (Ci) of an element i were added to obtain the centrality of the element, denoted as
Mi. Centrality indicates the position of the factor in the evaluation index system and the
size of its role, as shown in Equation (11).

Mi = Di + Ci (11)

By normalizing the centrality of all elements in the system to be evaluated, the status
and weight of corresponding elements in the system are obtained. In this study, the weights
of indicators at all levels are shown in the evaluation results table, below.

3.3.2. Disaster Preparedness and Vulnerability Scoring Method

According to the above analysis of resilience assessment Equation (2) and the under-
standing of the concept of resilience, the score of disaster preparedness (PI) is the weighted
sum of the scores of all first-level indicators (PD), the calculation method of PD is the
weighted sum of all second-level indicators, PS is the average score of all third-level indica-
tors (PC), and the score of third-level indicators is the average of the field survey [59]. The
specific function is shown in Equation (12).

PI = ∑i=NP
i=1 wiPDi PDi = ∑j=MPi

j=1 uijPSij PSij =
∑

k=LPj
k=1 PCijk

LPj
(12)

where PI represents the disaster preparedness score of the system to be evaluated. PDi,
PSij, and PCijk correspond to the scores of the first-level index i, the second-level index j,
and the third-level index k, respectively. At the same time, NP, MPi, and LPj correspond to
the number of indicators of the first-level index, the second-level index, and the third-level
index, respectively, while wi and uij represent the corresponding weight of the first-level
index i and the second-level index j in the resilience evaluation of the system.
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The calculation method of vulnerability and disaster preparedness capacity is the
same, and the specific function is shown in Equation (13):

VI = ∑i=NV
i=1 yiVDi VDi = ∑j=MVi

j=1 xijVSij VSij =
∑

k=LVj
k=1 VCijk

LVj
(13)

where VI represents the vulnerability score of the system to be evaluated. VDi, VSij, and
VCijk correspond to the scores of the first level index i, the second level index j, and the
third level index k, respectively. At the same time, NV, MVi, and LVj correspond to the
number of indicators of the first level index, the second level index, and the third level
index, respectively, while Yi and Xij represent the corresponding weight of the first level
index i and the second level index j in the system resilience evaluation.

4. Result

4.1. Ecological Resilience Assessment

The resilience score of the Fanhua village ecosystem is 2.08 (Table 3), and its disaster
preparedness and vulnerability scores are 1.39 and 0.67, respectively, indicating that the
village ecological landscape subsystem has a high level of resilience. Among them, the
scores of the two dimensions of “ecological pattern” and “ecological governance”, which
are indicators of ecosystem disaster preparedness, are five and three (very low (one),
low (two), average (three), high (four) and very high (five)), respectively, indicating that
ecosystem disaster preparedness capacity is strong. There are abundant ecological elements
in Fanhua village. Forests, grasslands, rivers, and farmland form the basis of the ecological
pattern of Fanhua village. Under the policy of Closing Hillsides to Facilitate Afforestation
of the local government, the green area of Fanhua village accounts for more than 60% of
the total area of the village with diverse species; most of them are suitable local species
adapted to local climatic conditions and well-growth condition. To maintain the existing
ecological landscape pattern, the local government has implemented ecological control
measures such as afforestation, high-standard farmland construction, and the construction
of diversion channels [60]. The area of KRDCA accounts for approximately 40% of the
total area of the village. The scores of “ecological pressures” and “ecological vegetation
sensitivity” reflecting the evaluation dimension of ecosystem vulnerability are three and
one, respectively. The main reason for the increase in vulnerability to “ecological pressure”
is that the score of “the proportion of crops requiring large amounts of water” is five, and
most of the crops in the village were rice and corn with high water demand. To effectively
reduce the water demand for industrial development in Fanhua village and to enhance the
ability of industry to cope with drought, the village has begun to promote the planting of
water-saving crops such as Sichuan peppercorn and yellow ginger. In general, in the face
of natural disasters, the existing ecological elements of the ecological landscape structure
of Fanhua village could have a greater buffer capacity against drought and flood disasters.
According to the evaluation results, two methods were used to enhance the landscape
resilience of Fanhua Village: (1) the planting area of crops with large water requirement was
further reduced, and the landscape design of farmland was carried out without destroying
the disaster preparedness capacity of the ecosystem. (2) The appropriate reduction of the
paving of hard road permeable paving brick.
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Table 3. Assessment results of ecological resilience in Fanhua village.

Evaluative Dimension Weight Evaluation Index Score Evaluation Attribute RI

Ecological pattern 0.167
Ratio of green space 5

5 PI = 1.39

2.08

Diversity of species 5
Ecological governance 0.184 The proportion of KRDCA 3 3

Ecological pressure 0.172

The proportion of crops
requiring large amounts

of water
5

3 VI = 0.67
Proportion of invasive

alien plants 1

Ecological vegetation sensitivity 0.151 Threat assessment of
native vegetation 1 1

4.2. Engineering Resilience Assessment

The disaster preparedness capability and vulnerability scores of the engineering
system of Fanhua village are 1.05 and 0.84, respectively, and the engineering resilience
score is 1.24 (Table 4), indicating that the engineering facility system of Fanhua village
also has high resilience. Among them, the disaster preparedness capability indicators
of engineering systems “Building facilities” and “Road engineering” both are 4, “Water
conservation engineering” is 3.5, and “Fire protection facilities” is 1. The village has
relatively perfect infrastructure, and housing, education, medical, and other buildings
are mostly newly built concrete structures and good environments. The village has a
diverse road system with complete supporting facilities, and the landscape along the road
is mostly designed professionally. To cope with the structural water shortage in karst
areas, the Fanhua village has built diversion channels and reservoirs that can be combined
with the landscape. The reason for the low disaster preparedness score of “Fire facilities”
is that the service radius of fire facilities in the village is greater than 7 km2, making it
difficult to deal with sudden fires. In the dimension of vulnerability of the engineering
system in Fanhua village, the scores of “Building instability” and “Fire protection facility
pressure” are four and three, respectively, while the scores of “Water supply and drainage
facility pressure” and “Road sensitivity” are one and two, respectively. The reason for the
increase in vulnerability to “building instability” is that there are scattered dilapidated
buildings in the village that have been uninhabited for a long time, and their structural
safety is poor. In response to greater rain and flood damage, they may easily collapse. The
reason for the high vulnerability score of “Fire facilities pressure” is mainly because the
fire facilities in the village are not regularly repaired. The system of engineering facilities
is often closely connected, and the collapse of one element may reduce the stability and
self-recovery ability of the whole landscape system [61,62]. However, in general, Fanhua
village can still contribute to disaster prevention and the reduction of existing engineering
facilities in response to external disturbances so that it has high stability and self-sustaining
ability, which can effectively enhance the engineering resilience of the landscape system.
According to the evaluation results, the following two improvement methods can reduce
the vulnerability of the engineering system of Fanhua Village and enhance its landscape
resilience: (1) Plan the location and number of firefighting facilities in the village, and check
whether they can be used normally on time. (2) Repair buildings or facilities with cultural
significance and demolish abandoned buildings without cultural value.
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Table 4. Assessment results of engineering resilience in Fanhua village.

Evaluative Dimension Weight Evaluation Index Score Evaluation Attribute RI

Building facilities 0.103
Building structure 5

4

PI = 1.05

1.24

Proportion of new homes built
in the last decade 3

Water conservation engineering 0.075
Kilometers of new aqueducts 5

3.5Number of new cisterns 2
Fire protection facilities 0.056 Fire station service radius 1 1

Road engineering 0.079
Proportion of concrete roads 5

4Road supporting facilities 3
Building instability 0.091 Old buildings with security risks 4 4

VI = 0.84
Water supply and
drainage pressure 0.072 Annual water supply and

drainage facilities failure days 1 1

Fire protection pressure 0.074
Frequency of failure of fire

protection facilities in the past
five years

3 3

Road sensitivity 0.092
Annual frequency of road failure 2

2Proportion of unrepaired roads 2

4.3. Sociocultural Resilience Assessment

The disaster preparedness capacity and vulnerability scores of the sociocultural system
of Fanhua village are 0.93 and 1.04, respectively, and the sociocultural resilience score is
0.89 (Table 5). The cultural landscape system is less than one, indicating that the sociocul-
tural resilience is insufficient. The scores of “cultural disaster preparedness capacity” and
“cultural landscape protection” are 3 and 2.5, respectively. Every year, disaster prevention
knowledge popularization and KRDC publicity activities are held in Fanhua village, and
the villagers have a certain understanding of disaster prevention strategies and knowledge
of KRDC. From the perspective of cultural landscape protection, although the village has a
long history and important cultural elements, it has formed a unique cultural value system
and art carrier. For example, although the ancestral hall of the Chen family, a symbol of
village history and culture, is still regarded as the spiritual bond between villagers, its
importance in the hearts of teenagers has been greatly diminished, and the preservation
of local opera is mainly carried out by elderly individuals, without the introduction of
new members. These traditional cultural concepts and landscape carriers contain ancient
people’s understanding of the relationship between human society and the ecological envi-
ronment, and they are increasingly being recognized as pivotal to disaster mitigation [63].
For example, traditional buildings in this region are often built on a high foundation, while
new buildings are located on a low foundation. Rain and flood damage due to heavy
rainfall is prone to have a great impact on new buildings, and the ability to deal with flood
disasters is reduced. In the dimension of sociocultural system vulnerability in Fanhua vil-
lage, the vulnerability scores of “cultural resource loss” and “disaster sensitivity” are both
three. In village landscape transformation, traditional cultural elements are deliberately
explored and applied in landscape design. However, with the development of the times,
many people in the village have ventured out for work and study, introducing foreign
cultural values that impact the original social and cultural value system, and the local
traditional knowledge of disaster prevention and reduction in the traditional culture has
been gradually lost. Facilities for young and middle-aged people have been idle for a long
time, and no protection measures have been implemented for the former residence of Jiang
and Chen, which symbolizes the history of Fanhua village, causing it to become a potential
safety hazard. According to the evaluation results, the following three approaches can be
used to improve the resilience level of Fanhua Village landscape: (1) Continue to excavate
and protect traditional culture and its related landscape carriers. (2) Explore the modern
landscape forms of disaster risk reduction knowledge in traditional culture. (3) Perform
reasonable excavation of the economic benefits of traditional culture.
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Table 5. Assessment results of sociocultural resilience in Fanhua village.

Evaluative Dimension Weight Evaluation Index Score Evaluation Attribute RI

Cultural disaster preparedness 0.171
Number of disaster avoidance

strategy training per year 3
3

PI = 0.93

0.89

KRDC knowledge propaganda 3

Cultural landscape protection 0.165
Establishment of cultural reserve 3

2.5Awareness of cultural protection 2

Cultural resource loss 0.150
Idle cultural facilities 3

3 VI = 1.04Damage to traditional buildings 3
Disaster sensitivity 0.198 Setting of disaster sensitive area 3 3

4.4. Resilience Assessment of the Rural Landscape in Fanhua Village

In summary, the disaster preparedness and vulnerability scores of Fanhua village are
3.37 and 2.56, respectively, and the overall resilience score of the landscape is 1.32, with a
calculation result >1 (Table 6), indicating that the village landscape is resilient, the disaster
preparedness ability can cope with its vulnerability, and the existing landscape system
structure can resist the impact caused by external disturbances or its own defects. Taking the
ratio of disaster preparedness and vulnerability of ecological, engineering, and sociocultural
systems as the resilience of corresponding dimensions, the resilience scores of the Fanhua
village landscape system are 2.08, 1.24, and 0.89, respectively. That is, the resilience of the
Fanhua village landscape system is the highest in terms of ecological elements, followed by
engineering resilience, while it is insufficient in terms of sociocultural resilience.

Table 6. Landscape resilience assessment results of Fanhua village.

Ecological System Engineering System Sociocultural System Total

PI 1.39 1.05 0.93 3.37
VI 0.67 0.84 1.04 2.55
RI 1.32

5. Discussion

Through the analysis of the rural landscape resilience of Fanhua village, we found that
villages in typical KRDCA in Guizhou Province have developed a unique system in terms
of economy and culture, which has allowed a large number of traditional villages and local
cultures to be well preserved. However, the fragile ecological environment has greatly
restrained rural development in karst areas. With the promotion of the KRDC project of the
Chinese government, the KRD problem in karst areas in southern China has diminished,
and the rural landscape ecological pattern and infrastructure engineering facilities have
gradually improved [64]. However, with the large flow of the rural population in China
in recent years, the local cultural values in karst areas of southern China are suffering
from external cultural impacts [65]. The weakening of local culture is also accompanied by
the loss of knowledge and skills for resisting interference accumulated by ancient people.
These internal changes are manifested in the external rural landscape. Therefore, the results
of this study may be helpful for formulating corresponding strategies to promote the
comprehensive development of Fanhua village.

6. Conclusions

Based on disaster preparedness and vulnerability, this paper constructs an index
system of rural landscape resilience evaluation in KRDCA in southern China from the three
dimensions of ecology, engineering, and social culture. The disaster preparedness ability of
rural landscapes in the KRDCA in southern China is reflected in the fact that the nature of
the system can be used to reduce the negative impact of disturbance. Ecological elements
can serve as a buffer against natural disasters and reduce the destructive power of floods
and other disasters, while engineering elements can effectively reduce the damage degree
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of disasters to village buildings. The social and cultural elements of the village system’s
ability to adapt to external shocks or environmental changes involve more local knowledge
and skills developed over a long period of time. The disadvantageous factors of ecology,
engineering, and social culture strengthen its vulnerability to disturbance. In view of this,
this research constructs a rural landscape resilience assessment framework based on the
combination of disaster preparedness and vulnerability of rural landscapes in KRDCA. In
addition, Fanhua village in Guanling county of Guizhou Province, a typical KRDCA, was
selected as study area to empirically analyze the rural landscape resilience. However, this
was an exploratory study on the quantitative assessment of landscape resilience, and, as
such, it has certain local characteristics in index selection. In future studies, assessment
systems can be developed based on the specific situations.

The results of the study indicated that the rural landscape resilience of Fanhua village
was higher from the three dimensions of ecology, engineering, and social culture. Specifi-
cally, the scores for ecological resilience, engineering resilience, and sociocultural resilience,
which constitute the rural landscape resilience of Fanhua village, were 2.08, 1.24, and 0.88,
respectively. The ecological resilience was the highest, but the sociocultural resilience
was insufficient. In terms of the disaster preparedness of rural landscapes, the disaster
preparedness of the ecological system was the highest, and that of the social cultural system
was the lowest, with values of 1.39 and 0.92, respectively. From the perspective of the
vulnerability of rural landscapes, the vulnerability of the social cultural system was the
highest, and that of the ecological system was the lowest, with values of 1.04 and 0.67,
respectively. Therefore, the rural landscape system of Fanhua village can use ecological
elements and engineering facilities to cope with the impact of disturbances. In contrast, the
social cultural system has weak disaster preparedness ability and high vulnerability, and
it is difficult to use cultural knowledge to resist the impact of external disturbances. This
indicates that Fanhua village is in the key stage of the transformation and adjustment of its
rural development structure. It also presents complex features in landscape construction.
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Abstract: Subtropical forests in southwestern karst areas are the top priority for ecosystem restora-
tion, as studying the water absorption strategies of the major plants in these regions is crucial to
determining the species distribution and coexistences within these seasonal subtropical forests, which
will help us to cope with the forest ecosystem crisis under future climate change. We used the
stable isotope ratios (δD and δ18O) of tree xylem and soil water to assess the seasonal changes in
the water use patterns and hydrological niche separations of four dominant tree species in seasonal
subtropical forests in southwestern karst areas. The results showed that the soil water’s isotopic
composition varied gradiently in the vertical direction and that the variation of the soil water’s
isotopic composition was greater in the shallow layer than in its depths. Juglans regia (HT) mainly
depended on soil water at a depth of 30–60 cm (41.8 ± 6.86%) and fissure water (32.5 ± 4.21%), while
Zanthoxylum bungeanum Maxim (HJ) and Eriobotrya japonica Lindl (PP) had the same water use
pattern. In the dry season, HT competed with HJ and PP for water resources, and in the rainy season,
HJ and PP competed with Lonicera japonica (JYH), while HJ competed with PP all the time. JYH
and HT were in a separate state of hydrologic niche and they did not pose a threat to each other.
Coexisting trees are largely separated along a single hydrological niche axis that is defined by their
differences in root depth, which are closely related to tree size. Our results support the theory of
hydrological niche isolation and its potential responses in relation to drought resistance. This study
provides a method for determining more efficient plant combinations within karst forest vegetation
habitats and its results will have important implications for ecosystem vegetation restoration.

Keywords: karst forest; vegetation water use strategy; hydrogen and oxygen stable isotopes; hydrologic
niche separation

1. Introduction

According to the Global Forest Resources Assessment 2020, the average global forest
coverage rate is 31.7% [1], and these forests play an irreplaceable role in maintaining the
Earth’s ecological and hydrological cycles. Forest distribution and abundance are mainly
restricted by water resources [2,3]. Over the last few decades, due to major changes in the
climate because of human influence, droughts have become more severe and frequent [4],
which will have an obvious influence on the survival of forest vegetation species and the
hydrological cycle [5]. Therefore, studying the water use of forest vegetation is crucial
for forest ecohydrological regulation [6]. Forest vegetation is a participant in various
important processes of the terrestrial hydrological cycle, and its ecological processes and
hydrological processes are intertwined. The forest water cycle is an important part of the
land water cycle [7,8], as it not only affects the structure, function, and distribution pattern
of forest vegetation, but also affects the energy budget, conversion, and distribution of the
Earth’s surface system. It plays an important role in the carbon and nitrogen balance of
terrestrial ecosystems [9–11]. The hydrological function of the forest ecosystem is not only
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an important part of its service function, but also affects the system’s productivity, nutrient
cycle, and other functions [12–14]. Water is a key factor affecting the material circulation
and plant growth in forest ecosystems [15]. Plants absorb water from the soil through their
roots and store it in their xylem, and they use this water in photosynthesis or lose the water
through evaporation via their stomata to complete the hydrological cycle [16].

Affected by the subtropical climate, subtropical forests are mainly found in karst areas
in southwest China [17], where water and energy are abundant in the region. However,
seasonal droughts always occur due to the inconsistent distribution of temperature and
precipitation during the summer [18,19]. In the current extreme arid climate, more and more
species are suffering from water stress [20]. The main problem of karst forest ecosystem
restoration is vegetation restoration [21]. Understanding the physiological characteristics,
ecological characteristics, and water use patterns of the different vegetation in these regions
is a necessary means for this vegetation restoration. Stable hydrogen (δ2H) and oxygen
(δ18O) isotopes are the most effective tools for determining plant water sources. Previous
studies have shown that the isotopic fractionation of water does not occur during root
absorption and transport. Thus, the relative contributions of different water sources can
be inferred by comparing the δ2H and δ18O values of xylowater with the potential water
sources (e.g., soil water, groundwater, and rainwater) [22]. Previous studies on subtropical
forests have shown that multiple species living in the same habitat may have different
water use patterns; this makes it possible for these species to coexist [23], which is called
hydroecological niche separation [24]. Symbiotic plants often adopt different water use
patterns due to differences in their root size, root depth, and leaf water use, resulting in the
spatial–temporal distribution of their water use [25]. Some studies have shown that grasses
and herbs tend to draw water from shallow soils throughout the growing season [26,27]. In
contrast, some trees and shrubs often have the ability to obtain water from deep soil [22].
In addition, some species have the ability to switch between these shallow and deep soil
layers to absorb their water, which is related to the plant’s root morphology, as two forms
of roots provide them with the ability to use water flexibly, have a high ecological plasticity,
and can greatly adapt to changes in the external environment [17,28]. Based on this, plant
species with hydrologic niche separation can have symbiosis within the same lifetime
without water competition, which is an important mechanism for influencing the plant
community structure and maintaining the plant coexistence in ecosystems with limited
water resources.

The Guizhou Province is the most threatened area of rocky desertification in southwest
China, so the growth and development of its forest plants have received strong attention.
The region is widely mountainous, with a high bare rock leakage rate and shallow and
discontinuous soil layers [21]. An inappropriate species selection for its forest ecosystem
restoration would result in soil dryness vegetation degradation and reforestation difficulties.
We know very little about the water uptake of its local species and whether the mix of
these species within the small habitats of its subtropical forests is reasonable; therefore, it is
urgent to understand the water use strategies of its forest vegetation and whether there is
water competition or hydrologic niche separation among its different species.

In this study, stable hydrogen (δ2H) and oxygen (δ18O) isotopes were used to analyze
the water use patterns of forest plants in a karst rocky desertification area. Our objectives
were to: (1) explore the water use strategies and seasonal variations of the functional
vegetation within the forest, and (2) determine whether there was hydroecological niche
separation among the forest’s species within the same lifetime. We hypothesized that:
(i) the water use patterns of the four plants were different, and (ii) there was a significant
hydrologic niche separation among the plants within the study habitat. The results of this
study will elucidate the characteristics of the water use patterns of plants in karst forests
and provide a scientific basis for the coexistence of plants in native territories.
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2. Materials and Methods

2.1. Study Area

This study was conducted in the Guizhou Plateau canyon landform-type area in
southwest China, which represents the general structure of the karst environmental types
in southern China, specifically in the Huajiang section of the Beipanjiang Gorge, Guizhou
Province (105◦36′30′′~105◦46′30′′ E, 25◦39′13′′~25◦41′00′′ N) (Figure 1). Karst landforms
account for 87.92% of the total area, with a subtropical hot and dry valley climate, rain,
and heat all co-occurring in time. The seasonal distribution of its precipitation is uneven,
with most of the rain being concentrated within the period of May to October, accounting
for 83% of the annual rainfall, for an average annual rainfall total of 1100 mm [29]. Its
average annual temperature is 18.4 ◦C, with hot and humid summers and autumns and
warm and dry winters and springs. The sample area is 607–890 m above sea level. This
area has strong karstification, abundant underground cracks, karst caves, and serious soil
erosion. Its soil average thickness is only about 30 cm and its lithology is Middle Triassic
dolomitic limestone.

Figure 1. Geographical location of the study area. The left is a sampling point map, and the right is a
regional satellite map. Juglans regia, Zanthoxylum bungeanum Maxim, Eriobotrya japonica, and Lonicera
japonica these four plants are represented by their Chinese abbreviations in the following articles and
charts, which are HT, HJ, PP, and JYH in the above order.

In the early 1970s, this area was a vast original forest with various types of vegetation,
with the forest accounting for about 74% of the basin area. Subsequently, its artificial
cultivation resulted in large-scale deforestation, with many plants recovering after a com-
prehensive conversion of farmland to forest in 2002. Nonetheless, the native vegetation
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in the region has been seriously degraded, and the land is now occupied by secondary
vegetation, mainly broadleaved forest, coniferous and broad-leaved mixed forest, and
shrub. Its land use types are agricultural land and abandoned forestland, etc. The study
area is rich in plant species, including Lonicera japonica, Eriobotrya japonica Lindl, Pinus
massoniana Lamb, Hylocereus undulatus Britt, Zanthoxylum bungeanum Maxim, Juglans regia,
and Broussonetia papyrifera. Among them, Juglans regia, Zanthoxylum bungeanum Maxim,
Eriobotrya japonica, and Lonicera japonica (these four plants are represented by their Chinese
abbreviations in the following articles and charts, which are HT, HJ, PP, and JYH in the
above order) are the dominant species, with the largest local planting scales; they not only
exhibit a great adaptability to the karst environment, but also bring considerable economic
benefits to local residents.

2.2. Experimental Design and Sampling Collection

At the start of the experiment, the team performed a preliminary survey of the main
plant species within the area’s forests. The results showed that HT, HJ, PP, and JYH had
the highest coverage compared to other plant species. Therefore, these four plants were
selected as samples. The team found 360 plants of these four species across the region. After
a statistical analysis of their physiological characteristics, such as the plant size and growth
years of the samples, according to the average level of samples, a total of 12 representative
sample plots (10 m × 10 m) were selected. The numbers of the four plant species in each
plot tended to be consistent, with 4–5 from each species, totaling 217 tree species. The
sample trees were the same in age, and their physiological characteristics, such as tree
height, base diameter, and DBH, were roughly similar. The soil, plant, and spring water
samples were collected once in each of the following months: September 2021, January
2022, April 2022, and July 2022 (the study area was located in southwest China, which is
affected by subtropical monsoons and has a dry and hot valley climate. January, April, July,
and September fall in winter, spring, summer, and fall. There would be significant changes
in the rainfall and plant growth within the study area. Therefore, this paper chose these
four months for sampling, which could be more representative).

On each sampling date, two plants with a similar growth morphology were randomly
selected from each sample plot as sample trees (Table 1). A sample of each plant’s xylem
was collected from all four sides of its canopy. To avoid an isotope fractionation of the
xylem water and a contamination with isotopically enriched water, the phloem tissue of
the branches was removed [30]. All the plant samples were cut into 3–4 cm segments,
placed in a high-boric-acid glass bottle, sealed with polyethylene film, and kept frozen
in the refrigerator (4 ◦C) until the isotopic analysis. The fully expanded leaves of at least
10 individuals from each plant species on three slopes were collected to produce one
composite sample for a carbon isotopic composition analysis. The leaves were dried at
60 ◦C and ground into a uniform powder that was sieved through a 1 mm mesh for the
analysis of the carbon isotopic composition.

Table 1. Basic information of sampled plant species.

Species Family Life Feom
Height (m)

(Mean ± SD)
DBH (cm)

Coverage
Area (m2)

Sample
Number

Juglans regia Walnut genus Arbor 11.28 ± 3.19 21.48 ± 2.72 35.46 ± 5.31 49

Zanthoxylum
bungeanum Maxim

Peppercorn
genus

Small
deciduous

trees
3.39 ± 0.21 5.52 ± 0.11 5.83 ± 0.19 55

Eriobotrya japonica Lindl Loquat
genus

Small
deciduous

trees
2.76 ± 0.24 5.31 ± 0.13 2.86 ± 0.34 53

Lonicera japonica Honeysuckle
genus Evergreen 0.89 ± 0.23 2.31 ± 1.31 4.33 ± 1.29 60
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The soil samples were collected at the same time as the plant samples. On each
sampling date, using a ring cutter, the soil samples were collected separately under each
sampled tree at depths of 10, 20, 30, 40, 50, and 60 cm. The soil samples were divided into
two parts: one part was stored in a freezer for the isotope analysis and the other was used to
obtain the soil water content by weight (the subsequent soil moisture content is represented
by “SWC” %). The root samples were collected at 10 cm intervals of depth, separated from
the soil, and washed with water. The diameters and lengths of all the root segments within
each 10 cm deep segment were measured with calipers and rulers to determine the root
surface area within each segment. Fine roots with diameters of less than 0.001 m and roots
with decayed surfaces were not recorded.

The surface of a karst area tends to be rugged and fragmented, with widespread
fissures; as a result, fissure water is also a possible source of plant water. After a statis-
tical survey of all the fissures in the region, the research team separately selected three
representative fissures within the sampling area of each slope position. These fissures
were located at an average distance of 2–3 m from the sample trees and had depths that
varied from 0.4–1.5 m, and some plant roots extended to this point. Alternatively, either an
underground water source that contributed to the pore leakage into a spring or the spring
itself could be used [17]. Because a spring was located at each of the upper and middle
slope positions, we also collected spring water in glass bottles and refrigerated these water
samples. The fissure soil and spring samples were collected at the same time as the soil and
plant samples, with a total of 72 fissure soil samples and 48 spring samples. The sampling
time was similar to that of the plant soil. Because the water used to irrigate the HJ and PP
was derived from precipitation, it was not separately included in this study.

In addition, a funnel device was used to collect the precipitation directly. The rainwater
samples were also placed into glass bottles and sealed with film before the isotope analysis.
The meteorological data were monitored over time by a small weather station in the study
area (ATMOS, Meter Company, NC, USA). The equipment recorded the precipitation,
air temperature, relative humidity, atmospheric pressure, and photosynthetically active
radiation, at a frequency of 30 min per sampling record.

2.3. Isotopic Analysis

Water was extracted from the collected plant and soil samples using a low-temperature
vacuum extraction instrument (LI-2100, LICA, Beijing, China), with the extraction process
taking 2 to 3 h. Using this approach, the extraction efficiency exceeded 98%, which was
sufficient for obtaining appropriate water samples [28]. The extracted water samples
and rainwater samples were filtered through a 0.22 μm filter to eliminate any impurities
and organic contaminants. Isotope measurements were performed on the filtered water
samples using a liquid water isotope analyzer (TLWIA, Lijia, Beijing, China). The accuracy
of the liquid water isotope analyzers for the δ18O and δ2H is usually better than 0.1‰ and
0.3‰, respectively [31]. Due to the spectral contamination of the water samples that were
extracted at a low temperature, the spectra of the test results were corrected according to
the instrument’s calibration procedure [32]. The weighted averages (δp,mean) of the δ2H and
δ18O in the monthly precipitation were calculated as follows:

δp,mean =
(∑n

i=1 δp,i × PPTi)

(∑n
i=1 PPTi)

(1)

where δp,i is the δ18O and δ2H of the ith precipitation event, and PPTi is the amount of the
ith precipitation.

2.4. MixSIAR Analysis

The stable isotopes of the xylem water were compared to those of the potential water
sources, and the intersections of the two were then used as initial indications of the depth
from which each plant was absorbing water. The current proportion of the water used
by plants is usually estimated by the Bayesian mixing model MixSIAR (version 4.2.0),
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which includes the uncertainties and discriminant factors that are associated with multiple
water sources [33]. The initial xylem isotope values, δ2H and δ18O, for the four plants
were used as mixed data inputs for MixSIAR, and the means and standard errors of the
isotope values (δ2H and δ18O) at the different soil layers (0–10 cm, 10–20 cm, 20–30 cm,
30–40 cm, 40–50 cm, 50–60 cm, fissure water, and groundwater) were used as the source
data within the MixSIAR program. There was no concentration dependence in the source
data. Because isotope fractionation did not occur due to the plant water absorption, the
discrimination data were set to zero [34]. The run length of the Markov chain Monte
Carlo (MCMC) was set to ‘long’ (chain length = 300,000; burn = 200,000; thin = 100; and
chains = 3). Gelman-Rubin and Geweke diagnostic tests were used to determine whether
the model was close to convergence [33] and the model’s predictions were expressed as the
mean values. Previous sample surveys found that the soil layers in the study area were
generally unevenly distributed and shallow; therefore, only the 0–60 cm soil samples were
retrieved. When analyzing the soil water, the soil isotope values between the different soil
layers at 0–60 cm of depth were not readily apparent, so the water sources from the different
soil layers were combined into two larger layers (0–30 cm and 30–60 cm) to facilitate a
subsequent analysis and comparison. The two layers were identified based on the following
approach [22]:

(1) The shallow layer (0–30 cm): The SWC and isotope values from the first 30 cm were
close to each other, with a small variation along the vertical profile. In addition, the soil
that resided close to the surface could easily be affected by rainfall and evaporation,
so the soil water isotope value and SWC tended to exhibit a large range of variation
between the seasons.

(2) The deep layer (30–60 cm): The SWC and isotope values in this layer changed less
than those in shallow soil, because the soil layer was deeper and thus less affected by
external precipitation and evaporation. As a result, the changes between the seasons
were smaller.

2.5. Data Analyses

A K-S was used to test the normality of all the parameter sets and a linear regression
analysis was used to understand the relationship between the δ18O and δ2H of each plant
and its potential water source. After a box plot detection, the outliers were removed and
the best fitting line was drawn to determine the equation, R coefficient, and p value. The
differences in the xylem water content’s δ18O and δ2H at p < 0.05 were analyzed by a one-
way ANOVA and minimum significance difference (LSD) analysis. Then, the differences
in the soil water isotope composition of each plant in the same month and the significant
differences in the water sources of the different plants, with seasonal variations, were
detected by a post-Tukey test and the minimum significant difference. An IBM SPSS 23-line
statistical analysis was used for all the data, and Excel 2019 and Origin 2018 were used for
the data editing and visualization.

3. Results

3.1. Precipitation Distribution and Isotopic Composition

The precipitation and temperature in the study area from August 2020 to July 2022 are
shown in Figure 2, revealing a daily rainfall that ranged from 0 mm to 76 mm. Throughout
the rainy season, a total of 1197.96 mm of rainfall occurred, accounting for 81.7% of the
annual precipitation, of which the highest monthly rainfall was recorded at 283.4 mm in
June. This latter value alone accounted for 19.33% of the annual total rainfall. The average
daily rainfall was 6.65 mm during the rainy season and only 1.48 mm during the dry season.
The daily temperature ranged from 4.16 ◦C to 30.98 ◦C and the average temperatures during
the rainy season and dry season were 24.84 ◦C and 14.73 ◦C, respectively. In comparison,
the rainfall increased by 10.11% in 2022 compared to 2021 (Figure 2).
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Figure 2. Precipitation and temperature in the study area from August 2020 to August 2022. The
black arrow in the figure represents the sampling date.

The isotopic composition of the precipitation showed great changes during the sam-
pling period, with the δ18O ranging from −5.15‰ to −11.36‰, with an average of −7.57‰.
The range of the δ2H was −37.41‰ to −83.51‰, with an average of −60.48‰ (Figure 3).
The local atmospheric precipitation line (LMWL), which was fitted according to the precipi-
tation data (Figure 4), showed that the slope and intercept of the LMWL were smaller than
those of the global atmospheric precipitation line (GMWL) [35]. The isotope values of the
four plants mostly fell to the right of the LMWL, meaning that the soil water came from
rain and underwent a degree of evaporation. It can also be seen from the soil water line
(SWL) for the different slope positions of the four plants that the soil water source within
each soil layer was precipitation (Figure 4).

Figure 3. Seasonal variation of δ2H and δ18O values in xylem water of different water bodies and
four plant species. The error bar represents the standard deviation. The δ2H and δ18O in rainwater
represent the values of weighted averages per month.
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Figure 4. The linear regression relationship between δ2H and δ18O of soil moisture of four plant
species in the study area. SWL represents soil water line based on isotopic data of soil water. LMWL
represents the local meteoric water line (y = 7.86x + 9.02, R2 = 0.98, and p < 0.01). GMWL is the global
meteoric water line (y = 8x + 10) [35]. LMWL and GMWL are plotted in each panel for reference. The
isotopic compositions of xylem water from four species are shown in the Figure 4.

3.2. Isotopic Composition and Variation of Xylem Water

The isotopic values of the xylem water varied with the sampling time and species.
For HT, the δ2H ranged from −46.37‰ to −77.24‰ and the δ18O ranged from −6.42‰
to −10.22‰; for the HJ, the δ2H ranged from −38.85‰ to −76.34‰ and the δ18O ranged
from −5.72‰ to −10.22‰; for the PP, the δ2H values of the loquat ranged from −41.24‰
to −79.99‰ and the δ18O values ranged from −5.85‰ to −10.69‰. The variation ranges
of the δ2H and δ18O of JYH were the largest (Figure 3) and it is speculated that the water
source of JYH was shallow and most affected by the surface rainfall evaporation. Overall,
there was no significant difference between HJ and PP (p > 0.05) when averaging the
xylem water isotope values across all the sampling dates, suggesting that both species
were absorbing water from similar soil layers. However, the analysis on the sampling
dates showed that the four planting covers had significant differences between the seasons
(p < 0.05), indicating that the water absorption of the plants had an obvious time variability.
From September 2021 to July 2022, the δ2H and δ18O in the xylem water of the four plants
increased first and then decreased, and the change trend was basically the same, with the
maximum value appearing in April and the minimum value in July (Figure 3). Meanwhile,
the isotopic composition of HT and HJ was close to the fractured water and 30–60 cm water
source in most cases, and occasionally close to the groundwater and precipitation, while
the honeysuckle mainly depended on the 0–30 cm surface soil water and precipitation,
and PP changed significantly between the deep and shallow water sources (Figure 3). In
combination with Figure 4, the isotopic values of the plant xylem water were distributed
across the different soil layers, indicating that soil water was still the main source of water
for all four species. Among them, the water utilization of HJ and PP was very similar.
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3.3. Soil Moisture and Isotopic Composition

The soil moisture’s δ2H and δ18O experienced significant seasonal variations by depth
and month (Figures 4 and 5). Because the soil layers in karst areas are shallow, there was
no significant difference in the soil water content in the upper 0–30 cm soil layer (0–10,
10–20, and 20–30) depth in the vertical section (p > 0.05), and the variation value within
a single season was only about ±4%. The SWC of the HT, HJ, and PP samples showed a
similar trend at each depth. The water content of all the soil layers gradually increased
from 0–40 cm and showed a turning point from 40 cm (Figure 4), gradually decreasing or
increasing slowly. This may be because 0–40 cm was greatly affected by the surface rainfall,
and the soil thickness in karst areas is generally about 40 cm. Further down, it is difficult
to store precipitation due to the influence of gravel and cracks, etc., and the distribution
being extremely uneven. In different months, the soil water content in the rainy season
was generally higher than that in the dry season, with the lowest occurring in January and
April and the highest in July. In July, the soil water content of HT reached 37.15%, which
was the best water-retaining species among the four plants; HJ and PP followed, reaching
36.08% and 35.76%. The lowest SWCS of HT, HJ, PP, and JYH were 27.24%, 26.15%, 24.10%,
and 24.06%, respectively. During the sampling period, the SWC in the shallow soil layer
(0–30 cm) changed more than that in the other soil layers, while the SWC in the deep soil
layer (30–60 cm) was relatively stable, and the same trend was observed for all four species.

Figure 5. Changes in soil water content between HT, HJ, PP, and JYH in 0–60 cm section. The error
bar represents the standard deviation.

The isotopic composition of the soil water varied with the soil depth and plant species.
During the sampling period, the isotopic composition of the soil water became poorer as
the soil depth increased, and the difference in the isotopic values and variations in the
shallow soil water (0–30 cm) was higher than that in the deep soil water (30–60 cm). From
a seasonal point of view, there was no significant difference between the shallow and deep
soil water isotopic compositions of HJ and PP (p > 0.05). The δ2H and δ18O values of HT
ranged from −21.94‰ to 86.83‰, and from −2.55‰ to 12.21‰, respectively. The δ2H
and δ18O values of HJ ranged from −32.17‰ to 77.34‰, and from −5.04‰ to 10.91‰,
respectively. Those of PP ranged from −31.41‰ to −77.76‰ and −5.26‰ to 9.59‰, while
those of JYH ranged from −3.26‰ to −11.25‰ and −20.87‰ to −82.51‰, respectively.
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From January to July, the δ2H and δ18O in the xylem water of the four species decreased
gradually and increased in September (Figure 3).

3.4. Variations in the Proportion of Plant Water Uptake

According to the graph inference method, the isotopic ratios of the xylem water, crack
water, and soil water of the four plants overlapped at several soil depths during the study
period (Figures 6 and 7), suggesting that the plants could obtain water from several sources.
Using the MixSIAR model further to predict the water absorption ratios of the plants,
HT mainly depended on 30–60 cm deep water sources (41.8 ± 6.86%) and crack water
(32.5 ± 4.21%) during the rainy season in July and September, while its use of surface water
sources 0–30 cm (22.5 ± 2.86%) was relatively small (Figure 8). This was related to the
sufficient precipitation during the rainy season, which increased the water content of the
surface layer (Figure 5), while the dry season mainly relied on deep and fissure water. For
HJ during the dry season, deep soil water was dominant (45.24 ± 4.16%) and shallow soil
water was secondary (25.5 ± 4.38%). However, in the rainy season, the water source was
mainly shallow soil water (45.6 ± 3.94%), which was supplemented by deep soil water
(22.03 ± 4.22%).

Figure 6. Significant differences in soil water isotope composition of four plants in the same month. a
and b represent different significant differences. Error bars represent standard deviations, p < 0.05.

160



Forests 2023, 14, 747

Figure 7. Seasonal variation in δ18O in soil layer (0–60 cm) and xylem water (vertical dashed line)
of four species. From left to right are September 2021, and January, April, and July 2022. Error bars
represent standard deviations (p < 0.05).

In contrast, the water absorption pattern of PP was the same, and the difference was
only slightly different in numerical value (Figure 8); for example, the absorption of shallow
water in the rainy season reached 54.31 ± 3.36%, while that in the dry season was only
12.53 ± 4.24% (Figure 8). In contrast, the water absorption ratio of JYH was significantly
different, as JYH was dominated by 0–30 cm surface water (61.3%) in both the dry and rainy
seasons (Figure 8). Individual plants may have also reached as deep as 40 cm into the water,
which was mainly related to JYH’s root system. In addition, the proportion of water sources
for HT was relatively balanced and the change was slightly small, as the main body of HT
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relied on a 30–60 cm water source and fissure water (70 ± 3.22%) (Figure 8). HJ and PP
transferred flexibly between the shallow layer during the rainy season and the deep layer
during the dry season, and it can also be clearly seen from Table 2 that the proportion of the
water sources in the loquat varied significantly between the seasons. During the sampling
period, there was no significant difference in the water absorption patterns between HJ and
PP (p > 0.05), but there was a difference in the water absorption ratio between the seasons
(p < 0.05), as shown in Table 2. The utilization of shallow water by JYH was significantly
higher than that by the other plants in the dry rainy season, and the utilization of deep
water from 30–60 cm by the other three plants was significantly higher than that by JYH in
the dry rainy season.

Figure 8. Seasonal variations in proportion of water uptake from different soil layers based on
MixSIAR for HT, HJ, PP, and JYH. Error bars represent standard deviation.

Table 2. Changes in water use ratio of four species in dry rainy season.

Water Source
Plants

Juglans regia Zanthoxylum
bungeanum Maxim

Eriobotrya japonica
Lindl Lonicera japonica

Dry Rainy Dry Rainy Dry Rainy Dry Rainy

0–30 cm 17.9% c 28.3% c 29.6% b 45.2% b 7.1% d 43.4% b 53.1% a 69.6% a

30–60 cm 47.2% a 38.9% a 45.4% a 27.8% b 47.6% a 27.7% b 30.1% b 20.9% c

Fissure water 28.4% a 27.1% a 15.5% b 10.4% c 29.9% a 18.3% b 12.0% b 6.9% c

Ground water 6.6% b 5.9% b 9.6% b 16.7% a 15.5% a 10.6% a 4.9% b 2.6% b

By contrast, in the table, a, b, c, and d represent the significant difference in water utilization ratio of the four plants
in the same season, p < 0.05.

3.5. Changes of Carbon Isotopes in Plant Leaves

The seasonal variation in the δ13C in the leaves of the four plant species was measured
during the study period. The results showed that leaf δ13C of the four planting species
changed from high to low from the dry season to the rainy season (Figure 9). Under drought
conditions in January, the δ13C was generally high, and HJ and HT were the highest, at
−26.24‰ and −26.37‰, respectively. In the rainy season, the δ13C values were generally
low, especially in July, when the precipitation was sufficient and the plants were not affected
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by drought stress, adopting a low water use efficiency (Figure 9). The WUE of each plant
species was at a low level. In addition, by analyzing the δ13C value, HT, HJ, and PP, in
descending order, were HT > HJ > PP. This is the same as the result that was obtained in
Figure 8, where HT and HJ had a higher water use efficiency and higher survival rate than
the other two species.

Figure 9. (a) Seasonal variation of δ13C values in leaves of HT, HJ, PP, and JYH. (b) Profile distribution
of root surface area of four species. Error bars represents standard error.

4. Discussion

4.1. Vertical Gradients of Forest Soil Water Isotopic Composition

In subtropical forests, the vertical gradient of soil water isotopes is mainly affected by
evaporation and infiltration, as well as the mixing of old and new rainwater [36]. It could
be clearly seen that 0–60 cm, from the surface to the deep layer, presented a clear trend of
gradual depletion. It only showed significant changes at about 0–15 cm, because it was
close to the surface and was greatly affected by precipitation and evaporation. The further
down the soil was, the less the external precipitation evaporation had an influence, so the
water isotope of deep soil tended to be stable. The stable isotope ratios of the four plants
from 0–60 cm decreased, as shown in Figure 7. As the authors make clear, there was no
significant difference between the different months and different depths among some plants
(HJ and PP), as only the range and trend of the variation were described. Due to the small
data gap, the data analysis showed that there was no statistically significant difference
(Figures 6 and 7). As the soil depth increased, the δ2H and δ18O in the soil moisture became
more depleted. Compared to the deeper soil profiles in January and April, the isotopic
composition in the surface 0–30 cm soil water was more abundant (Figures 6 and 7). This is
attributed to the decreased rainfall and increased evaporation in the surface soil layer [37].
However, due to the influence of rainfall with poor isotopic values in the summer, this
trend was reversed in the topsoil during July and September, suggesting that precipitation
was also an important factor controlling the soil water isotopic composition [22,38,39]. The
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isotopic ratios of the surface soil displayed larger variances than those of the deep soil, due
to the combined influences of evaporation and precipitation. In this study, the δ18O values
of the 30–60 cm soil changed less by depth and sampling date than those of the 0–30 cm
soil (Figures 6 and 7). HJ and PP showed the same change pattern, suggesting that the
influence of evaporation on the deep soil was limited [36,40]. The fissure water in the study
area often came from rainwater that had seeped into the soil, and the vertical changes in
the soil isotope composition were caused by the mixing old and new water [41,42], which
would then infiltrate into the deeper soil layers [43].

The isotopes in precipitation generally show the seasonal variation characteristics
of being low in summer and high in winter, which is mainly related to the water vapor
sources in the winter and summer half years and the meteorological conditions during
precipitation [17,28,44]. In the summer half year, southwest China is mainly affected by
the oceanic warm and humid air masses of southwest monsoons and southeast monsoons,
with sufficient water vapor, a high humidity, and weak evaporation [44]. According to the
Rayleigh fractionation principle, the heavy isotopes in precipitation would be depleted
with a decrease in the water vapor content during the transport process of air mass, and
the δ18O would be low. In the winter half year, the region is mainly affected by the westerly
dry and cold water vapor mass and the local evaporation of water vapor, with the water
vapor content being low, the air being relatively dry, the evaporation being strong, the
heavy isotope being gradually enriched in precipitation, and the δ18O being high [45,46].
Compared to the GMWL, the slope and intercept of the atmospheric precipitation line
in the study area were relatively small, indicating that the climate in this region is warm
and humid, that there is a certain degree of secondary evaporation in the precipitation
process, and that the unbalanced evaporation effect is larger. This is mainly related to the
temperature of the water vapor condensation, the evaporation conditions, the water vapor
source, and the transportation mode [46].

4.2. Differences in Seasonal Water Uptake Patterns among Species

According to the regression diagram of the soil water’s δ2H and δ18O in Figure 4, the
xylem isotopic compositions of the four plants were distributed in 0–60 cm of the soil and
water, suggesting that most of the water sources for the subtropical forest plants during
the study period came from the 0–60 cm soil layer [47]. Figure 8 also shows that about
71.67% of the water sources for the four plants came from 0–60 cm of the soil water. During
the study period, HJ and PP were concentrated in deep water absorption during the dry
season and shallow water absorption during the rainy season. HT, however, was always
dominated by deep water sources and fissure water sources, and the reason for this was
that the three plants belonged to different functional types. As a macrophanerophytes,
HT has numerous root systems and goes deep underground, so it can use deep water
sources and water that is stored in rock cracks with great efficiency [48]. As small trees and
shrubs, HJ and PP have small and shallow roots, and, in order to achieve a higher water use
efficiency, their absorbed water sources can be flexibly converted between deep and shallow
layers. In a study of aspen and other plants, Flanagan et al. also found that plants not
only absorb soil water, but also involve groundwater [49]. It could be seen that the water
absorption patterns of HJ and PP showed the same “dimorphic root system” [48,50,51],
which indicates that their water resource utilization had a certain plasticity level. Wang
et al. found that Huangjing could switch between deep and shallow water sources with
seasonal changes, which was similar to our experimental results [47].

In contrast, JYH’s water absorption was more extreme between the seasons, with the
difference between the dry season and rainy season in the 0–30 cm soil layer being only
about 16.7% (Figure 8). The contribution ratio of the water absorption was significantly
different from that of the other three plants (p < 0.05). Karakis and other researchers found
in their experiments on grape that the depth of a vine’s water-absorbing root system could
vary over time. Shallow roots used rainwater as their main source during spring, and
with the advance of the growing season, the roots could gradually penetrate into the soil
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profile [52]. Similar results have been found for other ecosystems [25,53], and shrubs or
small trees will gradually increase their water absorption depth during the growing season.
This also had some similarity to our study, but it remains to be seen whether the roots
of plants gradually infiltrated into the soil layers with the growing season, due to a lack
of data [54,55]. In addition, although both belong to the “dimorphic root system”, PP
still showed different characteristics to HJ, as its water source segmentation was more
severe during the dry season and the rainy season (Figure 8), which may be related to the
root systems of both [56,57]. At the same time, during a precipitation event in July, PP
was greatly affected by precipitation [58], and the contribution ratio of the surface water
increased rapidly (Figure 8), while that of the deep water decreased slightly. However, HJ
is relatively slow and its rise is not obvious. This is influenced by the root system of HJ, as,
compared to PP, the root system of HJ has a deeper distribution and fewer fibrous roots on
the surface, which is less responsive to surface rainfall (Figure 9).

The four plants, all belonging to subtropical forest vegetation, showed different levels
of ecological plasticity under the same precipitation conditions. The shallow root system
of PP, coupled with small evergreen trees, resulted in a low plasticity level for its water
resource utilization [56,59]. Especially during dry years, many cases of dry death occurred
when there was no rain for a long time [13]. Furthermore, both PP and HJ belong to small
trees and have similar water use patterns, meaning that water competition exists between
these species. Adequate water sources during the rainy season can ensure the survival of
both, but under severe water stress, PP will be more passive [58]. Zhang et al. found that, in
plants from subalpine habitats that mainly absorb water from the surface layer (0–30 cm),
subalpine shrubs compete for water resources at similar depths during the drought and
growing seasons, with a high water demand, resulting in plant dieback [60].

4.3. Hydrological Niche Separation and Ecohydrological Regulation of Forest Vegetation

During the dry season and rainy season, the water source of each plant in the same
habitat of a subtropical forest is different. With a change in water conditions, their water
use strategies will also change, showing a greater drought tolerance [12,15,61]. In this
study, HT, as a deciduous tree with stout branches and deep roots, had the same water
use pattern in both the rainy and dry seasons, with soil water of a 30–60 cm depth and
fissure water always being its main sources (Figure 7). Thus, in the dry season, HT would
compete for water with HJ and PP within the same lifetime. Moreover, HJ and PP had
the same water use pattern, indicating that they would compete for water resources at a
similar depth. With a small body size and shallow root system, the latter showed obvious
weakness in its water absorption [62]. In the rainy season, with sufficient precipitation,
HJ and PP turned to the shallow water source of 0–30 cm, while HT was still dominated
by the deep water, so there was no competition between them and a clear separation
of hydrological niche. However, as a perennial semi-evergreen shrub, the root system
of JYH was mainly concentrated at around 0–40 cm (Figure 8) and its water resources
throughout the whole year came from this. It was in competition with HJ and PP, and
the water use capacity of the three factors determined the survival status of the species,
with HJ usually winning. It follows that there are complex water use patterns among
plants within the same lifetime of these subtropical forests. HT competed with HJ and
PP during the dry season and HJ and PP competed with JYH during the rainy season,
while HJ competed with PP all the time. JYH and HT were in a state of hydrologic niche
separation, and they did not pose a threat to each other; therefore, large swaths of JYH
were often seen growing around HT in the study area. The hydroecological niche isolation
(HNS) hypothesis proposes that, within a community, plants may differ in their hydraulic
characteristics in order to avoid or tolerate drought along the water availability gradients,
thus avoiding competition [23]. These features include water absorption (e.g., different
rooting depths or possibly leaf water absorption), differences in their stomatal control,
and differences in their xylem structures [63]. The four plants in this study belong to
different functional types of vegetation, with significant differences in their plant sizes.
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The root depth of HT was much greater than that of the other three species, so it could
utilize deeper water. Deciduous trees reduce water evaporation during the dry season
and greatly improve their water use efficiency. In fact, these characteristics can have a
significant impact on hydrological processes [64].

Previous studies have shown that tree size is also related to effective rooting depth [65]
and demonstrated that this interdependence is related to different hydraulic strategies.
Rooting depth increases with tree height, compensating for the greater evaporation re-
quirements at the top of the canopy [66] and allowing larger trees to be photosynthetically
active during the dry season. Our data in this study show a coordination between the
rooting depth and water absorption sources in seasonal subtropical forests, suggesting
a trade-off between drought avoidance (i.e., deep roots) and drought tolerance [64,67].
Drought-resistant species are characterized by their deep roots, such as tall trees and
shrubs, which enable the plants to survive close to the hydraulic safety limit [68,69]. This is
the main strategy of most vegetation within a forest, and these complementary strategies
allow for a niche partitioning within forest ecosystems and influence the structure of the
dominant species in communities that are driven by water resources and light [70]. At the
surface, trees take advantage of the abundant sunlight in the upper layers, shrubs take
advantage of the weaker light in the middle layers, and herbs gather at the ground level. In
the underground space, plant roots are interwoven layer by layer to gather soil nutrients
on the one hand, and prevent soil erosion on the other. This is especially evident in the
above-ground and subsurface binary structure space, with serious leakage in southwest
karst areas [21]. Due to the community structure of forest vegetation, it is highly possible
to gather precipitation and facilitate the successful completion of the forest ecohydrological
process between the atmosphere, vegetation, and soil. The dense canopy in a forest system
can reduce the flushing of the surface soil through rain [71], accumulate soil nutrients,
further promote vegetation growth during the dry season, and increase productivity [72,73].

Due to the limited availability of soil water, plants during the drought and rain seasons
are subjected to different levels of water stress [74,75]. Plants in hot, dry river valleys
respond to drought in different ways. One way is that some deciduous species drop their
leaves to reduce transpiration and remain dormant throughout the drought; another way is
through changing the water absorption strategy according to the available water source [22].
HJ is not only a small deciduous tree, but also has a dimorphic root system, which can
stably change its water source pattern between the seasons. This flexible water use strategy
can greatly improve its survival rate [19]. Although PP also has a dimorphic root system,
it also has a shallow root system, making it difficult for it to penetrate deeper and thus
relatively dependent on shallow soil water [58]. This extreme shallow and deep water
conversion between the seasons indicates its high dependence on the water environment.
Moreover, as an evergreen tree [56], PP has a greater need for water [76], which makes it
more likely to die than prickly ash in the same habitat.

5. Conclusions

In this study, we used a Bayesian mixing model (MixSIAR) combined with stable
isotopes of hydrogen (δ2H) and oxygen (δ18O) to investigate the seasonal variations in
the water uptake patterns of four plantations in a karst subtropical forest. The soil water
isotopic composition varied in gradient along the vertical direction, and the variation in
the soil water isotopic composition was greater in the shallow layer than in the deep layer.
HT mainly relied on deep soil water and fissure water, while JYH mainly relied on shallow
water. They did not compete with each other for water, but had a seasonal hydrologic niche
separation from the other two species, which reduced the water competition. The stony
desertification intensity in the study area was relatively high and there were a variety of
vegetation types within the subtropical artificial forest, which led to water competition
among the various species with the same water use pattern. The result of this inter-species
competition led to plant drying and death. A reasonable species combination (for example,
the deep planting of PP, with timely irrigation during the dry season; HT, HJ, and PP being
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as far away from each other as possible; the adoption of grass irrigation, Joe irrigation,
Joe grass, and other planting methods) would facilitate their symbiosis with each other.
Staggered water uptake would greatly improve the survival of species and their adaptation
to changing future environments, maintain the hydrological cycle of forest ecosystems,
promote the transfer of water between the atmosphere, vegetation, and soil, and help the
ecological restoration of karst areas. This study provides a method for determining more
efficient plant combinations for karst forest vegetation habitats, and its results will have
important implications for ecosystem vegetation restoration.
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Abstract: In this study, the effect of different planting combinations on the amino acid concentration
in the pericarp of Zanthoxylum planispinum ‘dintanensis’ (hereafter referred to as Z. planispinum) was
studied, and the response of amino acid concentration to soil factors was clarified. The aim of this
study was to screen optimal planting combinations and provide a theoretical basis for improving
pericarp quality. Five planting combinations of Z. planispinum in a karst rocky desertification area
were selected as the research objects, and the concentration and accumulation of free amino acids
in the pericarp of Z. planispinum were analyzed. Then, combined with existing soil quality data,
the pericarp quality of Z. planispinum was comprehensively evaluated by principal component
analysis, and the effect of soil factors on amino acid concentrations was clarified by redundancy
analysis. The results are as follows: (1) except for arginine, serine, proline, alanine, tyrosine and
cystine, the concentrations of other free amino acids significantly differed among the five planting
combinations. In general, the planting combination has a great influence on the concentration of
free amino acids in the pericarp of Z. planispinum, especially essential amino acids; (2) free amino
acid concentration in the pericarp of Z. planispinum mostly increased in combination with Sophora
tonkinensis Gagnep. (hereafter referred to as S. tonkinensis) and decreased in combination with Prunus
salicina Lindl; (3) principal component analysis showed that the concentration of free amino acid in
the pericarp of Z. planispinum was generally at a high level when combined with S. tonkinensis or
Lonicera japonica Thunb. (hereafter referred to as L. japonica). Among them, the amino acids in the
pericarp of Z. planispinum with S. tonkinensis were closer to the ideal protein standard of FAO/WHO;
(4) soil-available potassium, available phosphorus, microbial biomass nitrogen, available calcium
and microbial biomass phosphorus in soil factors had significant effects on amino acid concentration
after a redundancy analysis. It can be seen that the available nutrients and soil microbial biomass
contribute greatly to the amino acid concentration of the pericarp. According to the soil quality
and the amino acid quality of the pericarp, planting with L. japonica can improve the amino acid
quality of the pericarp of Z. planispinum, as well as selecting Z. planispinum + L. japonica as the optimal
planting combination.

Keywords: principal component analysis; redundancy analysis; karst rocky desertification area

1. Introduction

As a type of organic nitrogen, amino acids are the most basic element of proteins
and are an important primary metabolite for maintaining plant growth, reproduction and
development [1]. Amino acids are also common small molecular precursors of synthe-
sized organic compounds, such as nucleic acid, chlorophyll and hormone and secondary
metabolism in plants [2]. In addition, as one of the existing forms of amino acids, free
amino acids (FAAs) are important flavoring substances. Their types and concentrations are
often used as important indicators to evaluate the nutritional value and taste of fruits and
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have an important impact on the formation of fruit quality [3,4]. Free amino acids are gen-
erally grouped according to their taste as bitter (valine, leucine, isoleucine, methionine and
arginine), sweet (glycine, alanine, serine, threonine, proline and histidine), delicious (lysine,
glutamate and aspartate) and aromatic (phenylalanine, tyrosine and cystine) [5]. Therefore,
the study of amino acid concentration is particularly important to further identify the flavor
of Zanthoxylum planispinum ‘dintanensis’ (hereafter referred to as Z. planispinum).

The chemical elements in the soil are the direct source of nutrients for fruit formation,
the raw material storage for nutrients and determine the main chemical reaction processes
and rates such as photosynthesis, respiration and transpiration [6]. Nitrogen (N), phospho-
rus (P) and other macro elements play an important role in the growth and development
of plants, as well as the regulation of various physiological functions [7,8]. Nitrogen is an
important component of protein and other metabolites, participating in the amino acid
synthesis of secondary metabolites [9,10]. Phosphorus is an important chemical element
that constitutes the metabolites of deoxyribonucleic acid, ribonucleic acid and adenosine
triphosphate. It also directly participates in the biochemical reaction of some primary
metabolite synthesis [11,12]. In addition, calcium, as the second messenger, is used to
activate the resistance gene of plant cells and regulate the response to the stimulation signal
of whole plant somatic cells [13,14].

Microorganisms in soil can decompose plant residues into humus, thus participating in
the assimilation of secondary metabolism in plants [15]. In addition, the decomposition and
mineralization of organic matter by soil microorganisms affect soil nutrient cycling, thereby
changing the balance of soil nutrient elements. Ecological stoichiometry is a combination of
the basic principles of ecology and stoichiometry to explore the energy balance and nutrient
element balance of the ecosystem [16]. The change in element stoichiometry has an obvious
correlation with the change in metabolites, which can regulate molecular synthesis in the
organism and further affect the metabolic reaction [17]. It can be seen that the changes
in soil elements, microorganisms and their stoichiometry are of great significance to the
synthesis of metabolites.

Z. planispinum is a small deciduous tree of Zanthoxylum planispinum in the family
Rutaceae. It is a medicinal and edible homologous plant with rich protein and complete
amino acid species [18]. It has become a unique dominant tree species for karst rocky
desertification control in Guizhou due to its calcium (Ca) preference and drought-resistant
and lithogenic characteristics. However, in recent years, due to the continuous planting
of monoculture forests, soil fertility decline, improper management measures and other
reasons, the pericarp quality of Z. planispinum has decreased, and plant growth has declined.
Adopting the combination planting method of different plants can effectively increase
the diversity of plant communities, make full use of space and resources [19] and have
the following advantages: increased crop yield; optimized crop quality; efficient use of
nutrients; increased biodiversity; and reduced disease [20,21]. Based on this, this study
selected four common planting combinations of Z. planispinum and compared them with a
Z. planispinum monoculture forest. The effects of different planting combinations on the
amino acid quality in the pericarp of Z. planispinum and their response to soil were studied.
The purpose of this is to solve the following problems: (1) concentration characteristics,
flavor contribution and quality evaluation of FAAs in the pericarp of Z. planispinum with
different planting combinations; and (2) effects of soil properties on the pericarp quality of
Z. planispinum. To do so, the plants suitable for planting with Z. planispinum were selected,
and the basis for the selection of planting combinations and the cultivation management of
Z. planispinum was provided.

2. Materials and Methods

2.1. Overview of the Research Site

The research area is located in Beipanjiang Town, Zhenfeng County, Guizhou Province,
China (105◦38′35′′ E, 25◦39′37′′ N). It belongs to a subtropical humid monsoon climate,
with rainfall concentrated from May to October and an annual average rainfall of about
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1100 mm. The annual average temperature is 18.4 ◦C. It is a valley terrain with an altitude
of 370–1473 m. The soil type is mainly lime soil with carbonate rock accounting for 78.45%,
pH > 6.5. The soil is rich in Ca. Most of the study area is moderately and intensively
a rocky desertification area, with a rock exposure rate of 50%–80%. The environment is
highly heterogeneous, with many kinds of niche types, such as stone surface, stone ditch,
stone crevice, stone groove, stone cave, etc. Z. planispinum has the largest planting area
in the study area. In addition, there were Zea mays L. (hereafter referred to as Z. mays),
Lonicera japonica Thunb. (hereafter referred to as L. japonica), Prunus salicina Lindl. (hereafter
referred to as P. salicina), Sophora tonkinensis Gagnep. (hereafter referred to as S. tonkinensis),
Arachis hypogaea L. (hereafter A. hypogaea) and other associated species.

2.2. Treatment Setting

In order to ensure the typicality, representativeness and comparability of the selected
sample plots, some common local planting combinations were screened. The final allocation
of tree species determined that P. salicina represented the arbor, S. tonkinensis represented
the dwarf medicinal material, A. hydropogaea represented the legume plant, and L. japonica
represented the liana plant (Z. planispinum + P. salicina; Z. planispinum + S. tonkinensis;
Z. planispinum + A. hydropogaea; Z. planispinum + L. japonica). The Z. planispinum mono-
culture forest was used as a control. One treatment with similar environmental elements
was set for each plantation (Figure 1 & Table 1). Before planting research plantations, all
treatments were mainly planted with Z. mays, and the management measures were the
same in order to make the soil background value similar. In 2012, Z. planispinum was
planted in 5 treatments. After 2018, L. japonica, S. tonkinensis, A. hydropogaea and L. japonica
were planted around Z. planispinum. The annual plant A. hydropogaea was continuously
planted according to the phenological season. Other perennial plants were regularly main-
tained to maintain the dynamic stability of the community. The age of Z. planispinum in
the 5 treatments was 8 years, and the slopes were 10◦. Li et al. [22] introduced the planting
density of interplanting plants and forest land management measures in detail.

Figure 1. Distribution of treatments (Trt).
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Table 1. Descriptions of the plantation types.

Plantation
Types

Species
Combinations Longitude Latitude

Growing
Area (ha)

Altitude
(m asl)

Density
(m)

Height
(m)

Crown
Width

(m)

Coverage
(%)

Trt 1 Z. planispinum +
P. salicina 105◦40′28.33” E 25◦37′57.41” N 1.34 764 3 × 3 3.5 2 × 2.3 70

Trt 2 Z. planispinum +
S. tonkinensis 105◦40′19.79” E 25◦39′25.75” N 0.67 728 2 × 2 2.0 1.2 × 1.8 60

Trt 3 Z. planispinum +
A. hypogaea 105◦38′36.32” E 25◦39′23.64” N 0.67 791 2 × 2 2.5 2.5 × 2.8 85

Trt 4 Z. planispinum +
L. japonica 105◦38′36.35” E 25◦39′22.29” N 6.67 814 3.5 × 3 2.5 1.5 × 2.5 70

Trt 5 Z. planispinum 105◦38′35.64” E 25◦39′23.35” N 33.35 788 3 × 4 2.2 2.5 × 2.3 65

2.3. Soil Sample Collection and Soil Parameters

Three 10 m × 10 m sample squares were arranged in each treatment, and multiple
sampling points were arranged within each sample square. At each sampling point, equal
amounts of soil were collected in layers of 0–10 cm and 10–20 cm, and samples of the same
soil layer were uniformly mixed. The soil sample parameters in this study were taken as
the average of the data from 2 soil layers to ensure that the number of observations of soil
samples was consistent with the number of observations of the FAAs (15 observations in
total over 5 treatments).

The soil water content of Trt 5 was significantly lower than that of other treatments,
indicating that combined planting can significantly improve soil water content. Soil organic
carbon (SOC), total N and total P were the highest in Trt 4. Total N, total P and total
potassium (K) were significantly lower in Trt 2. Trt 5 had the highest concentration of
total Ca. The concentration of available N and available Ca in Trt 4 was significantly
higher than that in other treatments. There was no significant change in available P
concentration among treatments. Available K concentration in Trt 1 was significantly
higher than that in other treatments. There was no significant difference in the C:N value
among the 5 treatments. C:P and N:P values of Trt 2 were significantly higher than that
of Trt 5. The values of microbial biomass carbon, microbial biomass nitrogen (MBN) and
microbial biomass phosphorus (MBP) had no significant difference among the 5 treatments,
indicating that soil microorganisms have strong stability. Relevant data are shown in
Table 2. Li et al. [23] described the soil sample collection, index determination and data
analysis in detail.

Table 2. Soil parameters in different planting combinations.

Soil Parameters Trt 1 Trt 2 Trt 3 Trt 4 Trt 5

Soil water content 31.60 ± 6.29 ab 36.73 ± 2.65 a 25.05 ± 1.38 bc 28.69 ± 0.30 bc 21.15 ± 0.14 c
Soil organic carbon

concentration 37.73 ± 7.32 ab 29.40 ± 0.57 ab 28.68 ± 12.62 ab 50.83 ± 13.33 a 26.50 ± 2.19 b

Total nitrogen concentration 3.53 ± 0.46 ab 2.64 ± 0.07 b 2.78 ± 0.74 b 4.60 ± 0.44 a 2.76 ± 0.23 b
Total phosphorus

concentration 1.37 ± 0.02 a 0.82 ± 0.03 b 1.10 ± 0.43 ab 1.52 ± 0.17 a 1.26 ± 0.04 ab

Total potassium
concentration 6.95 ± 0.34 b 6.11 ± 1.51 b 12.33 ± 0.25 a 11.88 ± 0.53 a 10.88 ± 0.03 a

Total calcium concentration 0.95 ± 0.28 b 1.48 ± 0.39 b 1.85 ± 0.71 b 1.88 ± 0.18 b 6.05 ± 0.21 a
Available nitrogen

concentration 275.00 ± 74.25 ab 160.00 ± 5.66 b 161.75 ± 61.87 b 350.00 ± 55.15 a 153.75 ± 15.91 b
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Table 2. Cont.

Soil Parameters Trt 1 Trt 2 Trt 3 Trt 4 Trt 5

Available phosphorus
concentration 45.80 ± 13.29 a 23.38 ± 11.63 a 26.55 ± 10.54 a 36.68 ± 10.01 a 20.08 ± 2.44 a

Available potassium
concentration 393.00 ± 107.48 a 195.85 ± 32.03 b 172.75 ± 57.63 b 223.75 ± 98.64 ab 141.25 ± 2.47 b

Available calcium
concentration 317.50 ± 14.85 b 334.75 ± 0.35 b 347.75 ± 24.40 ab 371.00 ± 8.49 a 350.50 ± 7.07 ab

Soil C:N ratio 10.65 ± 0.70 a 11.13 ± 0.53 a 10.07 ± 1.85 a 10.97 ± 1.85 a 9.59 ± 0.00 a
Soil C:P ratio 27.68 ± 5.79 abc 35.83 ± 0.79 a 25.82 ± 1.33 bc 33.10 ± 4.99 ab 21.03 ± 2.38 c
Soil N:P ratio 2.59 ± 0.37 ab 3.22 ± 0.22 a 2.60 ± 0.34 ab 3.02 ± 0.05 a 2.19 ± 0.25 b

Microbial biomass carbon 243.00 ± 4.95 a 254.75 ± 2.47 a 252.00 ± 2.83 a 262.75 ± 21.57 a 262.25 ± 26.52 a
Microbial biomass nitrogen 12.40 ± 1.70 a 13.58 ± 1.31 a 14.38 ± 0.60 a 13.90 ± 1.06 a 14.08 ± 0.18 a

Microbial biomass
phosphorus 128.00 ± 23.33 a 144.50 ± 4.95 a 148.00 ± 8.49 a 154.50 ± 13.44 a 139.00 ± 3.54 a

Trts 1–5, five plantations, representing the research objectives of this article. Means followed by the same lowercase
letter are not significantly different (p > 0.05) among root types as determined by the least significance difference
test. Data are presented as mean ± standard deviation.

2.4. Fruit Sample Collection

In the first ten days of June 2021, the fresh fruit of Z. planispinum was collected
in 5 treatments, at which time the fruit was mature. We selected 5 healthy-growing
Z. planispinum from each sample square discussed above and collected about 200 g of mature
and disease-free Z. planispinum fruit from different directions, taking care to eliminate
the edge effect. The collected fruits were naturally air-dried in nylon bags, and 5 plant
fruit samples from each sample square were mixed into 1 (15 observations in total over
5 treatments). After the pericarps were separated, dried at 45 ◦C, crushed and screened
for the determination of FAAs. Because the pericarp of Z. planispinum was rich in amino
acids, aromatic oil, fatty acids and other substances and was the main part of utilization,
this paper studied the changes in free amino acid concentration in its pericarp.

2.5. Free Amino Acid Analysis

The free amino acids were determined by high-performance liquid chromatogra-
phy [24,25], and phenylisothiocyanate acetonitrile solution was used as the pre-column
derivatization reagent. The UV detector wavelength was 254 nm; the chromatographic
column was C18SHISEIDO (4.6 mm × 250 mm × 5 μm). The column temperature was
40 ◦C, the flow rate was 1 mL/min, the injection volume was 10 μL, mobile phase A was
sodium acetate-acetonitrile solution, mobile phase B was 80% acetonitrile aqueous solution
and the mobile phase was gradient-eluted. N-leucine was used as the internal standard.
The accumulation of essential and nonessential amino acids was calculated by reference.

2.6. Data Analysis

A 1-way analysis of variance and Duncan’s method were used for multiple com-
parisons to analyze the difference in free amino acid concentration in the pericarp of Z.
planispinum with different planting combinations. The data of free amino acid concentration
were standardized and then analyzed by principal component analysis to evaluate the
quality of FAAs in the pericarp of Z. planispinum. Redundancy analysis was used to reveal
the influence mechanism of soil properties on pericarp quality. The data are presented as
mean ± standard deviation. Microsoft Excel 2013 (version 2013, Microsoft, Redmond, WA,
USA), SPSS 20.0 (version 20.0, IBM SPSS, Armonk, NY, USA) and Origin 8.6 (version 8.6,
OriginLab Corporation, Northampton, MA, USA) software were used to complete data
sorting, analysis and mapping.
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3. Results

3.1. Amino Acid Concentrations in the Pericarp of Z. planispinum in Different
Planting Combinations

As shown in Table 3, 17 kinds of FAAs were detected in the pericarp of Z. planispinum
from 5 planting combinations. Among them, arginine, serine, proline, alanine, tyrosine and
cystine had no significant differences among the five plantations, while the concentration of
the remaining 11 FAAs had significant differences in different degrees. The results showed
that the combination planting had a great influence on the free amino acid concentration of
the peel of Z. planispinum, especially the essential amino acids. Among the 11 amino acids
with significant differences mentioned above, the FAAs in the pericarp of Z. planispinum
were lowest at Trt 1 and highest at Trt 2 (except phenylalanine).

Table 3. Amino acid concentrations in the pericarp of Z. planispinum in different planting combinations.

Amino Acid Trt 1 Trt 2 Trt 3 Trt 4 Trt 5

Essential amino
acids (mg/kg)

Valine 376.51 ± 10.86 b 500.15 ± 87.33 a 420.97 ± 10.85 ab 438.20 ± 8.85 ab 409.29 ± 22.74 ab
Threonine 282.72 ± 7.50 b 368.39 ± 58.89 a 314.29 ± 6.22 ab 337.44 ± 16.76 ab 304.01 ± 22.22 ab

Phenylalanine 8.46 ± 1.40 c 33.19 ± 2.62 b 23.96 ± 8.93 bc 20.92 ± 8.22 bc 55.35 ± 11.82 a
Methionine 33.71 ± 0.04 b 46.81 ± 8.85 a 41.84 ± 3.45 ab 34.09 ± 4.92 ab 41.17 ± 3.22 ab

Leucine 471.19 ± 10.18 b 608.99 ± 98.29 a 514.84 ± 1.06 ab 555.49 ± 24.27 ab 507.19 ± 25.65 ab
Lysine 347.38 ± 0.42 b 470.78 ± 90.79 a 361.81 ± 47.02 ab 384.33 ± 16.50 ab 386.29 ± 2.37 ab

Isoleucine 43.18 ± 6.89 b 458.46 ± 90.71 a 375.71 ± 12.23 a 370.20 ± 25.94 a 380.95 ± 12.11 a
Total 1563.14 ± 36.47 b 2486.75 ± 437.47 a 2053.41 ± 68.29 ab 2140.67 ± 27.30 a 2084.22 ± 70.05 a

Nonessential
amino acids

(mg/kg)

Histidine 175.01 ± 1.83 b 224.90 ± 36.95 a 189.15 ± 11.31 ab 205.69 ± 7.85 ab 187.80 ± 10.38 ab
Arginine 367.86 ± 21.83 a 496.41 ± 125.63 a 439.46 ± 43.59 a 420.37 ± 6.47 a 396.40 ± 12.56 a

Serine 325.79 ± 12.94 a 447.59 ± 98.81 a 380.91 ± 22.85 a 406.63 ± 16.93 a 366.69 ± 25.24 a
Proline 427.79 ± 36.36 a 608.59 ± 128.90 a 458.82 ± 88.71 a 601.17 ± 21.00 a 533.05 ± 87.49 a
Glycine 381.66 ± 17.76 b 491.17 ± 83.21 a 422.02 ± 14.86 ab 437.38 ± 9.76 ab 416.49 ± 0.92 ab

Glutamate 738.39 ± 30.78 b 1012.02 ± 203.02 a 863.35 ± 9.32 ab 899.38 ± 18.59 ab 846.80 ± 22.80 ab
Aspartate 477.48 ± 48.72 b 744.83 ± 181.96 a 646.66 ± 126.96 ab 597.16 ± 8.89 ab 578.21 ± 1.11 ab
Alanine 363.17 ± 9.57 a 454.11 ± 69.92 a 386.75 ± 0.01 a 406.52 ± 20.65 a 377.00 ± 29.29 a
Tyrosine 232.20 ± 8.64 a 270.88 ± 19.56 a 245.27 ± 11.75 a 273.96 ± 10.92 a 221.14 ± 37.96 a
Cystine 52.02 ± 4.85 a 48.37 ± 2.22 a 39.48 ± 8.34 a 54.93 ± 12.49 a 37.41 ± 4.61 a

Total 2998.50 ± 87.20 b 4077.54 ± 783.16 a 3443.26 ± 236.39 ab 3677.10 ± 59.48 ab 3376.77 ± 209.43 ab

Total free amino acids (mg/kg) 5104.49 ± 147.33 b 7285.59 ± 1383.21 a 6125.28 ± 359.58 ab 6443.82 ± 88.16 ab 6045.19 ± 302.42 ab

EAAs/TFAAs (%) 30.62 34.13 33.52 33.22 34.48
EAAs/NEAAs (%) 44.14 51.82 50.43 49.75 52.62

Trts 1–5, five plantations, representing the research objectives of this article. EAAs/TFAAs, the ratio of essential
amino acids to total amino acids; EAAs/NEAAs, the ratio of essential and nonessential amino acids. Means
followed by the same lowercase letter are not significantly different (p > 0.05) among root types as determined by
the least significance difference test. Data are presented as mean ± standard deviation.

The concentration of essential amino acids (EAAs), nonessential amino acids (NAAs)
and total free amino acids (TAAs) in the pericarp of Z. planispinum in different planting
combinations were 1563.12–2486.75, 2998.50–4077.54 and 5104–7285.59 mg/kg, respectively,
with Trt 2 being the highest, significantly higher than Trt 1, in which the lowest amino acid
concentration was found. The ideal protein standard proposed by the Food and Agriculture
Organization of the United Nations/World Health Organization (FAO/WHO) in 1973 is
that the essential amino acid divided by the total amino acid (EAAs/TFAAs) is 40.00%, and
the essential amino acid divided by the nonessential amino acid (EAAs/NEAAs) is higher
than 60.00%. The EAAs/TFAAs of Z. planispinum in each plantation were 30.62%–34.48%,
and the EAAs/NEAAs were 44.14%–52.62%, of which Z. planispinum + S. tonkinensis and Z.
planispinum monoculture forest were closest to this standard.

3.2. Accumulation of Flavoring Amino Acids in Pericarp of Z. planispinum in Different
Planting Combinations

According to Table 4, in general, the concentration of sweet amino acids (SAAs)
(1956.13–2594.73 mg/kg) was the highest, and the concentration of aromatic amino acids
(AAAs) (292.68–352.43 mg/kg) was the lowest. The concentration of bitter amino acids
(BAAs) (1292.44–2110.81 mg/kg) was similar to that of delicious amino acids (DAAs)
(1563.25–2227.62 mg/kg). The concentration of various flavoring amino acids of Z. planispinum
in all planting combinations was SAAs > DAAs > BAAs > AAAs. The concentration of
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four kinds of flavored amino acids in Trt 2 was the highest, and that in Trt 1 was the lowest,
indicating that planting with S. tonkinensis is the most beneficial to the accumulation of
amino acids and the formation of the special flavor in Z. planispinum.

Table 4. Accumulation of flavoring amino acids in the pericarp of Z. planispinum in different plant-
ing combinations.

Amino Acid Trt 1 Trt 2 Trt 3 Trt 4 Trt 5

Bitter amino acid
(mg/kg) 1292.44 ± 49.82 b 2110.81 ± 410.80 a 1792.82 ± 62.15 a 1818.35 ± 4.21 a 1734.99 ± 69.83 ab

Sweet amino acid
(mg/kg) 1956.13 ± 13.25 b 2594.73 ± 476.69 a 2151.94 ± 101.79 ab 2394.82 ± 50.96 ab 2185.03 ± 175.55 ab

Delicious amino
acid (mg/kg) 1563.25 ± 79.08 b 2227.62 ± 475.77 a 1871.82 ± 183.31 ab 1880.86 ± 26.21 ab 1811.29 ± 26.28 ab

Aromatic amino
acid (mg/kg) 292.68 ± 5.19 b 352.43 ± 19.97 a 308.71 ± 12.34 ab 349.79 ± 15.20 a 313.89 ± 30.76 ab

Trts 1–5, five plantations, representing the research objectives of this article. Means followed by the same lowercase
letter are not significantly different (p > 0.05) among root types as determined by the least significance difference
test. Data are presented as mean ± standard deviation.

Due to the different taste perception thresholds of different amino acids, a higher
concentration of amino acids does not necessarily correlate to a greater contribution to food
flavor. Therefore, the taste activity value (TAV), calculated as the ratio of concentration to
its taste threshold, was used to further analyze the impact of flavoring amino acids on the
pericarp flavor of Z. planispinum [26]. The TAVs of each flavoring amino acid in the five
planting combinations are shown in Table 5. When the TAV ≥ 1, it indicates that the amino
acid contributes to the flavor effect. The TAVs of arginine (3.68–4.96) in BAAs, glutamate
(14.77–20.24) and aspartate (15.92–24.83) in DAAs and cystine (1.87–2.75) in AAAs were
all greater than 1. In addition, the TAVs of histidine were both greater than 1 at Trt 2 (1.03)
and Trt 4 (1.12). Therefore, aspartate, glutamate, arginine, cystine and histidine played
an important role in the formation of the unique flavor of Z. planispinum. In addition, the
combination of Z. planispinum with S. tonkinensis (Trt 2) or L. japonica (Trt 4) was more
conducive to the accumulation of amino acids and the formation of the special flavor. The
delicious amino acids among the four flavoring amino acids had the highest contribution
rate to the flavor of Z. planispinum, which was more consistent with the unique freshening
flavor of Z. planispinum.

Table 5. Taste activity values of flavoring amino acids in the pericarp of Z. planispinum in different
planting combinations.

Amino Acid Taste Threshold
[27] (mg/g)

Taste Activity Value

Trt 1 Trt 2 Trt 3 Trt 4 Trt 5

Bitter amino acid

Valine 1.50 0.25 0.33 0.28 0.29 0.27
Leucine 3.80 0.12 0.16 0.14 0.15 0.13

Isoleucine 0.90 0.05 0.51 0.42 0.41 0.42
Methionine 0.30 0.11 0.16 0.14 0.11 0.14

Arginine 0.10 3.68 4.96 4.39 4.20 3.96

Sweet amino
acid

Glycine 1.10 0.35 0.45 0.38 0.40 0.38
Alanine 0.60 0.61 0.76 0.64 0.68 0.63
Serine 1.50 0.22 0.30 0.25 0.27 0.24

Threonine 2.60 0.11 0.14 0.12 0.13 0.12
Proline 3.00 0.14 0.20 0.15 0.20 0.18

Histidine 0.20 0.88 1.12 0.95 1.03 0.94
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Table 5. Cont.

Amino Acid Taste Threshold
[27] (mg/g)

Taste Activity Value

Trt 1 Trt 2 Trt 3 Trt 4 Trt 5

Delicate amino
acid

Lysine 0.50 0.69 0.94 0.72 0.77 0.77
Glutamate 0.05 14.77 20.24 17.27 17.99 16.94
Aspartate 0.03 15.92 24.83 21.56 19.91 19.27

Aromatic amino
acid

Phenylalanine 1.50 0.01 0.02 0.02 0.01 0.04
Tyrosine 2.60 0.09 0.10 0.09 0.11 0.09
Cystine 0.02 2.60 2.42 1.97 2.75 1.87

3.3. Principal Component Analysis of Free Amino Acids in Pericarp of Z. planispinum

The free amino acids in the pericarp of Z. planispinum were analyzed by principal
component analysis. It can be seen from Table 6 that the cumulative variance contribution
rate of two principal component eigenvalues greater than 1 was 89.63%. Therefore, selecting
these two main components as effective components for data analysis can reflect most of
the amino acid information and can characterize the quality of amino acids. The variance
contribution rate of the first principal component was 72.56%, which had the greatest
impact on the accumulation of amino acid concentration in the pericarp of Z. planispinum.
Among them, except cystine, methionine and phenylalanine, the load values of amino
acids were higher and positively correlated. The variance contribution rate of the second
principal component was 17.08%, which indicated that it had a certain impact on the peel
of Z. planispinum, but this effect was small. Cystine had a greater negative impact, while
phenylalanine had a greater positive impact.

Table 6. Principal component load matrix and coefficient.

Factors
Principal Component Load Matrix

PC1 PC2

Aspartate 0.866 0.378
Glutamate 0.971 0.212

Serine 0.988 0.102
Histidine 0.993 0.031
Glycine 0.951 0.174

Threonine 0.989 −0.021
Arginine 0.916 0.249
Alanine 0.986 −0.034
Tyrosine 0.811 −0.458
Cystine 0.157 −0.915
Valine 0.989 0.123

Methionine 0.563 0.673
Phenylalanine 0.111 0.881

Isoleucine 0.702 0.513
Leucine 0.993 0.019
Lysine 0.901 0.231
Proline 0.838 0.055

Eigenvalue 12.639 2.599
Variance contribution rate/% 72.557 17.076

Cumulative variance contribution rate/% 72.557 89.633
The bold font is the relatively large influence factor of each principal component load factor.

The variance contribution rate (Wi) and factor score (Fi) of the two principal component
factors extracted were further weighted. Finally, the comprehensive score (CS) and ranking
of Z. planispinum plantation of five planting combinations were obtained, and the CS
reflected the comprehensive quality level of FAAs in the pericarp of Z. planispinum under
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each combination. The comprehensive score calculation was combined with the weighted
method using the following formula:

CS = ∑Wi × Fi

where Wi is the contribution rate of each principal component, and Fi is the principal
component score of each plantation type. By weighting the variance contribution rate (Wi)
and factor score (Fi) of each principal component factor, the CSs of different plantation
types are obtained.

It can be seen from Table 7 that the CS was ranked from high to low as Trt 2 > Trt 4 > Trt
3 > Trt 5 > Trt 1. Among them, after planting with S. tonkinensis (Trt 2) or L. japonica (Trt 4),
the CS of fruit pericarp quality of Z. planispinum was positive, indicating that the FAAs in
the pericarp of Z. planispinum in these two treatments were higher than the average level.

Table 7. Factor score and comprehensive evaluation of Z. planispinum in different planting combinations.

Plantation
Types

Factor Score Comprehensive
Score

Ranking
PC1 PC2

Trt 1 −3.78 −2.71 −3.20 5
Trt 2 4.46 1.69 3.52 1
Trt 3 −0.52 0.56 −0.28 3
Trt 4 0.94 −1.23 0.47 2
Trt 5 −1.10 1.70 −0.51 4

Trts 1–5, five plantations, representing the research objectives of this article.

3.4. Effects of Soil Properties on Amino Acid Concentration of Pericarp

Soil factors were used as explanatory variables (red arrows), and amino acid concen-
trations were used as response variables (blue arrows) to carry out redundancy analysis
to reveal the interaction rules between them. According to Figure 2, the cumulative inter-
pretation rates of the first and second ranking axes were 83.60% and 10.20%, respectively,
with the cumulative contribution rate as high as 93.80%. Among them, the effect of soil
factors on the concentration of FAAs in the pericarp of Z. planispinum was available K >
available P > MBN > available Ca > MBP, reaching a significant level (Table 8). In general,
the contribution rate of available nutrients was higher than that of total nutrients, while the
contribution rate of stoichiometric ratio and soil water content was lower.

Effects of available K, total P and available P on amino acids were all negative (except
cystine), reflecting the inhibition of K and P on the accumulation of amino acids (Figure 2).
Total Ca had a strong negative effect on cystine and a positive effect on phenylalanine, but
it had little effect on other amino acids, while available Ca had a significant enhancement
effect on amino acids, indicating that available forms of Ca had different effects on amino
acids and available Ca was beneficial to the accumulation of amino acids. Soil water
content, SOC, total N, available N and element stoichiometry had a great influence on
cystine and tyrosine in aromatic amino acids, and the influence of the stoichiometric ratio
on amino acids was mostly positive. The effect of microbial biomass on amino acids was
one of enhancement.
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Figure 2. Redundancy analysis of free amino acids and soil. SWC, soil water content; SOC, soil
organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total potassium; TCa, total calcium; AN,
available nitrogen; AP, available phosphorus; AK, available potassium; ACa, available calcium; MBC,
microbial biomass carbon; MBN, microbial biomass nitrogen; MBP, microbial biomass phosphorus;
Val, valine; Thr, threonine; Phe, phenylalanine; Met, methionine; Leu, leucine; Lys, lysine; Iso,
isoleucine; His, histidine; Arg, arginine; Ser, serine; Pro, proline; Gly, glycine; Glu, glutamate; Asp,
aspartate; Ala, alanine; Tyr, tyrosine; Cys, cystine.

Table 8. Importance sequencing and significance test of soil factors.

Soil Factors Contribution/% Pseudo-F p

Available potassium 0.646 23.763 0.002
Available phosphorus 0.472 11.626 0.002

Microbial biomass nitrogen 0.365 7.458 0.012
Available calcium 0.286 5.217 0.018

Microbial biomass phosphorus 0.235 3.989 0.038
Available nitrogen 0.218 3.633 0.052

Microbial biomass carbon 0.191 3.062 0.076
Total calcium 0.171 2.691 0.066

Total phosphorus 0.156 2.402 0.15
Total potassium 0.134 2.02 0.174

Soil organic carbon 0.131 1.955 0.146
Total nitrogen 0.125 1.854 0.15
Soil N:P ratio 0.087 1.233 0.276
Soil C:N ratio 0.078 1.106 0.354

Soil water content 0.072 1.012 0.354
Soil C:P ratio 0.071 0.995 0.364

4. Discussion

4.1. Effects of Planting Combinations on Amino Acids in the Pericarp of Z. planispinum

Previous studies have shown that plant varieties [28], altitude [29], environmental
stress [30], water and fertilizer coupling treatment [31], season [32], etc. affect the con-
centration and accumulation of FAAs in the pericarp. In this study, it was found that the
planting combination had a greater impact on the concentration of FAAs in the pericarp
of Z. planispinum, especially on essential amino acids. This is because the combination of
planting can effectively reduce the leaching and loss of water and fertilizer in the soil. It
can also keep the soil loose, and its thermal insulation effect creates a good environment for
the survival of microorganisms. The litter and root exudates produced by combined plants
change the soil’s micro-ecological environment and soil nutrient status [33,34]. Secondly,
the combination of plant species, planting density and other factors can cause spatial

180



Forests 2023, 14, 843

niche differences; directly affect the air temperature and humidity, CO2 concentration,
wind speed, light intensity and light quality distribution; and form different field microcli-
mates [35]. Different planting combinations change the soil water status, fertilizer status
and microenvironment; affect the acquisition and utilization of plant resources; lead to
changes in the stress factors of Z. planispinum; and ultimately affect its C and N metabolism
balance and amino acid accumulation. Cannabinoid has a significant contribution to the
spicy taste of Z. planispinum, and valine and leucine are considered to be precursors for
the synthesis of the nitrogen-containing portion of cannabinoid [36]. In this study, the
concentration of valine and leucine in the pericarp of Z. planispinum with S. tonkinensis (Trt
2) was significantly the highest, followed by L. japonica (Trt 4). From the perspective of TAV
value, aspartate, glutamate, arginine, cystine and histidine had a significant impact on the
formation of the flavor. In summary, the combination of Z. planispinum with S. tonkinensis
(Trt 2) or L. japonica (Trt 4) was more conducive to the accumulation of amino acids and the
formation of the special flavor.

Principal component analysis showed that the amino acid quality of the pericarp of
Z. planispinum was the best and was closest to the standard of ideal protein after planting
with S. tonkinensis (Trt 2). However, soil nutrient concentration under this mode was
generally low. This is similar to the conclusion of Lin et al. [37], who found that adverse
environmental factors can improve the quality of Ganoderma lucidum to some extent. It
is speculated that when faced with environmental stress, Z. planispinum can promote the
accumulation of FAAs and the synthesis of secondary metabolites by reducing yield and
improving nutrient reabsorption, finally improving the quality of the pericarp. In addition,
when plants are stressed by adverse environmental factors, they can inhibit the growth of
other plants by releasing secondary metabolites to the external environment to improve
their competitiveness [38], which may limit the N fixation effect of S. tonkinensis, which
is not conducive to the improvement in soil quality. The concentration of FAAs in the
pericarp of Z. planispinum after planting with L. japonica (Trt 4) was also relatively rich,
ranking second in the comprehensive score. In addition, previous research showed that
soil quality under this mode was the best [23]. This is because L. japonica produces a
rich decomposable litter, which provides rich materials for the C and N metabolism of Z.
planispinum, and promotes the formation of Z. planispinum pericarp quality. Z. planispinum
has a large root system and strong ability to sprout, which improves soil conditions in the
rhizosphere, thus enhancing the ability of its root system to absorb nutrients and water
in the lower layer, increasing the supply of the N metabolism substrate in the upper part,
which is conducive to the improvement in N-metabolism-related enzyme activities, such
as glutamine synthetase activity, thus affecting the accumulation of FAAs [39]. It can be
seen from Table 2 that the soil water content of Z. planispinum + L. japonica plantation was
significantly lower than that of Z. planispinum + P. salicina/S. tonkinensis (Trt 1 or Trt 2). It
is speculated that under the condition of relative water deficit, FAAs are synthesized and
accumulated in large quantities to improve the osmoregulation ability of Z. planispinum. In
addition, FAAs also protect plants from water stress by participating in redox balance and
energy metabolism, as well as regulating mitochondrial function as signal molecules [40,41].
The pericarp quality of Z. planispinum after planting with P. salicina (Trt 1) was the lowest
in this study. This is due to the fact that P. salicina is a tall tree, which has formed a strong
nutrient competition with Z. planispinum, limiting the accumulation of amino acids in Z.
planispinum [42]. Moreover, Z. planispinum is a photophilic plant. After being blocked
by P. salicina, the photosynthesis of Z. planispinum is inhibited, resulting in a lower C
assimilation rate of leaves, which in turn leads to a lower amino acid assimilation rate,
further leading to the reduction of FAAs [43,44]. In the future, based on this research, we
need to pay more attention to secondary metabolites and their formation mechanism that
forms the aroma and hemp of Z. planispinum to lay a theoretical basis for comprehensive
quality control.
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4.2. Relationship between Soil Nutrients and Pericarp Quality

Soil nutrient stress affects the secondary metabolism process of plants and changes
the accumulation of C-based secondary metabolites in plants, but different nutrient el-
ements have different effects on the secondary metabolism process of plants [45]. This
study showed that soil-available K contributed the most to the accumulation of FAAs
in fruit pericarp and showed a negative effect. This is because K can significantly affect
N metabolism, especially amino acid and protein metabolism. K deficiency leads to an
increase in protease and peptidase activity and promotes protein degradation, which leads
to the accumulation of low-molecular-weight substances, such as FAAs, and confirms that
the accumulation of metabolites is the result of environmental adaptation [46,47]. In this
study, soil-available P had a significant negative impact on the concentration of FAAs in
the pericarp of Z. planispinum, and the previous study showed that the soil of five planting
combinations had phosphorus saturation [22]. This may be due to excessive soil available
phosphorus leading to the consumption of beneficial microorganisms in plants and increas-
ing the abundance of pathogenic microorganisms, which ultimately affects the growth of
Z. planispinum [48]. The number of beneficial microorganisms in soil can be increased by
adding organic fertilizer or soil conditioner to promote the coordinated development of soil
microbial flora of Z. planispinum [49]. In this study, the contribution rate of soil-available
Ca to FAAs was large and had a promoting effect. It indicated that Ca could improve the
quality and stress resistance of crops, which is consistent with the research conducted by Li
et al. [50]. The reason for this is that Ca is one of the essential nutrients for plant growth and
development, which can promote the transport and transformation of plant carbohydrates
and the absorption of mineral elements [51]. Ca deficiency can cause the vacuolar mem-
brane of mesophyll cells to break, destroy the lamellar structure of thylakoids and inhibit
the photosynthetic capacity of plants. Moreover, Ca, as the second messenger in the process
of cell signal transduction, is involved in the regulation of the synthesis and metabolism of
amino acids and proteins [52,53]. It can accelerate the absorption and metabolism of N by
plants, as well as promote the growth and development of plants and the formation of fruit
quality [54]. This study found that soil microbial biomass nitrogen and microbial biomass
phosphorus had a significant positive effect on the accumulation of free amino acid concen-
tration in the pericarp of Z. planispinum. This is because soil microorganisms can secrete a
variety of enzymes to decompose animal and plant residues and other organic substances,
as well as accelerate the transformation and transportation of carbon. Some metabolites can
promote the decomposition of minerals to help plants absorb and use them [55]. This study
also found that the contribution rate of the soil stoichiometric ratio to the concentration of
amino acids in the pericarp was low, which was related to the extremely strong internal
stability of the soil-nutrient-element stoichiometric ratio of five plantations [22]. In the
future, it is worth further studying the influence of different element components on amino
acid accumulation in the pericarp of Z. planispinum, especially the determination of the
threshold value of the influence direction. Based on the mechanism of the soil microbial
community improving soil nutrient status and plant nutrient absorption, as well as the
cascade relationship of the soil microorganism and the nutrient element, fruit quality is
further constructed to provide a scientific basis to formulate a soil-nutrient-optimization
plan. It is also necessary to further study the effects of total nutrients and available nutrients
on the FAAs in the pericarp and explore the specific reasons. The mechanisms of soil micro-
bial community-improving plant nutrition should also be deeply explored. Furthermore,
the mechanisms of planting combinations improving mineral nutrition should be fully
and comprehensively understood, and targeted soil-nutrient-optimization programs for
different planting combinations should be formulated.

5. Conclusions

(1) Planting with S. tonkinensis or L. japonica can significantly increase the concentration
of FAAs in the pericarp of Z. planispinum, which is conducive to the formation of
pericarp quality. Based on the results of soil quality analysis in the early research and
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the amino acids in the pericarp, the optimal planting combination was found to be Z.
planispinum + L. japonica;

(2) As a characteristic element of karst, available Ca had a high contribution rate to the
accumulation of FAAs in the pericarp, which had a positive impact;

(3) The effect of available nutrients on FAAs in the pericarp was greater than that of total
nutrients. Soil management in plantations should involve paying more attention to
the concentration and proportion of available nutrients.
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Abstract: Agroforestry systems (AFS) are priority semi-natural ecosystems in fragile ecological
zones. The complexity and diversity of their species structure play a crucial role in maintaining
AFS stability. To explore the optimization of improvement strategies in AFS’ structure and stability
for control of karst desertification (KD), in this study, we chose typical desertification control areas
in the southern China karst region. The study included homegarden (HG), agrisilviculture (ASV),
and multipurpose woodlots (MWLs) as three AFS. We quantified the AFS’ structural characteristics
using descriptive statistics and spatial structure parameters. We used the fuzzy integrated evaluation
method with structural and functional indicators as guidelines, and stand structure, plant species
diversity, soil fertility, and environmental factors as first-level evaluation indicators. The entropy
weight method calculates the weights of indicators at all levels. The fuzzy comprehensive evaluation
method establishes an evaluation index system to evaluate the grading of AFS’ stability. The results
showed that: (i) The species composition of the AFS in the KD control areas had a simple structure,
the overall diversity level was low, and the diversity level of herbaceous plants was better than that
of woody plants. (ii) The overall distribution curves of diameter at breast height (DBH), tree height
(TH), and crown width (CW) of woody plants in the AFS in the KD control areas were slight to
the left, with a single-peaked pattern, mostly randomly and unevenly distributed in space, with a
low degree of tree species isolation and relatively weak stand stability. (iii) There was variability
in the stability classes of different types of AFS, overall reflecting the ranking HG > ASV > MWLs.
(iv) When structural optimization was applied, corresponding measures can be taken according to
farmers’ wishes for different types of AFS and their primary business purposes. The improvement of
stability depends mainly on the utility of the structural optimization applied coupled with positive
human interference (for example, pruning, dwarfing, and dense planting). This study provides a
scientific reference for maintaining the stability of AFS and promoting service provision.

Keywords: agroforestry; structure; species diversity; evaluation indicator systems; fuzzy integrated
evaluation

1. Introduction

We are facing the threat of a rapid decline in global terrestrial biodiversity [1]. In con-
trast, habitat loss and environmental degradation due to population growth, agricultural
intensification, and deforestation are the leading causes of loss of biodiversity (BD) and
associated ecosystem functions and services [2]. Numerous studies have found that agro-
forestry is essential in maintaining biodiversity, improving the ecological environment in
ecologically fragile areas, slowing down agricultural intensification, optimizing ecosystem
services, and keeping farmers’ livelihoods [3–8]. Compared to traditional intensive agroe-
cosystems, agroforestry systems (AFS) have structural characteristics such as multi-level,
multi-plant species composition and configuration in time and space, and the complexity of
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AFS structure will influence the internal functions of the system and determine the supply
of ecosystem services [9–11]. Regarding structure, higher connectivity, modularity, and
nestedness can contribute to the dynamic stability or structural stability of intercropping
ecosystems [12]. The more specific and complex the structure of an ecosystem, the more
stable the design of the ecosystem [13,14]. Therefore, identifying AFS structural characteris-
tics and analyzing the stability status of AFS to propose effective improvement strategies
that will optimize the functions of AFS and enhance their service provisioning capacity are
the focus and difficulty of current research [15].

The AFS are priority semi-natural ecosystems in fragile ecological zones. The proper
structure has a crucial role in vegetation restoration, water conservation, soil conservation,
increasing biodiversity, maintaining the system’s stability, and improving the environ-
ment [16,17]. Agroforestry systems structure can be understood as an ecosystem attribute
based on the composition of species and their quantitative relationships in the species struc-
ture, stratification in the vertical form, and mosaicism in the horizontal structure [18,19].
The AFS stability is dynamic, not static. It is a comprehensive characteristic of the sys-
tem’s ecological equilibrium state, such as system movement efficiency, resistance, and
interactions between biotic and abiotic elements [20]. It reflects the interdependence and
interaction relationships such as system structure and function over a certain period [9,21],
and stability is a decisive factor in the system structure and service function [22]. Therefore,
quantifying the AFS’ structure, evaluating its stability, exploring the factors influencing its
stability, and proposing strategies for structural optimization and stability improvement
will be beneficial in maximizing the benefits brought by optimally adjusted AFS [23,24].

Karst, as a component of the world’s major ecologically vulnerable areas [25], has
become a priority research topic in the United Nations Sustainable Development Goals
for restoring degraded ecosystems [26]. The local vulnerability of the karst ecosystems,
combined with irrational human activities, has led to karst desertification (KD) as a critical
ecological degradation problem in karst areas worldwide [27–30]. This has left karst regions
with low disaster resilience and environmental capacity, limiting land use and economic
development [31,32]. To promote economic growth and ecological restoration, scholars
subsequently proposed AFS as one of the environmental restoration programs to apply
in KD areas [33,34]. This would gradually be developed into homegarden (HG), which
is mainly self-sufficient and distributed around the houses of the farmers. This increases
the economic income of farmers and maintains ecological benefits as does agrisilviculture
(ASV). It also has multiple uses, such as timber production, and provides various products,
such as fruit, fodder, food, and industrial raw materials, such as multipurpose woodlots
(MWLs). After years, it has been shown that the development of AFS in KD areas not only
maximizes its soil and water conservation benefits [12,13,35] but also has a positive effect
on improving the productivity of KD areas and maintaining soil faunal diversity [36,37].
It highlights the promising development of AFS in KD areas. In particular, the ecosystem
services provided by AFS are essential for improving the overall ecosystem quality of
the region and developing environmentally friendly industries that are compatible with
the resources and environment. Studies indicate that the AFS structure is the essential
dominant factor in providing ecosystem services [10,14], as it directly influences ecological
processes and indirectly affects the supply of ecosystem services [11]. However, current
studies on the structure and stability of AFS in the late stage are scarce [15].

Therefore, first, we focused on quantifying the species composition and diversity in
the stand structure characteristics of woody plants in the AFS in the KD control areas.
Second, taking the structure and function of the AFS as the standard layer, taking the
stand structure, plants species diversity, soil fertility, and topographic factors as the first-
level evaluation index indicators of stability, we used the fuzzy comprehensive evaluation
method to construct a stability evaluation index system to evaluate the stability of different
types of AFS in the KD control areas. Finally, the relationship between structure and
stability and the influencing factors were explored, and practical strategies for structure
optimization and stability improvement are proposed. To this end, we assumed that: (i) The
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richness and diversity of species composition in the three AFS show MWLs > HG > ASV,
but in terms of stand structure, HG is more reasonable, followed by MWLs and ASV are the
worst. An urgent need is to take appropriate disturbance measures for optimization and
adjustment. (ii) Considering the intensity of anthropogenic disturbance, the results of the
stability evaluation showed the best stability of MWLs, followed by HG, and poor stability
of ASV. (iii) From the weight values of each level of indicators, we can obtain that plant
species diversity and stand structure were the main drivers of stability, and soil fertility and
topographic factors were less influential, and we need to focus on species composition and
their adaptability in the stability improvement strategy. To verify the above hypotheses,
we quantified the structural characteristics of AFS in the KD region of southern China,
evaluated its stability, and classified it into different classes. We explored the influencing
factors of structure and stability and proposed strategies for structural optimization and
stability improvement. It provides a scientific reference for maintaining AFS stability in the
KD control areas and promoting the improvement of their service provisioning capacity.

2. Materials and Methods

2.1. Study Area

As early as China’s 9th National Development Five-Year Plan in year, agroforestry
(AF) was attempted to be adopted to combat the KD [33,34]. It was found that the blind
value-addition of a population in karst areas, especially in mountainous areas where the
slopes are dominated by agriculture, and where not enough attention is paid to forestry
and pastoralism, resulted in an imbalance in the ratio of agriculture to other land uses.
Forestry and pastoralism eventually led to the degradation of arable land, pastureland, and
forest land, soil erosion, and increased floods and droughts. Furthermore, the deterioration
of the ecological environment will become an inevitable consequence [38]. In turn, it
has prompted various experts and scholars to consider different AF models in areas with
varying levels of KD. Later, with further development, different types of AFS were gradually
formed, such as homegarden (HG), mainly for farmers’ self-sufficiency, and agrisilviculture
(ASV), that primarily increases the economy and ecological restoration. In addition, it is
not easy to distinguish the type of AFS (which has both the common characteristics HG
and ASV) that combines the classification criteria of AFS by [39,40] to name it multipurpose
woodlots (MWLs). Accordingly, based on the management experience of AFS in the study
area, the representativeness and typicality of the study area, we selected the following three
KD areas on the Guizhou plateau, to represent the overall ecological environment of karst
in southern China (Figure 1).

 

Figure 1. Study area.
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First, the example area of potential–light KD in the karst plateau mountains of Bijie
Salaxi was selected as the first study area (hereafter referred to as BJ). The study area
(105◦01′11′′–105◦08′38′′ E, 27◦11′09′′–27◦17′28′′ N) has diverse geomorphic types and frag-
mented topography, and positive and negative topography such as peaks, depressions,
funnels, dark rivers, and water caves are widely developed in the area. Elevations range
from 1495 to 2200 m with a relative elevation difference of 705 m [41]. The northern subtrop-
ical humid monsoon climate has an average annual temperature of 12 ◦C and an average
annual rainfall of about 984.4 mm. The area is mainly dryland, with a few paddy fields,
dam terraces, and more slopes [42]. The AFS mainly comprises fruit trees such as walnuts,
prickly pears, plums, apples, peaches, and loquats with crops such as ryegrass, white clover,
maize, potatoes, and beans (Figure 2).

 

Figure 2. Schematic diagram of three types of AFS used in the control of KD in BJ.

Second, the Guanling-Zhenfeng Huajiang Karst Plateau Canyon moderate intensity
KD area was selected as the second study area (hereafter referred to as HJ) (25◦39′20′′–
25◦41′20′′ N, 106◦37′30′′–106◦39′49′′ E). There are various types of landforms and frag-
mented terrain. The favorable and hostile landscape, such as peaks, depressions, funnels,
dark rivers, and water caves, are widely developed in the area. The elevation ranges from
370 to 1473 m with a relative elevation difference of 1103 m; the study area has a dry and hot
southern subtropical valley climate, with warm and dry winters and springs and hot and
humid summers and autumns, with an average annual temperature of about 18.4 ◦C and an
average yearly precipitation of about 1100 mm [41]. The soil is predominantly developed
on limestone with high soil fertility, but the soil layer is shallow and discontinuous, with
poor water retention and drought tolerance [43]. The AFS in the KD area mainly comprises
walnut, prickly pear, plum, apple, peach, loquat, and other fruit trees with ryegrass, white
clover, and other forage grasses, corn, potatoes, beans, and other crops (Figure 3).

 
Figure 3. Schematic diagram of three types of AFS used in the control of KD in HJ.

Finally, the example area of no–potential KD in the Karst Plateau trough valley of
Shibing was selected as the third study area (hereafter this is referred to as SB) (108◦01′36′′–
108◦10′52′′ E, 27◦13′56′′–27◦04′51′′ N). The topography is high in the north and low in
the south. Elevation ranges from 600 to 1250 m, with an average height of 912 m. It is a
subtropical humid monsoon climate, with warm spring and cool summer, four seasons,
an annual average temperature of 16 ◦C, and an average yearly rainfall of 1220 mm. The
area has a thick soil layer, mainly lime soil, high soil fertility, and traditional agriculture
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is well-developed. Therefore, the AFS in this KD area is composed chiefly of golden pear,
peach, cherry, plum, and other fruit trees with medicinal plants or forage grasses such as
yellow essence, prunus seeds, and white hyacinth (Figure 4).

 

Figure 4. Schematic diagram of three types of AFS used in the control of KD.

2.2. Sample Site Selection and Survey
2.2.1. Sample Site Selection

Based on the above classification of different AFS for the KD areas, and through field
survey by combining previous research results, we classified them into three types of AFS:
HG, ASV, and MWLs. Three 20 m × 20 m test plots were set up for each AFS type in
the three study areas, totaling nine plots per study area and 27 test plots for the three
study areas.

2.2.2. Structural Investigation

First, each study plot’s geographic coordinates and elevation were recorded with GPS
(Garmin 639csx USA Kansas) [44] and the slope direction and gradient were measured
with a slope meter (Supplementary Materials Table S1). Within each parcel, all tree species
present in the sample square were recorded, the diameter at breast height of all plants was
measured with a diameter at breast height ruler (cm), the crown width (m) was measured
with a 50 m long measuring tape, and the tree height (m) was measured with a 15 m long
telescopic height gauge. After that, two small diagonal sample squares with an area of
5 m × 5 m were selected for the survey, and all shrub species present in these sample
squares were recorded, and their basal diameter (cm), crown width (m), and height (m)
were measured. Finally, all herbaceous species occurring in five 1 m × 1 m small sample
squares located at the corners and center of the sample square were measured and recorded.
Their height (cm), the number of plants, multiplicity, and cover were also measured. For
the above, species that were difficult to identify in the field, we harvested their leaves and
brought them back to the laboratory to identify them concerning the references Flora of
Yunnan, Flora of China, Higher Flora of China, Flora of China, and so on, to establish a
database of information on plant species in each plot. We chose to conduct all the above
surveys at the peak of plant growth (July 2022).

Therefore, combined with field investigation and research, we used Excel (Version
2019, Washington, DC, USA) to determine the plant species composition of the AFS in KD
control areas and calculate the index parameters, SPSS (Version 25.0, Chicago, IL, USA) for
descriptive statistical analysis, and Origin 2018(Version 9.0, Northampton, MA, USA) for
mapping, aiming to explore the structural characteristics and stability of AFS.

2.2.3. Collection and Determination of Physical and Chemical Properties of Soils

In each 20 m × 20 m sample plot designed above, five small sample squares were
distributed on the four corners and the center point. First, we collected samples of soil from
0–10 cm and 10–20 cm depth with a ring knife from the root system after removing the
humus and brought it back to the laboratory to determine soil bulk density and capillary
porosity. We collected 1 kg samples of soil separately from 0–10 cm and 10–20 cm depths in
plastic bags and brought them back to the laboratory to determine the chemical properties
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of soil organic matter, total nitrogen, total phosphorus, and total potassium. The details and
equations for the collection and experimental operation of soil physical properties were
calculated by referring to the method of Li Ke et al. [45]. Specific indicators are shown in
Table 1.

Table 1. Indicators and measurement methods [45].

Indicators Measurement Methods

Soil pH (pH) By water leaching-potentiometric method (National Standard GB7859-87)
Soil bulk density (SBD) Soaking method and ring knife method
Soil capillary porosity (WFPS) Soaking method and ring knife method
Soil organic matter (SOM) National standard GB7857-87 oxidation of potassium dichromate -external heating method
Soil total nitrogen (TN) National standard GB7173-87 semi-trace Kelvin method
Soil total phosphorus (TP) Sodium hydroxide alkali fusion—molybdenum antimony anti-colorimetric method
Total potassium in soil (TK) By flame photometry

Soil Physical Indexes Were Determined

First, the fresh weight was determined by weighing the sample in the field, then it
was brought back to the laboratory, and soaked for 12 h. Second, the ring knives and
their contained samples were placed on absorbent paper for 2 h after full soaking and
then weighed. Finally, the weighted ring knives were dried in an oven at 115 ◦C and then
weighed once dry and the soil’s physical properties were calculated [45]. The calculation
formulae are:

Soil bulk density (g·cm3) (SBD) = Soil capacity (g·cm3) = wet soil weight inside the ring knife/ring knife

volume × (1 ± natural soil water content)
(1)

Soil capillary water holding capacity = (soil weight at 12 h of water absorption-dry soil weight)/dry soil × 100 (2)

Soil capillary porosity (WFPS) = capillary water holding capacity × capacity (3)

Soil Chemical Properties Determined

The soil brought back to the laboratory was air-dried and the chemical properties were
determined by taking the determination method in Table 1, and calculated according to the
following equation:

Soil organic matter (g·kg−1) = soil organic carbon (g·kg−1) × 1.724 (4)

Soil organic carbon (SOC, g·kg−1) =
c×5
V0

× (V0 − V)× 10−3 × 3.0 × 1.1

m × k
× 1000 (5)

where: c—0.8000 mol·L−1(K2Cr2O7), 5—the volume of potassium dichromate standard
solution added (mL), V0—the volume of FeSO4 used for blank titration (mL), V—the
volume of FeSO4 used for sample titration (mL), 3.0— 1

4 molar mass of carbon atoms
(g-mol−1), 10−3—Converting mL to L, 1.1—Oxidation correction factor, m—the mass of
air-dried soil sample (g), k—the coefficient of converting air-dried soil to dried soil, 1.724—
Average conversion factor for conversion of soil organic carbon to soil organic matter.

Soil total nitrogen (TN, g·kg−1) =
(V0 − V)× c

(
1
2 H2SO4

)
× 14.0 × 10−3

m
× 103 (6)

where: V—the volume of the acid standard solution used in the titration of the test solution
(mL); V0—the volume of the acid standard used in titration blank (mL); c—0.01 mol·L−1
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(K2Cr2O7) or the concentration of HCL standard solution; 14.0—the molar mass of nitrogen
atoms (g·mol−1); 10−3—Converting mL to L, m—the mass of the dried soil sample (g).

Soil total phosphorus
(

TP, g·kg−1
)
= ρ× V1

m
× V2

V3
× 10−3 × 100

100 − H
(7)

where: ρ—the mass concentration of phosphorus in the solution of the sample to be
measured (mg·L−1) as found from the calibration curve; m—weighing sample mass (g); V1—
the volume of the fixed volume of the sample after melting (mL); V2—the volume of solution
fixation when developing color (mL); V3—volume dispensed from the molten sample after
volume fixing (mL); 10−3—Conversion factor for converting mg·L−1 concentration units
to kg mass; 100

100−H —Conversion factor for converting air-dried soil to dried soil; H—the
percentage of moisture content in air-dried soil.

Soil total potassium
(

TK, g·kg−1
)
=

ρ × MVC × SM
m × 106 × 1000 (8)

where: ρ—the mass concentration of K in the solution to be measured from the stan-
dard curve (μg·mL−1); MVC—Constant volume of the measuring solution; SM—Score
multiplier; m—weighing sample mass (g); 106—Conversion of μg to g divisor.

2.2.4. Determination of the Rate of Rock Outcrop

We collected rock outcrops rate specimens by the mechanical pointing method and
photography method (Figure 5). First, holding a 1 m long bamboo pole, we walked along
the edge of the 20 × 20 m sample, clicked on the ground every meter, determined whether
the point was in contact with a rock, and counted the rocks. The absence of rocks was not
measured, rather it was the number of sample points clicked on rock outcrops that were
counted [46]. The rock exposure rate was calculated as the rock outcrops rate (BRR) = the
number of sample points in contact with rocks/total number of sample points.

Figure 5. Measuring the percentage of surrounding limestone rock outcrops in AFS. The (a) is the
original photo of 1 m × 1 m, and the (b) shows the rock area that was measured in the 1 m × 1 m.

Second, the size and area of rocks covered by the soil surface (1 × 1 m) were determined
by digital photography and later by using ImageJ processing software (Version 1.8.0.112,
New York, NY, USA) [47]. The above data were collected at the peak of plant growth
(July 2022).

2.3. Parameter Calculation and Model Construction
2.3.1. Calculation of Parameters of AFS Structure

This research used the spatial structure analysis method of a stand with one reference
tree and four nearest neighboring trees. The angular scale (W), mixing degree (M), and
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stand size ratio (U) were selected to establish the distribution of three spatial structure
parameters to analyze the spatial distribution pattern [48,49], the degree of species isolation,
and the degree of individual differentiation of woody plant distribution in ASF of the KD
control area.

Angular Scale

Angular scale (Wi). The angular scale reflects the distribution pattern of individual
trees in an agroforest and refers to the proportion of α angles smaller than the standard
angle α0 (α0 = 72◦) to the four α angles examined [48], which is calculated by equation.

Wi =
1
n ∑n

j=1 Zij (9)

where: Wi is the angular scale of reference tree I; the zij is a discrete variable; zij = 1 when
the jth α-angle is smaller than the standard angle α0, and zij = 0 vice versa.

The five values and significance of Wi: Wi = 0, indicates that the stand is particularly
uniformly distributed; Wi = 0.25, indicates that the stand is uniformly distributed; Wi = 0.5
indicates that the stand is randomly distributed; Wi = 0.75, indicates that the stand is
unevenly distributed; and Wi = 1 indicates that the stand is very unevenly distributed.
For the overall stand mean, the range of the random distribution is (0.475, 0.517), and for
the overall stand mean (w), the range of random distribution is within (0.475, 0.517), with
w > 0.517 being a clumped distribution and w < 0.475 being a uniform distribution.

Mixing Degree

Mixing degree (Mi). The degree of admixture was used to examine the spatial isolation
of tree species. It is described as the proportion of the four nearest neighbors of reference
tree I that is not of the same species as the proportion of individuals in the four nearest
neighbors of reference tree i that are not of the same species as reference tree i. It was
calculated by see equation:

Mi =
1
n ∑n

j=1 Vij (10)

where: Mi is the mixing degree of reference tree I; the Vij is the discrete variable vij = 1 when
the reference tree i is not the same species as the jth neighboring tree, vij = 0, otherwise,
vij = 0 [49].

The five values and meanings of Mi: Mi = 0, indicates that the stand is zero-mixed;
Mi = 0.25, indicates that the stand is weakly mixed; Mi = 0.5, indicates moderate mixing;
Mi = 0.75, indicates strong mixing; Mi = 1, indicates that the stand is very strong. For the
overall stand mean value (M), the larger the value indicates the higher the degree of species
isolation, and the more stable the stand.

Size Ratio

Size ratio (Ui). The size ratio refers to the ratio of the number of neighboring trees
with diameters larger than the reference. The ratio of the number of neighboring trees
with a diameter at breast height greater than that of the reference tree to the four nearest
neighboring trees examined. The calculation method is shown in equation.

Ui =
1
n ∑n

j=1 Kij (11)

where: Ui is the size ratio of the reference tree I; the kij is the discrete variable If the
neighboring tree j is smaller than the reference tree i, kij = 0, otherwise, kij= 1 [48].

The five values and meanings of Ui. Ui = 0 indicates that the reference tree is dominant;
Ui = 0.25, indicates that the reference tree is subdominant; Ui = 0.75, indicates that the
reference tree is inferior; Ui = 1, indicates that the reference tree is inferior. It can be seen
that the size ratio quantifies the relationship between the reference tree and its neighbors,
and the lower the value (Ui), the fewer neighbors have a larger diameter at breast height
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than the reference tree. For the mean size-ratio value (U), the statistics by species can
better understand the competition among species in the stand, and there are five values
and meanings: when the U = 0, the species is preferred. When 0 < U ≤ 0.33, the species
is suboptimal. When 0.33 < U ≤ 0.67, the species is in the intermediate state. When
0.67 < U < 1, the species is in an inferior condition. When U = 1, it means that the species is
inferior. Among them, those in superior and suboptimal states are dominant species, and
those in inferior and absolute inferior states are inferior tree species.

2.3.2. Species Diversity

Based on the field survey data, the plant species and animal species in the AFS were
surveyed, and the importance value (IV) of plant species in the sample site was calculated,
as well as its species diversity index, with the importance value IV = (relative abundance +
relative frequency + relative dominance)/3 [44].

Shannon Diversity Index H′ : H′ = −∑s
i=1 Pilnpi (12)

Pielou Uniformity Index E : E =
H′

lnS
(13)

Simpson dominance index C : C = ∑s
i=1

Ni(Ni − 1)
N(N − 1)

(14)

Margalef Richness Index D : DMG=
S − 1
lnN

(15)

where: in Equations (12)–(15): Pi is the frequency; Pi = Ni/N, S is the number of taxa; Ni
is the number of individuals of the “i” taxon; and N is the total number of individuals of
all taxa.

2.3.3. Establishment of Evaluation Index System
Selection Criteria and Principles of Evaluation Indicators

As a semi-natural ecosystem, the AFS cannot escape the interaction between material
cycles and energy transfer with the surrounding environmental conditions. It makes them
into a non-linear zone far from equilibrium. To better understand the structure and stability
of AFS, the concept of multi-indicator evaluation based on information entropy theory can
provide us with a measure of uncertainty or confusion of information in AFS so that we
can better rely on important information from them to achieve the improvement of AFS
stability. Therefore, we comprehensively consider the actual situation of AFS in KD areas.
To ensure the system reliability of the evaluation system, we aimed to evaluate the AFS
stability in KD control areas and develop the principles and criteria for constructing the
index system. (Supplementary Materials Tables S2 and S3).

Establishment of Evaluation Indicators

We divided the evaluation factors into the target, criterion, and indicator layers accord-
ing to the dissipative structure information entropy theory. The target layer is agroforestry
ecosystem stability. The criterion layer is the AFS structure and KD standing environment
factors. The indicator layer is divided into primary indicators and secondary indicators.
The first-level hands are four, including forest stand structure, species diversity, soil fertility,
and topographic factors. There are 20 secondary indicators, including angular scale, hy-
bridization, size ratio, depression, tree height, crown width, plant richness index, diversity
index, uniformity index, dominance index, soil organic matter, total soil nitrogen, total soil
phosphorus, total soil potassium, soil bulk, soil capillary porosity, soil pH, slope, elevation,
and rock outcrops rate. Based on the above target layer, criterion layer, and indicator layer,
we constructed the evaluation index system (Table S4 in Supplementary Materials), which
provides support for further construction of the weight matrix and affiliation matrix, and
fuzzy matrix based on the indicators in the criterion layer and target layer, respectively.
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Among them, the primary index is expressed as U= {U1, U2, U3..., Un}, and the
secondary index is expressed as Ui= {Ui1, Ui2, Ui3, ..., Uin} (i = 1, 2, 3, ..., n), and Uin denotes
the nth index of the ith level of evaluation [50,51].

Calculation of Indicator Weight Values

a. Assume that there are mth agroforestry samples and nth evaluation indicators.
From this, the original matrix X′ = [X′

ij]mn for stability evaluation can be established
as follows:

X′ =

⎡
⎢⎢⎢⎣

x′11 x′12 · · · x′1n
x′21 x′22 · · · x′1n

...
...

...
...

x′m1 x′m2 · · · x′mn

⎤
⎥⎥⎥⎦ (16)

where: x′ij is the value of the j evaluation indicator in the ith AFS sample.
b. Data standardization.
The data of the sample matrix X’ is dimensionless, and this paper uses the extreme

value method to process:
When the indicator data response is a positive effect:

Xij =
x′ij − min

(
x′ij

)
max

(
x′ij

)− min
(
x′ij

) (17)

When the indicator data response is a negative effect:

Xij =
max

(
x′ij

)− x′ij
max

(
x′ij

)− min
(
x′ij

) (18)

where: Xij is the normalized value, where 1 ≤ i ≤ m, and i is an integer; max(X′
ij) and

min(X′
ij) are the maximum and minimum values in row i of the matrix X′, respectively.

The matrix X after data normalization is:

X =

⎡
⎢⎢⎢⎣

x11 x12 · · · x1n
x21 x22 · · · x2n

...
...

...
...

xm1 xm2 · · · xmn

⎤
⎥⎥⎥⎦ (19)

c. Calculate the entropy value of the jth evaluation index.
The formula for calculating the entropy value of each evaluation index is:

Ej =−∑m
i=1 fijln fij

lnm
(20)

fij=
xij

∑n
i=1 xij

(21)

where: Ej is the entropy value, Ej ≥ 0; fij is the frequency of evaluation index j in the ith
sample, 0 ≤ fij ≤ 1.

d. Calculation of weight values:

Wj=
1 − Ei

∑n
i=1(1 − Ei)

− 1 − Ei

n − ∑n
i=0 Ei

(22)

where: 0 ≤ Wj ≤ 1, ∑n
i=1 Wi = 1. After calculating the weight of each index, the entropy

weight matrix Wi= {Wi1, Wi2, . . . , Wi3}, for the second level evaluation index is determined
first, and then the entropy weight matrix W= {W1, W2, . . . , Wn}, for the first level evaluation
index is determined.
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Establishment of the Evaluation Set

Based on the available research results and the nature and specific conditions of the
evaluated objects, the evaluation set V = {V1, V2, . . . , Vk} is created for the first and second
levels of evaluation indicators, where k is the number of evaluation levels and k = 5. The
evaluation indexes were classified into I, II, III, IV, and V classes, which were excellent,
good, moderate, poor, and very poor, respectively. There is no uniform classification
standard for some evaluation indicators, so this paper uses the extreme difference method
to classify them according to the actual measurement results (Supplementary Materials
Table S5. Evaluation Table S6).

Creation of Fuzzy Matrix

According to the established evaluation set, V distinguishes the affiliation degree
rij(0 ≤ rij ≤ 1)) of the set to which each evaluation factor Ui belongs. The descending semi-
trapezoidal affiliation function is used to calculate the affiliation of negative effect indicators;
the ascending semi-trapezoidal affiliation function is used to calculate the association of
positive effect indicators. The fuzzy relationship matrix R (i.e., the affiliation matrix) is
obtained according to the established affiliation function.

R =

⎡
⎢⎢⎢⎣

r11 r12 · · · r1k
r21 r22 · · · r2k
...

...
...

...
rn1 rn2 · · · rnk

⎤
⎥⎥⎥⎦ (23)

where: rij is the affiliation degree of the “j” evaluation level to which the “i” evaluation
index belongs.

Comprehensive Evaluation

First, the fuzzy comprehensive evaluation of the second-level indicators; the fuzzy
evaluation vector Si of the second-level indicators are obtained.

Si= wi·Ri = {wi1 , wi2 , . . . , wij
}·

⎡
⎢⎢⎢⎣

r11 r12 · · · r1k
r21 r22 · · · r2k
...

...
...

...
rn1 rn2 · · · rnk

⎤
⎥⎥⎥⎦ (24)

where: Si is the affiliation vector of the evaluation set V to which the second-level evaluation
factor Ui belongs, 1 ≤ i ≤ 3, and i is an integer. Then the fuzzy comprehensive evaluation
is calculated for the first-level indexes.

A = W·S (25)

where: W is the weight vector of the first-level indicators; S is the affiliation vector of the
evaluation set V to which the first-level evaluation factor U belongs; A is the affiliation
vector of the evaluation set V to which the study area’s AFS stability belongs. According to
the principle of maximum affiliation, the affiliation level of A can be determined.

3. Results

3.1. Plant Species Components

Components are the elements that make up the system. The most important feature
of the AFS, unlike agricultural (mainly plantation) and forestry systems, is that they
have many structural components; as the number of components increases, the diversity,
complexity, and stability of the system increase, and the processes of material cycling and
energy flow in the system change, and productivity increases. In the case of AFS, the main
components are crops and forest trees, whose presence and quantity play an essential role
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in maintaining the balance and stability of the ecosystem. Therefore, this section aimed to
explore the species composition and diversity of AFS in KD control areas.

3.1.1. Types of AFS Structure

The fieldwork and statistics revealed that the primary structure types of the homegar-
den (HG), the agrisilviculture (ASV), and the multipurpose woodlots (MWLs) in the three
study areas had significant differences.

Firstly, in terms of the HG, the BJ study area vegetation was mainly comprised of
walnut (Juglans regia L.), prickly pear (Rosa roxburghii Tratt.), apple (Malus pumila Mill.),
plum (Prunus salicina Lindl.), loquat (Eriobotrya japonica Lindl), and other woody plants
and vegetables with understory beekeeping, understory chicken farming, and different
primary structure types such as walnut-prickly pear-beekeeping, walnut-apple-chicken
keeping, apple-plum-vegetable, farming etc. The spatial relationship is mainly clumped
mixed species and contour belt-type hybrid species. The HJ study area vegetation primarily
comprised walnut, loquat, pear (Pyrus spp.), pepper (Zanthoxylum bungeanum Maxim.),
persimmon (Diospyros kaki Thunb.), cherry (Prunus pseudocerasus Lindl.), citrus (rosa peach
clementine), and other woody plants combined with amomi fructus (Amomum villosum
Lour.), sweet potato (Ipomoea batatas (L.) Poir.), cabbage (Brassica rapa var. Glabra regel),
eggplant (Solanum melongena L.), and other crops such as walnut-loquat-pear-sand-potato,
walnut-pepper-sand, citrus-persimmon-cherry-vegetable, etc. The spatial relationships
were mainly vertical spatial structures and clumped mixed species. In SB, which is primarily
composed of woody plants such as peach (Pesca), cherry, and plum in combination with
crops such as cabbage, eggplant, pepper, and tomato (Solanum tuberosum L.). Its primary
structure types peach-plum-cherry-vegetable, peach-corn-vegetable, and peach-potato-
vegetable, were mainly dominated by the spatial relationship of clumped mixed species.

Secondly, as far as the ASV is concerned, the BJ study area mainly comprised woody
plants such as walnut, apple(malus), and prickly pear with ryegrass (Lolium perenne L.),
maize (Zea mays L.), white clover (Trifolium repens L.), etc. The primary structure types
of walnut-apple-white clover, walnut-prickly pear-corn, walnut-corn-rye grass, etc., are
mainly dominated by clumped mixed species with vertical spatial structure. The HJ
study area vegetation mainly consists of pepper, dragon fruit (Hylocereus undulatus Britt),
plum, citrus, and other woody plants with corn, sugarcane (Saccharum officinarum L.),
peanut (Arachis hypogaea L.), and different structural types such as pepper-dragon fruit-
sugarcane, pepper-plum, pepper-dragon fruit, citrus-plum-corn, intercropping and double-
layer structure. The SB study area vegetation mainly consists of golden pear (Pyrus pyrifolia
(Burm.f.) Nakai), peach, and other woody plants with pasture (Arthraxon P.Beauv.), corn,
roasted tobacco (Nicotiana tabacum L.), and different structural types of golden pear-pasture,
peach-roasted tobacco peach-corn, mainly for the double-layer structure.

Finally, regarding the MWLs, the BJ study area vegetation is mainly comprised of
walnut, prickly pear, firethorn (Pyracantha fortuneana (Maxim.) H.L.Li), single flower (Hy-
pericum monogynum L.), lacquer tree (Rhus verniciflua Stokes), and other woody plants
combined with pasture and different structural types such as walnut-prickly pear-pasture,
prickly pear-goldenrod-pasture, walnut-firethorn-lacquer tree-pasture, which are mainly
clumped mixed species. The HJ study area vegetation primarily consists of woody plants
such as walnuts, paper mulberry (Broussonetia papyrifera (L.) L’Hér. ex Vent.), medicinal evo-
dia fruit (Euodia sp.), oriental arborvitae (Platycladus orientalis (L.) Franco), loquat (Eriobotrya
japonica (Thunb.) Lindl.) with honeysuckle flower (Lonicera L.), banana (Musa × paradisiaca
L.), bamboo (Bambuseae), etc. The structure types of walnuts-honeysuckle flower-medcinal
evodia fruit, walnuts-paper mulberry-banana, oriental arborvitae-walnuts-honeysuckle
flower, etc., are mainly in the form of clumped mixed planting and intercropping structure.
The study area of SB mainly consists of golden pear combined with perennial herbs such
as many flower Solomonseal rhizome (Polygonatum sibiricum Redouté), hyacinth orchid
(Bletilla striata (Thunb.) Rchb.f.), heterophylly falsestarwort root (Radix Pseudostellariae),
grass family (Gramineae). Such as the golden pear- many floSolomonsealseal rhizome-grass
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families, golden pear- hyacinth orchid-grass family, golden pear- heterophylly falsestar-
wort root-grass family, and other structural types, mainly intercropping mixed and double
layer structure.

3.1.2. Species Composition and Importance Values

In the AFS, crops and forest trees are notable species that play a key role in the balance
and stability of the ecosystem. First, forest trees are an integral part of AFS, providing
wood, fiber, and other biomass needed by humans and critical ecological services to the
ecosystem. Second, crops offer food and other necessities humans need while providing
ecological benefits, promoting ecosystem diversity, and providing food and habitat for
other organisms. Developing AFS can also contribute to ecosystem diversity by providing
food and habitat for other organisms. Statistical analysis of the species composition of the
three study areas resulted in the following (Supplementary Materials Tables S7 and S8).

Firstly, in the HG, the BJ study area had 29 species of plants belonging to 20 families
and 29 genera, among which nine species of plants of Asteraceae accounted for 21.95%
of the total, four species of plants of Gramineae accounted for 9.76% of the total, two
species of plants of Labiatae, Caryophyllaceae, Polygonaceae, and Urticaceae respectively,
and 4.88% of the total respectively, and the rest of the families had only one species of
plants. The HJ study area had 19 species of plants belonging to 15 families and 17 genera,
among which two Asteraceae and Leguminosae, respectively, accounted for 10.53% of the
total, and the rest had only one species. The SB study area had a total of 43 species of plants
belonging to 19 families and 42 genera, including seven species of Asteraceae, accounting
for 16.28% of the total, four species of Labiatae and Solanaceae, accounting for 9.30% of the
total, three species of Gramineae, accounting for 6.98%, Rosaceae, Primulaceae, liliaceae,
and Polygonaceae all had two species, accounting for 4.65% of the total. In comparison,
the rest of the families had only one species. Taken together, the above species structures
of Asteraceae, Gramineae, and Labiatae were present in both the BJ and SB study areas,
indicating their greater dominance in the development of HG, while the HJ study area
showed more significant differences.

Secondly, in the ASV, the BJ study area had 27 species of plants belonging to 19 families
and 27 genera, including five species of Asteraceae (16.22% of the total), four species of
Gramineae (13.51% of the total), three species of Rosaceae (10.81%) and three species of
Labiatae (8.11%). The SB study area had 21 species of plants, belonging to 10 families and
21 genera, including four species of grasses, accounting for 19.05% of the total, four species
of Labiatae, and four species of Asteraceae, accounting for 9.52% of the total, and only one
species of plants in each family. In the above AS species structure, plants of Asteraceae
were all present, indicating that they had a more significant advantage in developing AS.

Finally, in the MWLs, the BJ study area had 30 plant species belonging to 13 families
and 21 genera, among which seven species of Asteraceae accounted for 26.67% of the total,
four species of Gramineae accounted for 13.33% of the total, two species of Leguminosae
accounted for 6.67% of the total, and the rest had only one species of plants in each family.
The HJ study area had 14 plant species, belonging to 10 families and 12 genera, among
which two species of Asteraceae and two species of Gramineae accounted for 14.29% of
the total, and the rest had only one species of plant in each family. The SB study area
had 32 species of plants belonging to 17 families and 22 genera, including five species of
Asteraceae, accounting for 15.63% of the total, four species of Gramineae, accounting for
12.50% of the total, two species of Amaranthaceae, accounting for 9.38% of the total, and
two species of Xanthate, accounting for 6.25% of the total. The rest of the families had only
one species of plants. In the above species structure, Asteraceae were present in all three
study areas, indicating that Asteraceae have a tremendous advantage in developing AFS.

3.1.3. Plant Diversity

The analysis of plant species diversity (Supplementary Materials Table S9) reveals
the plant species diversity for the different types of AFS in the KD areas. Overall, the AFS
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formed by KD has a simpler structure and lower species diversity and generally shows a
higher level of herbaceous plant species diversity than woody plant species diversity. In
particular, it was found that the AFS formed by the KD mainly consisted of a two-layer
structure consisting of trees and herbs or shrubs and herbs, indicating that their hierarchical
structure was relatively like HG. The H’ diversity index of different types of the AFS in the
various study areas was ranked BJ > HJ > SB, indicating that the overall species diversity
level in the BJ study area was higher than that in the other two study areas. The evenness
index E reflected the uniformity of plant species in AFS, and the overall performance was
ranked HJ > BJ > SB, indicating that the general distribution of AFS in the HJ study area
was more uniform. The C dominance index showed an opposite pattern to the H diversity
index. The SB study area with a lower species diversity index value had a lower overall
diversity level and higher dominance.

3.2. Forest Stand Structure in the AFS

For the AFS, the main components are crops and perennial woody plants. It is an
artificial system configured with perennial woody plants and produced in a particular time
and space to imitate the natural ecosystem according to individual functional needs. It has
not only the properties of the natural ecosystem but also the properties of the plantation
ecosystem [9,16]. It has also been pointed out that in the study of AFS, not only the horizon-
tal properties (such as species composition and their diversity) should be considered, but it
is also necessary to pay attention to their vertical spatial structural characteristics (such as
the spatial location of woody plants and their relationships) to make possible to maintain
the AFS total development. On the one hand, the diameter at breast height, crown width,
and tree height in the non-spatial structure are essential indicators of woody plant growth
and ecosystem health. They can provide information about the stand structure and species
diversity of AFS, which can better reveal the structural characteristics of AFS and are essen-
tial for the adequate protection and maintenance of healthy development of ecosystems.
On the other hand, spatial structural characteristics describe the properties of the spatial
location of forest trees and their arrangement relationships, which largely determine the
functions played by agroforestry. A complete understanding of its spatial structural charac-
teristics is necessary to develop more appropriate agroforestry management strategies to
guide its management practices.

Therefore, we analyzed the characteristics of the AFS structure in the KD control areas
from both non-spatial and spatial systems of forest stands to provide theoretical support
for optimizing the AFS structure.

3.2.1. Nonspatial Structure

In this section, we describe the nonspatial structural characteristics of three agro-
forestry systems (AFS) types. They are homegarden (HG), agrisilviculture (ASV), and
multipurpose woodlots (MWLs).

Nonspatial Structural Characteristics of the HG

In the HG (Figure 6), the values for diameter at breast height, tree height, and crown
width of agroforestry woody plants in the BJ study area were 8.05 ± 1.23 cm, 4.21 ± 0.61 m,
and 2.94 ± 0.31 m, respectively. The values for diameter at breast height, tree height, and
crown width of the HJ study area woody plants were 8.30 ± 1.23 cm, 4.16 ± 0.47 m, and
3.14 ± 0.34 m, respectively. In the SB study area, the values for woody plants’ diameter
at breast height, tree height, and crown width were 6.01 ± 0.86 cm, 3.40 ± 0.38 m, and
2.89 ± 0.22 m, respectively. Among them, the values for diameter at breast height, tree
height, and crown width of woody plants in the BJ and HJ study areas were larger than
those in the SB study area, indicating that woody plants in the BJ and HJ study areas were
more luxuriant. In addition, from the perspective of kurtosis and skewness, the overall
distribution curve of the non-spatial structure of woody plants in the BJ and HJ study areas
was leftward and spiky. In contrast, the canopy width distribution of woody plants in the
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SB study area was more dispersed, and the peaks were flat. The woody plants in the BJ and
HJ study areas showed more concentrated distribution characteristics, while those in the
SB study area were more dispersed.

Figure 6. Nonspatial structure in HG. DBH, TH, and CW in the figure indicate the diameter at breast
height (cm), tree height (m), and crown width (m), respectively (the same in the figure below); in
addition, (a1–a3) indicate the BJ, (b1–b3) indicate the HJ, (c1–c3) indicate the SB.

Nonspatial Structural Characteristics of the ASV

In the ASV (Figure 7), the values for diameter at breast height, tree height, and crown
width of agroforestry woody plants in the BJ study area were 15.39 ± 1.66 cm, 6.14 ± 0.61 m,
and 4.21 ± 0.36 m, respectively. The values for diameter at breast height, tree height, and
crown width of agroforestry woody plants in the HJ study area were 8.59 ± 1.02 cm,
3.10 ± 0.52 m, and 2.64 ± 0.28 m, respectively. The values for diameter at breast height,
tree height, and crown width of agroforestry woody plants in the SB study area were
10.93 ± 0.88 cm, 4.13 ± 0.49 m, and 2.99 ± 0.27 m, respectively. The diameter values
at breast height, height, and crown width of woody plants in the SB study area were
10.93 ± 0.88 cm, 4.13 ± 0.49 m, and 2.99 ± 0.27 m. In conclusion, among the ASV, the
parameters diameter at breast height, tree height, and crown width of woody plants in the
BJ study area were the largest, while those for the diameter at breast height, tree height, and
crown width of woody plants in the HJ study area were the smallest. The SB study area
was at an intermediate level. In addition, the kurtosis and skewness values of diameter
at breast height, tree height, and crown width in the three study areas were greater than
zero except for the HJ tree height distribution, which was less than zero, indicating that the
overall distribution curve of the non-spatial structure of this type of ASV was slightly left
and spiky.
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Figure 7. Nonspatial structure in ASV. DBH, TH, and CW in the figure indicate the diameter at breast
height (cm), tree height (m), and crown width (m), respectively (the same in the figure below); in
addition, (a1–a3) indicate the BJ, (b1–b3) indicate the HJ, (c1–c3) indicate the SB.

Nonspatial Structural Characteristics of the MWLs

In the MWLs (Figure 8), the values for diameter at breast height, height, and crown
width of agroforestry woody plants in the BJ study area were 11.52 ± 0.75 cm, 3.19 ± 0.22 m,
and 3.37 ± 0.20 m, respectively. The values for diameter at breast height, tree height, and
crown width of the HJ study area woody plants were 11.34 ± 1.25 cm, 2.68 ± 0.42 m,
and 2.97 ± 0.38 m, respectively. The values for diameter at breast height, tree height,
and crown width of the SB study area woody plants were 9.30 ± 0.81 cm, 2.04 ± 0.11 m,
and 1.97 ± 0.11 m, respectively. Among them, the kurtosis values of the canopy width
distribution of the diameter at breast height of the BJ study area woody plants were less
than zero, and the skewness values were more significant than zero, which indicated that
the canopy width distribution was more dispersed, and the peaks were flat. The kurtosis
values of the diameter distribution at breast height and height of the SB study area trees
were less than zero, indicating that the distribution of diameter at breast height and crown
width was more dispersed, and the peaks were flat. The distribution of woody plants in
the BJ study area was more concentrated, while the SB study area was more scattered. In
addition, the HJ study area had the most significant tree height distribution with kurtosis
and skewness values greater than zero, indicating that its tree height distribution was to the
left of the distribution curve and had a spike shape, saying that the tree height distribution
of the HJ study area woody plants was more concentrated compared to the diameter at
breast height and crown width.
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Figure 8. Nonspatial structure in MWLs. DBH, TH, and CW in the figure indicate the diameter at
breast height (cm), tree height (m), and crown width (m), respectively (the same in the figure below);
in addition, (a1–a3) indicate the BJ, (b1–b3) indicate the HJ, (c1–c3) indicate the SB.

3.2.2. Spatial Structure

In this section, we describe the spatial structural characteristics of three agroforestry
systems (AFS) types. They are homegarden (HG), agrisilviculture (ASV), and multipurpose
woodlots (MWLs).

Spatial Structural Characteristics of the HG

In the HG (Figure 9), first, the distribution pattern of stand level shows that the average
angular scale distribution frequency in the BJ study area was slowly decreasing between
W = 0.25 and W = 1. The distribution frequency (33.33%) was maximum and equal at
W = 0.25 and W = 0.5, indicating that woody plants were primarily in a random and uniform
distribution. The frequency of distribution (33.33%) was the most extensive and equal in
the HJ study area at W = 0.25 and W = 0.75, respectively, and the frequency of distribution
(26.67%) was relatively small at W = 0.5, indicating that the spatial distribution pattern
of HJ mainly was in a random and uneven distribution (6.67%), the spatial distribution
pattern of the SB study area was random and irregular.

Second, from the degree of species segregation, it can be seen that the distribution
frequency was the largest at M = 0.75 (26.67%). The smallest at M = 0.5 (13.33%) in the BJ
study area, and the proportion of the remaining mixed degree was 20%, indicating that the
overall species segregation was strong, and the stand was relatively stable; the distribution
frequency was the largest at M = 0.5 (33.33%) and M = 0.25 (26.67%) in the HJ study area. In
addition, the frequency of distribution at M = 0.75 and M = 0.1 (20%) was equal, indicating
that the study area has strong species segregation and a relatively stable stand; in the SB
study area, the frequency of distribution at M = 0.75 was the highest (66.67%), and the
frequency of distribution at M = 0.5 was the second highest (26.67%), indicating that the
study area had a low species segregation and low stand stability. The distribution frequency
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at M = 0.5 was the second highest (26.67%), implying that all tree species in the study area
were quite isolated and it had low stability.

Figure 9. Spatial structure of HG. The W stands for angular scale, M stands for mixing degree, and U
stands for the size ratio.

Finally, regarding the degree of stand size differentiation, the proportion of single trees
with absolute dominance in the BJ study area reached 46.67%, while those at a complete
disadvantage were 0. The average size ratio (0.52), which was between 0.33 and 0.67,
indicated that the reference trees were mostly in an intermediate state; the HJ study area
showed a trend of decreasing with the increase of the value level from absolute dominance
to absolute disadvantage. The highest distribution frequency (33.33%) was found in the HJ
study area at U = 0.25 and U = 0.5, indicating that the reference trees were mostly moderate;
the proportion of single trees in absolute dominance in the SB study area reached 40% and
showed a decreasing trend from dominance to complete sovereignty, indicating that the
number of reference trees in this study area was gradually decreasing from dominant to
absolutely inferior trees.

Spatial Structural Characteristics of the ASV

In the ASV (Figure 10), first of all, the distribution pattern at the stand level shows that
the most significant distribution frequency (46.67%) was at W = 0.50 in the BJ study area. In
comparison, the distribution frequency was the same at 26.67% at W = 0.25 and W = 0.75,
and there was no W = 1.00, indicating that woody plants in this agroforestry type primarily
reside in a random and uneven distribution; the distribution frequency in the HJ study area
was the largest (46.67%) at W = 0.25. In the HJ study area, the distribution frequency was
the highest at W = 0.25 (46.67%), and the distribution frequencies were equal at W = 0.5 and
W = 0.75 (26.67%), indicating that woody plants in this type of agroforestry were mostly
randomly and unevenly distributed; in the SB study area, the distribution frequency was
the highest at W = 0.5 (66.67%), indicating that more tree species in this type of agroforestry
were randomly and evenly distributed.

Figure 10. Spatial structure of ASV. The W stands for angular scale, M stands for mixing degree, and
U stands for the size ratio.
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Secondly, the distribution frequency at M = 0.75 was the highest in the BJ study area
(40%). It shows that this type of agroforestry has a high degree of species isolation and
relatively stable forest stands. The distribution frequency at M = 0.5 was the highest in
the HJ study area (46.67%). The trend decreased from M = 0.5 to both ends, indicating
a substantial degree of species segregation and a relatively stable stand in this type of
agroforestry. The distribution frequency was the highest at M = 0 (33.33%) in the SB,
indicating that the degree of species segregation in this type of agroforestry was low, and
the stand was unstable.

Finally, regarding the degree of stand size differentiation, the proportion of woody
plant size ratios in the BJ study area that were dominant and subdominant was the same
(33.33%), indicating that the reference trees in this system were dominant. Subdominant
species were the same, indicating that the number of reference trees in inferior and absolute
inferior strains was low, and all were in the transition between dominant and subdominant
to intermediate state; the proportion of single trees in complete dominance in the SB study
area was 30%, while the proportion of single trees in subdominants was 30%. The balance
of single trees at absolute authority reached 30%, while the proportion of single trees at
subdominant and moderate was the lowest (33%). The ratio of single trees at inferiority
and absolute inferiority (20%) indicates that the number of reference trees at inferiority and
absolute inferiority was low. The overall state was excessive, from dominance to inferiority.

Spatial Structural Characteristics of the MWLs

In MWLs (Figure 11), first, the distribution pattern at stand level shows that the
frequency of distribution was maximum (33.33%) at W = 0.50 in the BJ study area, equal at
W = 0.25 and 0.50, and minimum (13.33%) at W = 1.00, indicating that woody plants in this
study area were mostly in random and uneven distribution; the frequency of distribution
was maximum (40%) at W = 0.75 and minimum (13.33%) at W = 1.00 in the HJ study
area, indicating that woody plants in this agroforestry type were primarily in random and
uneven distribution. The distribution frequency was the highest at W = 0.75 (40%) and
the lowest at W = 1.00 (13.33%) in the HJ study area, indicating that woody plants in this
agroforestry type were mostly randomly and unevenly distributed. It indicates that woody
plants in AFS were mostly randomly and uniformly distributed and show a decreasing
trend from a uniform distribution to random and uneven distribution.

Figure 11. Spatial structure of MWLs. The W stands for angular scale, M stands for mixing degree,
and U stands for the size ratio.

Second, in terms of species segregation, the distribution frequencies of M = 0.5 and
M = 0.75 in the BJ study area were the highest and the same (33.33%), indicating that all
types of AFS in the study area were in a relatively large proportion of medium-intensity
mixing, indicating that the overall species segregation was strong, and the forest stands
were relatively stable. The frequency of M = 0.5 and M = 0.75 in the HJ study area was
the highest (33.33%), and there was a decreasing trend from the center of M = 0.75 to the
two ends, indicating that the tree species in this type of agroforestry ecosystem were more
segregated and the stand was more stable. The maximum distribution frequency (100%)
was found at M = 0.00 in the multifunctional agroforestry ecosystem, indicating that species
segregation was extremely low, and the stability was low in this study area.
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Finally, in terms of stand size differentiation, the distribution frequency of U = 0.25
was the largest in the BJ study area (46.67%), followed by the distribution frequency at
U = 0.00 (26.67%), which showed a “single-peaked” and decreasing trend distribution
from the center to both ends of the subdominant distribution state. The proportion of
absolute dominant and subdominant trees was the same in the SB study area (26.67%),
the proportion of moderate trees was the lowest (6.67%), and the balance of inferior and
absolute inferior trees was the same (20%). This indicates that the reference species in ASV
were mostly dominant and subdominant trees.

3.3. Stability Analysis
3.3.1. Calculation of Evaluation Index Weights and Analysis of the Results

We can draw the following conclusions based on the weight values of each indicator in
Table 2. First, soil fertility had the most significant contribution in the first-level hand with
a weight of 0.3402, which is an essential factor affecting the AFS stability. In the first-level
index of soil fertility, the weight of the soil’s total potassium content was 0.0886, which is
an extremely significant influencing factor. Potassium, phosphorus, and organic matter
content in soil are essential nutrients in soil fertility, which play a decisive role in plant
growth and development.

Table 2. Weights of indicators at each level.

First-Class Index Second-Class Index

Ordinal Indicator Name Weight Ordinal Indicator Name Weight

1 U1 0.2983

1 U11 0.0462
2 U12 0.0722
3 U13 0.0374
4 U14 0.0274
5 U15 0.0604
6 U16 0.0546

2 U2 0.1909

7 U21 0.0466
8 U22 0.0323
9 U23 0.0366
10 U24 0.0754

3 U3 0.3402

11 U31 0.0547
12 U32 0.0550
13 U33 0.0567
14 U34 0.0886
15 U35 0.0301
16 U36 0.0300

4 U4 0.1706

17 U37 0.0250
18 U41 0.0587
19 U42 0.0658
20 U43 0.0461

Second, the contribution of stand structure in the first-level index was second only
to soil fertility, with a weight value of 0.2983, which is also a key factor affecting the AFS
stability. Among the first-level indicators of stand structure, the degree of stand mixing
with a weight of 0.0722 was an important influence factor in this indicator, which describes
the degree of spatial segregation of tree species in AFS, interspecific relationships. The
degree of stand mixing not only influences the nutrient uptake and photosynthesis of a
single stand but also significantly impacts the growth and development of shrubs, herbs,
and soil animals in the understory, which plays an essential role in the configuration of the
agroforestry ecosystem.

Once again, the weight value of plant species diversity in the primary index was
0.1909, in which the diversity index and richness index were significant influencing factors.
Finally, among the topographic factors, elevation was the main influencing factor; however,
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the contribution rate of each secondary index is in a more balanced state, and they were all
critical influencing factors in stability.

In conclusion, it is clear from the weight values of each indicator that there was not a
single factor driving the stability of AFS, but all the influencing factors worked together.
Therefore, in the planning and management of AFS, each indicator’s contribution and
influencing factors need to be considered comprehensively to achieve the stability and
sustainable development of the system.

3.3.2. Multilevel Fuzzy Comprehensive Evaluation

Based on the evaluation level criteria, the evaluation affiliation matrix R of the evalua-
tion index set Ui to the evaluation domain V was determined. Establishing the evaluation
affiliation R is the key to fuzzy comprehensive evaluation. According to the effects of the
evaluation fingers, the fuzzy relationship matrix affecting different AFS stability in the KD
areas can be obtained by substituting the above affiliation function formula. According to
the established fuzzy relationship matrix and the weight values of the secondary evalua-
tion indexes (Table 2), the second evaluation was conducted using equation (24), and the
secondary fuzzy evaluation matrix S11 of the first AFS in the BJ study area is obtained.

S11 =

⎡
⎢⎢⎣

0.0000 0.0000 0.2987 0.1603 0.0000
0.1895 0.3380 0.0000 0.0000 0.0000
0.0442 0.0662 0.0681 0.0382 0.0650
0.2857 0.0000 0.0677 0.0000 0.0128

⎤
⎥⎥⎦

Similarly, the secondary fuzzy evaluation matrix of the other two types of AFS can be
obtained as:

S12 =

⎡
⎢⎢⎣

0.0211 0.1291 0.2381 0.0377 0.0000
0.0645 0.2623 0.1309 0.0000 0.0000
0.0442 0.1276 0.0000 0.1968 0.0000
0.0000 0.2497 0.0656 0.0000 0.0035

⎤
⎥⎥⎦ S13 =

⎡
⎢⎢⎣

0.0000 0.0000 0.2003 0.2588 0.0000
0.0000 0.2399 0.2032 0.0961 0.0000
0.0804 0.0675 0.1276 0.0000 0.0407
0.3442 0.0624 0.0000 0.0000 0.0406

⎤
⎥⎥⎦

The secondary level fuzzy evaluation matrix of the AFS in HJ is obtained as:

S21 =

⎡
⎢⎢⎣

0.3227 0.1412 0.1221 0.0827 0.0000
0.2283 0.0995 0.0000 0.0765 0.0000
0.3107 0.1710 0.0000 0.0000 0.0290
0.2858 0.0000 0.1822 0.0000 0.1363

⎤
⎥⎥⎦ S22 =

⎡
⎢⎢⎣

0.0000 0.0607 0.2646 0.0397 0.0000
0.0000 0.0000 0.0000 0.0000 0.3327
0.0163 0.1661 0.0715 0.0709 0.0120
0.3805 0.0209 0.0000 0.0000 0.1318

⎤
⎥⎥⎦

S23 =

⎡
⎢⎢⎣

0.0000 0.1533 0.1068 0.2686 0.0000
0.2277 0.1095 0.0000 0.0852 0.0000
0.0898 0.0219 0.0000 0.1543 0.0000
0.3455 0.0000 0.0000 0.0000 0.3585

⎤
⎥⎥⎦

The secondary level fuzzy evaluation matrix of the AFS in SB is:

S31 =

⎡
⎢⎢⎣

0.0000 0.0000 0.1660 0.1896 0.0784
0.0545 0.4597 0.0000 0.0000 0.0000
0.1108 0.0642 0.1809 0.0528 0.0000
0.0000 0.2608 0.1777 0.0000 0.0000

⎤
⎥⎥⎦ S32 =

⎡
⎢⎢⎣

0.0000 0.0620 0.0690 0.0801 0.1003
0.0000 0.0000 0.1326 0.1917 0.0404
0.1073 0.0000 0.1212 0.0613 0.0934
0.0288 0.2469 0.1822 0.0000 0.0000

⎤
⎥⎥⎦

S33 =

⎡
⎢⎢⎣

0.0000 0.0000 0.1537 0.0439 0.0241
0.0000 0.0000 0.1230 0.2366 0.0000
0.0953 0.2046 0.1164 0.0785 0.0000
0.0000 0.2454 0.0000 0.1327 0.0000

⎤
⎥⎥⎦

3.3.3. Distribution of Stability Levels

When conducting the first-level evaluation, we used the Formula (25) based on the
second-level fuzzy evaluation matrix S1 and the first-level evaluation index weight values
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W (Table 2). The affiliation degree A value is calculated, the level is determined according
to the principle of maximum affiliation, and the results are shown in (Table 3).

Table 3. Evaluation results.

Structure
Type Area

Level
Rating

I II III IV V

HG
BJ 0.1000 0.0870 0.1238 0.0608 0.0243 III
HJ 0.2929 0.1193 0.0675 0.0393 0.0331 I
SB 0.0481 0.1541 0.1414 0.0745 0.0234 II

ASV
BJ 0.0336 0.1746 0.1072 0.0782 0.0006 II
HJ 0.0705 0.0809 0.1032 0.0360 0.0901 III
SB 0.0414 0.0606 0.1183 0.0813 0.0694 III

MWLs
BJ 0.1330 0.0741 0.0319 0.1489 0.0612 IV
HJ 0.0324 0.1115 0.1089 0.1076 0.0072 II
SB 0.0861 0.0794 0.1420 0.0772 0.0208 III

First, in the HG stability evaluation grade, the affiliation degree (0.1238) of the BJ study
area corresponding to the evaluation grade III was the largest and the level to which it
belongs in general. The affiliation degree (0.2929) of the HJ study area corresponding to the
evaluation grade I was the largest, and the level to which it belongs is excellent. The SB
study area’s affiliation degree (0.1541) related to the evaluation grade II was the largest, and
the level to which it belongs is good. Second, among the ASV stability evaluation levels,
the BJ study area had the largest affiliation (0.1746) corresponding to evaluation level II and
belongs to the level of good. The HJ study area had the most significant association (0.1023)
related to evaluation level II and belongs to the reasonable level. The SB study area had the
largest affiliation (0.1183) corresponding to evaluation level III and belongs to the level of
the fair. Finally, among the stability evaluation levels of MWLs, the BJ study area had the
highest affiliation (0.1489) for evaluation level IV, and the affiliation level is poor. The HJ
study area had the highest affiliation (0.1115) for evaluation level II, and the affiliation level
is good. The SB study area had the highest affiliation (0.1420) for evaluation level III, and
the affiliation level is fair.

In conclusion, there were significant differences in the evaluation grades of the AFS
stability of the same type in different KD control demonstration areas. It indicates that the
maintenance of the AFS stability and the intensity of anthropogenic disturbance may have
some correlation.

4. Discussion

4.1. AFS Species Composition and Species Diversity

We found that the species composition of the AFS of KD control areas is simple,
and the diversity level is low according to the data analysis (For details, please refer to
Tables S7–S9 of the Supplementary Materials), the results of this study better support
our hypothesis (i). The species composition was mainly shown in the configuration with
crops, livestock breeding, or pasture crops, with fewer species of woody plants, and their
diversity levels were lower than those of understory species. Similar findings have been
better explained in related research reports. For example, studies on the characteristics of
karst biodiversity and its reconstruction mechanism pointed out that there are few plant
species (1–4 species) in each community in karst areas, and the species diversity level is
generally low. Especially in some plantation forest areas planted to KD control, the species
diversity level of vegetation is deficient [52–54]. Combined with the actual conditions in
KD areas, the following mechanisms can be supported to explain this result: the gradient
stress hypothesis, due to the existence of different gradients and stresses in the KD areas,
bearing the multiple stresses of topography, karst drought, and high soil calcium, changing
their structure as well as physiological and biochemical processes in the process of survival,
through a complex and diverse response mechanism (cross-adaptation) to gain resistance to
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adapt to the environment [55,56]. Therefore, favorable interactions and complementarities
among species face an extraordinary test.

4.2. AFS Structural Features

Through data analysis (Figures 6–11), we obtained the following main conclusions:
first, in terms of non-spatial structure, the distribution curves of diameter at breast height,
tree height, and crown width of woody plants in different types of AFS under KD control
areas were generally left and monoclinic, but HG was usually better than the remaining
two types. Second, in terms of spatial structure, the spatial distribution pattern of woody
plants in the HG and MWLs was mostly random and uneven distribution, with better
segregation of tree species and more stable stands. In contrast, the ASVs were mainly in
a uniform distribution, with relatively low stand isolation and poor stability. The above
conclusions better support our hypothesis (ii) and have been better explained in the existing
studies. On the one hand, with the growth and development of the stand, the demand
for sunlight, water, and nutrients increases, which is subject to self-thinning and some
human interference, making the stand aggregation weaker and will eventually develop
into a random distribution pattern [57]. On the other hand, habitat heterogeneity and seed
dispersal limitations force tree populations to aggregate and thus increase their survival
potential [58]. In addition, the species composition and their number influence the degree
of isolation of tree species and their stability levels, which are mainly related to species
composition and biological characteristics [59]. We also argue that in poor KD areas, farmers’
perceptions of agroforestry affect their management strategies. For example, failure to
achieve the expected economic income in the short-term triggers them to change their
planting strategy by changing tree species or directly cutting them down, thus leading to a
reduction in tree species composition and a return to a single agroforestry ecosystem, which
will be detrimental to the development of agroforestry. Therefore, farmers’ willingness to
participate should be added to the management strategy, which is similar to the view of
agroforestry development in Ethiopia [60].

4.3. Driving Factor of AFS Stability

The distribution of the weight values of the primary indicators (Table 2) reflects the
AFS stability constraints rather than solely the vulnerability of a singular karst ecological
environment. They mainly consist of the interaction of site conditions such as soil physical
and chemical properties and topographic factors and AFS structural factors such as species
diversity and stand structure. This conclusion is somewhat different from our hypothesis
(iii). However, it is better to show that the scientific analysis method can identify the
influence of factors of stability and thus effectively explore the improvement strategies for
AFS stability.

As far as the site conditions are concerned, in the KD area, on the one hand, due to
the mismatch in the spatial distribution of soil water and soil resources, high spatial and
temporal heterogeneity of water and heat factors, and extreme deficiency of nitrogen, phos-
phorus, and potassium, and in the process of vegetation restoration, with the accumulation
of biomass and changes in species, the reserves of nitrogen, phosphorus, and potassium in
the soil will decrease, which is hugely limiting for plant self-growth and diversity is highly
limiting. In addition, the strongly developed karst dual hydrogeological structure leads
to the unique “karst drought” phenomenon [61], the mosaic of rocks and shallow soils,
the high heterogeneity of karst habitats and the significant differences in soil ecological
functions, and the tendency of the microenvironment in KD areas to dry out and heat [62],
lead to the development of AF in KD areas and a low survival rate and species diversity
of AFS in KD areas [63]. Therefore, although studies have shown that AFS play a crucial
role in providing ecosystem services [11,64], they are subject to significant stress effects on
plant growth due to KD site conditions, resulting in low AFS stability.

As far as AFS structure is concerned, the higher number of plants and the greater
the mixedness index, the higher the degree of isolation of its species and the more stable
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the forest stand; the influence of plant species diversity on ecosystem stability should not
be ignored. Ecological theory suggests that ecosystem stability is closely related to plant
diversity [65,66]. The higher the number of species in an ecosystem, the higher its level
of diversity, the more complex its trophic structure will be, the more resistant it will be
to external disturbances, and the more stable it will be [9,67,68]. Therefore, plant stands
construction and plant species diversity also influence stability factors.

4.4. Stability Improvement Strategy

According to the stability evaluation results, we can see that (Table 3) there is variability
in the stability classes of different types of the AFS, among which, in HG, it mainly shows
the ranking HJ (excellent) > SB (good) > BJ (fair); for ASV, it shows the ranking BJ (good)
> HJ (fair) = SB (fair); for MWLs, it shows the ranking HJ (good) > SB (fair) > BJ (poor).
Overall, this reflects HG > ASV > MWLs. Based on the above findings, combined with
previous practical experience in AFS structure optimization and stability improvement,
more targeted strategies are discussed around the relationship between species composition
with its diversity and stability and the current situation of the AFS in KD control for
reference stability enhancement strategies.

4.4.1. Species Composition and Its Diversity Strategy

Regarding species diversity and complexity, the core of biodiversity is species di-
versity, which enables ecosystems with higher diversity to use limited resources more
fully and maintain their productivity at a higher level through complementary ecological
niches [69]. As a result, different species have complex linkages in their quantitative and
spatial, and temporal distributions, and species’ trait differences, their respective survival
strategies, and the relationships and interactions among species have essential effects on
population survival and development dynamics and community structure, function, and
succession [70–72]. In addition, the stability and diversity hypothesis theory suggests
that desert vegetation communities are less stable due to the lack of redundant species,
and their ecological functions are mainly carried out by dominant or community-building
species, with a low number of other species [73,74]. Because of this, vegetation community
simplicity, diversity, and structural indicators are low in AFS stability in KD. Therefore,
it is essential to increase the number of plant community species in maintaining stabil-
ity and pay special attention to introducing some fast-growing community dominant or
community-building species to configure so that AFS generates disturbance resistance and
resilience stability to maintain the strength of its system itself.

Species Composition Strategy in the HG

The composition of woody plants and crops in HG primarily resides in the random
selection of farmers and rarely follows a specific rule or guiding scheme for configuration.
Regarding site conditions, they are mainly distributed around the courtyard with certain
practicality and ornamental properties. It is primarily based on physiological and ecological
growth habits of long-term competition, adaptation, and evolution of a mosaic pattern of
different woody plants, crops, and other vegetation. Its dominant species are not promi-
nent, primarily common species, and most of the plants are calcium-loving, lithophytic,
drought-tolerant, and barren [15]. Due to the complexity of KD habitats, there are not
only one species that can adapt to the same successional stage habitat but also a species
group composed of multiple species with the same adaptations [38,75]. Therefore, if the
dominance of the dominant tree species does not decrease, different colors and seasonal
phases can be changed according to the season and phenology of the tree species. The
temporal relationship structure can be fully utilized to appropriately increase the native
ornamental tree species to improve their species diversity level and thus enhance the beauty
of the landscape.
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Species Composition Strategy in the ASV

The ASV is mainly located in or around farmland to maintain farmers’ economic
income while taking ecological benefits into account. The species composition should
consider the types of products and their uses and select native species to meet the needs
of local people and markets. However, it should be regarded that woody plants and
herbaceous crops can improve the soil and the small environment, which is beneficial for
enhancing the fertility of the agroforestry land and thus increasing species diversity. The
KD areas are locally fragile. The AF in KD areas should follow the unique local natural
environment and moisture conditions and select complementary, less water-demanding
drought-tolerant plants. In addition, the thin soil layer and poor continuity in KD areas
should select for trees that can grow in rock crevices and ravines [76–78].

Species Composition Strategy in the MWLs

The MWLs are mainly balanced to maintain ecological, economic, and social functions
and contain some of the main tasks of HG and ASV, such as timber production and food
production. For this type of AFS, crop species, and woody plants should be reasonably
selected and deployed, and various woody plants can be configured together. Still, the
inhibitory effect between plants should be considered. In terms of spatial utilization,
we should choose to match the height of trees, shrubs, and grasses and to match loose
and compact plants; in terms of root depth, we should choose to match deep-rooted and
shallow-rooted crops, which can efficiently utilize water and nutrients at different levels
in the soil and choose shade-tolerant crops with better shade woody plants to fully use
light energy resources for light energy utilization. The AFS comes after intercropping,
crop set, or strip planting in the collocation [16,20]. Implementing intercropping or strip
planting will change the group structure of crops, create edge row advantage, and allow
good ventilation and light conditions for plants.

4.4.2. Artificial Interference Strategy

Regarding anthropogenic disturbances, KD areas are locally fragile. In its ecological
context of exposed bedrock, shallow soil, and marked water infiltration, it must undergo
strict natural screening to enable plant populations with calcium-loving, drought-tolerant,
and lithophytic characteristics to survive [78]. Therefore, the species selection and configu-
ration should be based on various highly resistant woody plants, giving full play to their
resistance to disturbance stability in the KD environment against spatial heterogeneity of
small habitats, drought stress, high calcium, and pests and diseases. It should carry out the
reasonable transformation of multi-species, appropriate trees for the right place, take native
species as auxiliary species and appropriately increase the numbers of species of trees
and shrubs so that the structure and function of each species are complementary. Build a
rich diversity of AFS. In addition, configure decoy tree species and set up isolation zones;
implement pruning, nurturing, truncation, and sanitary felling. The theory of creating AFS
with multi-species configuration and the technique of implementing dynamic management
of agroforestry ecosystem is developed. Strengthen the role of natural enemies and simulta-
neously carry out appropriate chemical and biological control measures. On the one hand,
we should try to avoid the occurrence of harmful human interference and reduce the factors
that cause AFS instability; on the other hand, we should strengthen the management of
stand nurturing and ecosystem management, enhance the screening and trait improvement
of highly resistant strains of trees, and fundamentally change the low-quality afforestation.

5. Conclusions

Our research has quantified the AFS structural characteristics by descriptive statistics
and structural parameter calculation methods. The AFS stability in the KD evaluation index
system was constructed using the fuzzy comprehensive evaluation method, the weights of
each index were calculated by the entropy weight method, and the stability was evaluated
and graded by establishing an evaluation set. The structure and stability influencing factors
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were explored. The structure optimization and stability enhancement strategies were
proposed to provide a reference basis for studying AFS’s sustainable operation and service
supply capability. The main conclusions are as follows:

(i) The species composition of the AFS in the KD control areas has a simple structure,
the overall diversity level is low, and the diversity level of herbaceous plants is better
than that of woody plants.

(ii) The overall distribution curves of diameter at breast height (DBH), tree height (TH),
and crown width (CW) of woody plants in the AFS in the KD control areas were slight
to the left, with a single-peaked pattern, mostly randomly and unevenly distributed
in space, with a low degree of tree species isolation and relatively weak stand stability.

(iii) There is variability in the stability classes of different types of AFS, among which, in
HG, it mainly shows the ranking in study areas of HJ (excellent) > SB (good) > BJ
(fair); in ASV, it shows BJ (good) > HJ (fair) = SB (fair); in MWLs, it shows HJ (good) >
SB (fair) > BJ (poor). Overall reflecting HG > ASV > MWLs.

(iv) When structural optimization was applied, corresponding measures can be taken
according to farmers’ wishes for different AFS and their primary business purposes.
The improvement of stability depends mainly on the utility of structural optimization
coupled with positive human interference (for example, pruning, dwarfing, and dense
planting). This study provides a scientific reference for maintaining the stability and
sustainable development of the AFS in the KD control areas.

Our study still needs to be improved in that the drivers of the structure and stability of
AFS in KD control areas are not only biological and environmental interactions. Although
anthropogenic disturbances were mentioned in our manuscript, no specific analysis was
made. Further explanation of the effects of anthropogenic disturbances on KD-managed
AFS is necessary for future studies.
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Abstract: Rocky desertification is a common phenomenon in karst areas. Soil carbon and nitrogen
storage is of great significance to the formation and evolution of ecosystems. Soil leakage is one of the
important indicators in evaluating ecosystem stability. There are few studies on the response of carbon
and nitrogen leakage below the surface of karst critical zones to forest ecosystems. The karst springs
in the study area of Shibing Heichong, Bijie Salaxi and Guanling-Zhenfeng Huajiang in Guizhou,
China, were selected to determine the variation characteristics of carbon and nitrogen content and
karst spring outputs and their response to soil leakage. The results showed the following: (1) The
content and output of carbon and nitrogen in karst springs in the three study areas showed obvious
spatial differences. The carbon and nitrogen output of karst spring water was mainly concentrated
in the rainy season. The carbon and nitrogen contents and output of karst springs in the Shibing
Heichong study area were higher than those in the Bijie Salaxi and Guanling-Zhenfeng Huajiang
study areas. (2) The carbon and nitrogen outputs of karst springs were mainly affected by flow. Land
cover and land use in forests affect the carbon and nitrogen contents of karst springs and thus affect
the output. (3) The higher the soil leakage of the karst spring was, the higher the carbon and nitrogen
output. The leakage of the overlying soil in the Shibing Heichong study area was high, but the soil
decline was small, and the stability of the forest ecosystem was relatively good. In summary, a lower
degree of rocky desertification results in higher leakage from karst springs and higher risks of soil
leakage; however, the ecosystem was relatively stable. Evaluating forest soil carbon and nitrogen
loss and ecosystem stability in karst areas through the nutrient output of karst springs is of great
significance for the prevention and control of rocky desertification areas.

Keywords: karst spring; soil; dissolved organic carbon/nitrogen; rocky desertification; terrestrial
ecosystem

1. Introduction

Earth’s critical zone refers to a heterogeneous near-surface environment that vertically
covers various spheres, including plant canopies, soil layers, air envelopes and aquifers,
and is a key area for human survival and the functioning of Earth’s ecosystems [1,2]. The
Earth’s critical zone is at the intersection of the atmosphere, biosphere, lithosphere, soil
sphere and hydrosphere. The input of solar energy, as well as atmospheric processes and
their gases and sediments, interact with biota, soil and rocks to provide ecosystem services.
The hydrosphere cannot be divided as precisely as other spheres, and the hydrological
cycle connects every link in the Earth’s critical zone [1,3]. The hydrological cycle is also
accompanied by material and energy transfer [2]. Approximately 10 to 15% of the Earth’s
land is covered by karst landforms, which are home to a quarter of the world’s popula-
tion [4]. The karst region of Southwest China, with the karst plateau of Guizhou as the
centre, covers an area of more than 550,000 km2 and is one of the three major continuous
karst regions in the world. It is in the subtropical monsoon climate zone and has sufficient
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hydrothermal conditions and geological conditions, making this area the most complex,
typical and diverse karst region in tropical and subtropical karst development in China
and even the world [5]. Due to the extremely fragile karst ecological environment and
unsustainable human activities in the local area, soil erosion is serious, resulting in bare
surface bedrock and a poor rocky desertification environment. Critical zones of the earth
control the surface ecological environment, change the surface morphology and stabilize
life resources mainly through the process of rock weathering and soil formation. The karst
critical zone is a type of critical zone developed against the background of carbonate rocks.
The karst critical zone has the characteristics of a fast rock weathering rate and a slow
soil formation rate [6], which are different from other areas. Its ecological environment is
fragile, material energy exchange is frequent, and ecological and biogeochemical processes
are extremely sensitive to climate change [7].

The year 2015 was the International Year of Soil, indicating the global importance of
soil in ecosystem sustainability [8]. Soil not only facilitates many ecological processes but
is also an important component of terrestrial ecosystems. Carbon and nitrogen storage in
the soil is also very important for terrestrial ecosystems. Soil nitrogen storage is closely
related to soil organic carbon storage [9,10]. Nitrogen deficiency affects plant growth
and forest ecosystem stability [11,12]. Soil carbon and nitrogen content is affected by the
dynamic balance of input and output [13], as well as the quantity and quality of litter,
microorganisms and environmental factors [14–17]. The unique geological background
and hydrological process in karst areas create a fragile ecosystem that is sensitive to human
disturbance [18–20]. Different land use patterns will affect the soil carbon and nitrogen
contents in forests. Compared with non-karst areas, forest ecosystems in karst areas are
more sensitive. Different land use patterns have an impact on the basin, and deforestation
increases the concentration and flux of dissolved organic carbon in surface water [21,22].
Previous research has demonstrated that soil C:N and tree species have a considerable
influence on nitrogen release in forest watersheds [23]. The hydrological process of forest
ecosystems includes the hydrological regulation process of the forest canopy, litter layer
and soil layer [24]. Litter is a participant in the nutrient and hydrological cycle of forest
ecosystems [25,26]. Spring water serves as an outlet for underground forest catchments
and is used to monitor groundwater and interflow-related processes in headwaters and
material flows in biogeochemical cycles [27]. Karst springs are the final manifestation of the
results of groundwater lithospheric circulation in karst critical zones [28]. In karst regions,
karst stores CO2 in the atmosphere and soil as dissolved inorganic carbon (DIC) in karst
water bodies [29]. Dissolved organic carbon (DOC) is not only an important component of
organic carbon in water bodies but also an important component of the activated carbon
pool in karst ecosystems [30,31]. Until now, research on carbon and nitrogen in water bodies
has mainly focused on aquatic ecosystems. DOC is particularly important for organisms in
water bodies and is the main source of energy [32]. While carbon and nitrogen in water
are affected by organisms, environmental factors such as overlying vegetation, land use
topography and hydrology will also affect the source, nature, distribution and migration
of carbon and nitrogen in water bodies. Karst spring water is an important node of the
carbon and nitrogen cycle and the output port of nutrient leakage, and it is also a typical
medium for analysing the process and mechanism of the key carbon and nitrogen cycle of
karst. The spring water in the karst key zone’s central part was used to study the carbon
and nitrogen output law and its influencing factors, as well as to reveal the relationship
between carbon and nitrogen nutrient output and soil leakage in the forest ecosystem of
rocky desertification control.

Karst desertification areas in southern China face serious problems such as soil erosion,
soil nutrient loss and water scarcity. In the mountainous area of the Guizhou Plateau, which
is representative of the overall structure of the karst ecological environment type in the
south, Guanling-Zhenfeng Huajiang, Bijie Salaxi and Shibing Heichong were selected as
the research areas. In this study, the carbon and nitrogen contents of karst spring water
and overlying soil in the forests of the three study areas are assessed. The main objectives
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of this study are as follows: (1) to understand the variation characteristics of carbon and
nitrogen content and output of karst spring water in this area, (2) to determine the factors
influencing the carbon and nitrogen content and output in karst springs, and (3) to evaluate
the response of karst spring water carbon and nitrogen output to surface forest ecosystems.
This study can provide a scientific basis and theoretical support for karst underground
leakage control and comprehensive management of rocky desertification.

2. Materials and Methods

2.1. Study Area

The selected demonstration areas are in the northwest and southwest of the Guizhou
Plateau, and the karst landforms are widely developed and typical, representative of the
landforms of plateau mountains, plateau canyons and mountain canyons of the karst
plateau. The Bijie Salaxi Demonstration Area belongs to the karst plateau mountainous
potential-mild rocky desertification area, and the Guanling-Zhenfeng Huajiang demonstra-
tion area belongs to the medium-intensity rocky desertification area of the karst plateau
canyon and the no-potential rocky desertification area of the Shibing Heichong karst moun-
tain canyon, which is typical of rocky desertification type areas in Guizhou and even the
whole country (Figure 1).

Figure 1. Overview of study area ((a) is Guanling-Zhenfeng Huajiang study area, (b) is Bijie Salaxi
study area, (c) is Shibing Heichong study area).

The Guanling-Zhenfeng Huajiang Demonstration Area is a karst plateau canyon with
an annual rainfall of 1052 mm, most of which forms surface runoff into the river; a small
part enters groundwater, and the source of drinking and irrigation is mainly spring water.
The rocky desertification control demonstration area of the Guanling-Zhenfeng Huajiang
Plateau Canyon is in the slope area from the cattle farm basin to the Beipan River Gorge,
and the Beipan River constitutes the erosion datum of the entire area. The lithology is
mainly Middle and Upper Triassic limestone and grey matter dolomite, the soil erosion
problem is serious, and the rocky desertification grade is primarily medium and intense.
The Bijie Salaxi demonstration area belongs to the karst plateau mountainous area and
has a potential-mild rocky desertification grade, with an annual rainfall of 984 mm and a
lack of water resources. In terms of geology and geomorphology, the Bijie Salaxi Plateau
Mountain Rocky Desertification Control Demonstration Area is in the upper reaches of the
Wujiang River Basin in the transition slope zone from the Eastern Yunnan Plateau to the
Qianzhong Mountain Plain Hills, with large undulating terrain, mainly peaks, troughs and
hilly depressions. The outcropping rock layer is mainly the middle and thick limestone of
the Lower Permian, the groundwater level is shallow, and the soil is primarily limestone.
Shibing Karst Plateau trough valley no-potential rocky desertification area, annual rainfall
of 1130 mm, sufficient water resources, high utilization rate of water resources, agriculture
and tourism developed. The Shibing Karst Demonstration Area is in northern Shibing
County, Guizhou Province, on the slope of the transition from the Qianzhong Mountains
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to Xiangxi Hills, which belongs to a typical dolomite karst and has typical and complete
geomorphological development.

The lithology of HJ-1 and HJ-2 in the Guanling-Zhenfeng Huajiang study area is mainly
dolomite limestone, with a high exposure rate of surrounding rocks and low vegetation
coverage. There are sparse low shrubs on both sides of HJ-1, and pepper is planted. The
overlying land is primarily used for corn planting, and the spring area is 0.05 km2. HJ-2
is surrounded by herbs, with the left and right sides of the pepper forest, thin and very
little overlying soil, scattered tall shrubs, and a spring area of 0.06 km2. The lithology of
SLX-1 and SLX-2 in the Bijie Salaxi study area is limestone. SLX-1 is located at the foot of
the mountain, surrounded by herbaceous plants, and covered with tall shrubs, and the
secondary vegetation on the slope is mainly secondary vegetation. The closer to the steep
slope, the higher the rock exposure rate, and the spring area is 0.08 km2. SLX-2 is located
at the bottom of the depression at the foot of the mountain. The overlying vegetation is
mainly grass and shrub, with a small amount of exposed rock, surrounding depressions
or slopes, and the spring area is 0.11 km2. The lithology of HC-1 and HC-2 in the Shibing
Heichong study area is dolomite. HC-1 is in the depression, and pine forests are distributed
in the surrounding mountains. The overlying land is mainly used for planting tobacco, and
there is a small area of artificially planted peach trees. The spring area is 0.12 km2; HC-2 is
surrounded by farmland, mainly rice farms, and the overlying land is also planted with
corn. The spring area is 0.13 km2.

2.2. Sample Collection and Preparation
2.2.1. Sampling and Pre-Treatment

From July 2020 to June 2021, karst spring water samples were collected and monitored
monthly. A 100 mL polyethylene bottle, nitric acid and mercuric chloride solution were used
for water sample collection and flow monitoring. Spring water samples were collected,
a 100 mL polyethylene bottle was used to test soluble organic carbon, and a 100 mL
polyethylene bottle was used for TN and NO3-N. Each sample was collected and covered
with a sealing film, sealed with Parafilm, and stored at 4 ◦C. Water level meters (HOBO
U20, Onset, Bourne, MA, USA) were installed near karst springs. The monitoring frequency
of the recorder was 30 min/time, and the runoff was monitored by the water level metre.
The overlying soil of karst spring water under different rocky desertification conditions
was collected in the rainy season and dry season. According to the principle of uniform
distribution and representativeness, three soil profiles were selected in the overlying
environment of spring water for soil collection. Before sampling, 1 kg of chemical soil was
collected to determine the chemical properties of soil soluble organic carbon and nitrate
nitrogen, with litterfall removed. The depth of soil collection in the Guanling-Zhenfeng
Huajiang study area was 0 to 15 cm, the depth of soil collection in the Bijie Salaxi study
area was 0 to 25 cm, and the depth of soil collection in the Shibing Heichong study area
was 0 to 30 cm.

2.2.2. Laboratory Analysis

In the process of field sample collection, a HQ40d portable water quality analyser
(HACH, Loveland, CO, USA) was used to test water temperature, pH and conductivity,
and an alkalinity metre (Merck, Darmstadt, Germany) was used to titrate HCO3

− on site
and record. The soil samples were dried at 60 ◦C for 48 h, passed through a 0.25 mm sieve,
and acidified with 1 mol L−1 HCl for analysis of soil soluble organic carbon. The sieved
soil sample was added to super pure water, shaken and centrifuged for NO3-N analysis.
The water samples were filtered and tested for nitrate nitrogen and total nitrogen by a flow
analyser (SYSTEA, Zona Industriale Paduni-Selciatella, Italy). DOC was measured using a
TOC analyser (multi N/C 3100, Analytik Jena, Jena, Germany).

220



Forests 2023, 14, 1121

2.3. Data Analysis
2.3.1. Estimation of Carbon and Nitrogen Output from Karst Springs [33]

The monthly soluble organic carbon output (FiDOC) was calculated as follows:

FiDOC = CiDOC × Qi × Di × 24 × 60 × 60 (1)

where CiDOC is the i-month carbon-nitrogen output (mg), Ci is the i-month carbon-nitrogen
content (mg L−1), Qi is the i-month flow rate (mL/s), and Di is the i-month number of days
(d). The monthly output of DIC, TN, and NO3-N was calculated in the same way.

In this study, the total one-year carbon and nitrogen output FsDOC was determined as
follows:

FsDOC =
n

∑
i=1

FiDOC (2)

where FiDOC represents the monthly soluble organic carbon output (mg). The annual
output of DIC, TN, and NO3-N was calculated in the same way.

2.3.2. Soil Carbon and Nitrogen Stocks [34]

The soil carbon and nitrogen density (DOCD) of each layer was calculated as follows:

DOCDi = DOCi × B × Di × 10−2 (3)

where DOCDi is the organic carbon density of layer i (kg/m2), DOCi is the soluble organic
carbon content of layer i (g/kg), bulk density (g/cm3), and Di is the depth of layer i (cm).
The NO3-N density (DNO3-N) was calculated in the same way

In this study, the total DOCS determination method of the spring area was as follows:

DOCS =
n

∑
i=1

DOCDi × Si (4)

where DOCS represents the total soluble organic carbon storage of soil in the plot (kg C),
DOCDi represents the soluble organic carbon density of layer I (kg/m2), and Si represents
the soil area (m2). NO3-N RESERVES (NO3-NS) were calculated in the same way.

2.4. Statistical Analysis

Excel 2019 (Microsoft Corporation, Albuquerque, NM, USA) was used to complete
the statistical analysis. Origin2021b for drawing (OriginLab, Northampton, MA, USA) and
Origin2021b were used for correlation analysis plotting. Statistical significance was defined
as p < 0.05, and Spearman correlation analysis was used to determine the relationship
between carbon and nitrogen output and carbon and nitrogen content, flow rate and water
physical and chemical parameters. The study area was mapped using ArcGIS 10.7 (ESRI,
RedLands, CA, USA).

3. Results

3.1. Carbon and Nitrogen Content and Category of Karst Spring Water

The DIC of HC-2 reached a maximum of 474 mg/L in November. That of SLX-2
reached a minimum of 174 mg/L in December. The DIC concentration in the karst spring
water in the Shibing Heichong study area was 300~474 mg/L, which was significantly
higher than that in the Guanling-Zhenfeng Huajiang study area and the Bijie Salaxi study
area (Figure 2). The dissolved organic carbon (DOC) of HJ-2 reached a maximum value
of 5.11 mg/L in October. The DOC of SLX-2 reached a minimum value of 1.60 mg/L in
June. The concentration of DOC in the spring water in the Guanling-Zhenfeng Huajiang
study area ranged from 2.01 to 5.11 mg L−1, which was higher than that in the Bijie Salaxi
study area and Shibing Heichong study area. The total nitrogen (TN) of HJ-1 reached
a maximum value of 3.19 mg/L in October. The TN of HJ-2 reached a minimum value
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of 0.35 mg/L in November. The nitrate nitrogen (NO3-N) reached a maximum value
of 2.38 mg/L in April. The NO3-N of HJ-2 reached a minimum value of 0.33 mg/L in
September. The concentrations of TN and NO3-N in spring water in the Shibingheichong
study area were 1.15–2.65 mg/L and 1.12–2.38 mg/L, respectively, which were significantly
higher than those in the Guanling-Zhenfeng Huajiang study area and Bijie Salaxi study area.
The carbon and nitrogen contents of the spring water in the study area of the Guanling-
Zhenfeng Huajiang River changed greatly, and the carbon and nitrogen contents of the
spring water in the Bijie Salaxi study area changed slightly (Figure 2).

Figure 2. Comparison of DIC (a), DOC (b), TN (c) and NO3-N (d) contents in karst spring water in
the Guanling-Zhenfeng Huajiang Research Area, Bijie Salaxi Research Area and Shibing Heichong
Research Area.

3.2. Flow Change Characteristics of Karst Springs

In the three study areas, the changes in karst spring flow showed obvious spatial and
temporal differences (Figure 3). In the Guanling-Zhenfeng Huajiang study area, the overall
flow rate of spring water was small, ranging from 11.15 mL/s to 101.63 mL/s, and the
variation was small. The HJ-1 flow (42.10 mL/s) was slightly smaller than that of HJ-2
(45.72 mL/s), exhibited an upwards trend from July to October and from March to June,
and stopped during the dry season. In the study area of Bijie Salaxi, the overall flow rate of
spring water was 20.64 mL/s to 313.20 mL/s. The SLX-2 flow (154.16 mL/s) was larger than
that of SLX-1 (117.67 mL/s), showing a downwards trend from July to August, an upwards
trend from August to September and April to June, and a discontinuous trend in November,
January and February during the dry season. In the Shibing Heichong study area, the
overall flow rate of spring water was 13.08 to 527.03 mL/s, with a large variation. The
HC-1 flow (131.24 mL/s) was slightly smaller than that of HC-2 (237.23 mL/s), showing a
downwards trend from May to June, July to August, and September to January, an upwards
trend from August to September and March to May, and a discontinuous trend in February
during the dry season. In one hydrological year, the measured flow of karst springs was
43.91 mL/s (average) in the Guanling-Zhenfeng Huajiang study area, 135.92 mL/s (average)
in the Bijie Salaxi study area, and 184.23 mL/s (average) in the Shibing Heichong study area.
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From the measured flow rate, the monthly flow rate varied greatly; the maximum monthly
flow was 527.03 mL/s (Shibing Heichong Research Area), and the minimum monthly flow
was 11.15 mL/s (Guanling-Zhenfeng Huajiang Research Area). The monthly flow of karst
springs in the Shibing Heichong Research Area was large, and the interruption time was
short, while the monthly flow of karst springs in the Guanling-Zhenfeng Huajiang Research
Area was small, and the interruption time was long. Atmospheric precipitation is the main
source of groundwater recharge in spring basins [35,36]. In the three study areas, rainfall
decreased at different times, and flow also decreased rapidly. The results showed that the
trends of rainfall and flow were consistent (Figure 3). From April to June, the rainfall in the
Bijie Salaxi study area increased from 84.8 mm to 234.60 mm, and the flow rates of SLX-1
and SLX-2 increased rapidly. The same phenomenon was observed in other study areas,
indicating that the dynamic change in flow was sensitive to atmospheric precipitation.

Figure 3. Trends of karst spring flow and rainfall.

3.3. Carbon and Nitrogen Contents in the Overlying Soil of Karst Springs

The contents of DOC and soil nitrate nitrogen (NO3-N) in the overlying soil of the
six karst springs showed a clear vertical change trend, that is, the surface layer > middle
layer > lower layer (Figure 4). In the Guanling-Zhenfeng study area, the DOC content in
the overlying soil of HJ-2 (9.76 mg/kg) was higher than that of HJ-1 (7.54 mg/kg), and the
NO3-N content was 7.13 mg/kg, which was less than that of HJ (7.96 mg/kg). The variation
in the carbon and nitrogen contents in the soil of HJ-1 was greater than that of HJ-2. In the
study area of Bijie Salaxi, the contents of DOC and NO3-N in the overlying soil of SLX-2
were higher than those of SLX-1, and the change range was also greater than that of SLX-1.
The contents of DOC and NO3-N in the soil overlying HC-2 were higher than those of HC-1.
In the three study areas, soil DOC and NO3-N also showed obvious spatial characteristics,
that is, Shibingheichong study area > Bijie Salaxi study area > Guanling-Zhenfenghuajiang
study area. Additionally, the soil DOC content was higher in the dry season than in the
rainy season. In the Guanling-Zhenfeng Huajiang research area and Shibing Heichong
research area, the NO3-N content in the overlying soil of the karst spring was higher in the
rainy season than in the dry season (Figure 4).
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Figure 4. Comparison of DOC and NO3-N contents in overlying soil of karst springs in Guanling-
Zhenfeng Huajiang Research Area, Bijie Salaxi Research Area and Shibing Heichong Research Area.

3.4. Carbon and Nitrogen Output of Karst Springs

In the three study areas, the carbon and nitrogen outputs of karst spring water exhib-
ited obvious spatial and temporal differences (Figure 5). The maximum monthly carbon
and nitrogen output of karst springs occurs during the rainy season, and the output is
also concentrated in summer and autumn. Karst spring water in the Bijie Salaxi Research
Area accounted for the highest proportion of carbon and nitrogen output in summer and
autumn at 71% to 80%. The maximum was reached in June 2021, with DOC fluxes of SLX-1
and SLX-2 of 1.60 kg and 1.30 kg, DIC fluxes of 213.47 kg and 189.96 kg, TN fluxes of
1.01 kg and 1.21 kg, and NO3-N fluxes of 0.90 kg and 1.05 kg, respectively. The carbon
and nitrogen outputs in the Guanling-Zhenfeng Huajiang Research Area and the Bijie
Salaxi Research Area reached their highest values in June, and the carbon and nitrogen
outputs in the Shibing Heichong Research Area reached their maximum values in May.
The DOC fluxes of HC-1 and HC-2 were 1.79 kg and 2.67 kg, DIC fluxes were 246.68 kg
and 397.61 kg, TN fluxes were 1.49 kg and 2.30 kg, and NO3-N fluxes were 1.36 kg and
2.04 kg, respectively. During the dry season, the flow rate of karst springs continues to be
low, and even the flow is interrupted to varying degrees, resulting in a low monthly output
of carbon and nitrogen. In March of the dry season, the flow rate of HJ-2 (13.91 mL/s)
in the Guanling-Zhenfeng Huajiang Study Area was slightly greater than that of HJ-1
(11.15 mL/s), but the nitrogen output of HJ-2 was slightly lower than that of HJ-1 because
the nitrogen content of HJ-1 was higher than that of HJ-2. In this study, we observed that
the seasonal variation characteristics of carbon and nitrogen fluxes in karst spring water
were consistent with the research phenomenon of river flux in the Zhujiang River [37].
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Figure 5. Monthly carbon and nitrogen output of karst springs ((a) is DIC monthly output. (b) is
DOC monthly output. (c) is TN monthly output. (d) is NO3-N monthly output.)

4. Discussion

4.1. Influencing Factors of the Carbon and Nitrogen Outputs of Karst Spring Water

The carbon and nitrogen outputs of karst springs also exhibited obvious spatial
characteristics. The annual output of carbon and nitrogen in Shibing Heichong spring
water is 1.25 to 4.71 times that of the Bijie Salaxi research area and 3.46~14.25 times that of
the Guanling-Zhenfeng Huajiang research area. In the above, the flow rate and carbon and
nitrogen output showed obvious spatial characteristics. There was a significant correlation
between carbon and nitrogen output and the flow rate of karst spring water (p < 0.001),
indicating that the carbon and nitrogen output of karst spring water was mainly affected
by the flow. Previous studies have also shown that differences in nutrient flux were mainly
due to differences in flow [38]. The annual carbon and nitrogen output of spring water in
the Bijie Salaxi Research Area was 1.89, which was 5.24 times that of spring water in the
Guanling-Zhenfeng Huajiang Research Area. In the Guanling-Zhenfeng Huajiang study
area, the HJ-2 flow rate (45.71 mL/s) was slightly greater than that of HJ-1 (42.10 mL/s).
The annual output of DOC and DIC (2.84 kg/a, 368.04 kg/a) of HJ-2 was higher than that
of HJ-1 (2.62 kg/a, 278.73 kg/a), while the annual output of TN and NO3-N (0.99 kg/a,
0.84 kg/a) of HJ-2 was slightly lower than that of HJ-1 (1.44 kg/a, 1.05 kg/a). In the
Guanling-Zhenfeng Huajiang study area, the difference in karst spring flow was small,
and the nitrogen output of HJ-2 was lower than that of HJ-1 due to the influence of carbon
and nitrogen content. As shown in Figure 6, there was a significant correlation between
carbon and nitrogen content and output (p < 0.01), and the output was also affected by the
content. The carbon and nitrogen output of karst springs is mainly affected by the flow
rate, followed by the carbon and nitrogen content.
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Figure 6. Spearman correlation coefficient of carbon and nitrogen output, carbon and nitrogen content
and water chemical parameters in karst springs.

We found that karst spring water carbon and nitrogen output was mainly affected
by the flow. The karst spring water in the three study areas had different degrees of
disconnection. For the Shibing Heichong study area, the cut-off time was shorter, and the
flow was much higher than that in the other two study areas. Thicker soil, higher vegetation
coverage, soil cover and vegetation litter can also improve soil water retention and water
storage capacity [39] and increase field water holding capacity and soil water content, which
is conducive to the continuity of spring water flow. The Guanling-Zhenfeng Huajiang
study area belongs to the karst plateau canyon with a steep slope (22◦–30◦), resulting
in groundwater infiltration [40,41], and low vegetation coverage leads to poor rainfall
interception [42]. Therefore, the karst spring water flow in the study area is 43.91 mL/s
(mean), and the cut-off time is longer.

4.2. Influencing Factors of the Carbon and Nitrogen Contents of Karst Spring Water

The contents of DIC, TN and NO3-N in the karst spring were much higher than those
in the Guanling-Zhenfeng Huajiang study area and Bijie Salaxi study area. DIC in karst
spring water is mainly composed of dissolved CO2, H2CO3, HCO3

− and CO3
2− [43]. When

the pH in the water body is between 6.35 and 9.33 and is weakly alkaline, the DIC in the
water body is mainly HCO3

− [44]. In field tests of spring water in the three study areas,
CO3

2− values were lower and free CO2 content in the water was also small, so DIC levels
in the study areas could be expressed by HCO3

− concentrations. The concentration of DIC
in karst spring water in the Shibing Heichong research area ranged from 300 to 474 mg/L,
which was significantly higher than that in the Huajiang Research Area and Salaxi Research
Area. DIC in karst areas is mainly affected by carbonate rocks, and the solubility of different
carbonate rocks is also different. The lithology of the Shibing Heichong Research Area is
dolomite, the lithology of the Bijie Salaxi Research Area is limestone, and the lithology
of the Guanling-Zhenfeng Huajiang Research Area is grey dolomite [33,45]. The litter of
vegetation in the Shibing-Heichong study area had relatively stable nutrient input [46–48],
which maintained the stability of the soil carbon and nitrogen contents, so the soil carbon
and nitrogen contents were significantly higher than those of the other study areas (Figure 4).
The differences in the DOC, TN and NO3-N contents in spring water in the Shibing
Heichong study area were relatively small.

A higher degree of rocky desertification limits the growth of plants, resulting in a
fragile ecosystem [49–51]. The vegetation and soil coverage in the Guanling-Zhenfeng
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Huajiang study area of moderate-intensity rocky desertification were low. The vegetation
types were mainly economic crops, corn, pepper, loquat seedlings, etc., and the planting
mode was relatively simple. The ecosystem was relatively fragile, and the soil carbon and
nitrogen contents were low. At the same time, farming leads to small and large differences
in the carbon and nitrogen contents in spring water (Figure 2). Areas with low rocky
desertification provide a better environment for vegetation survival and more plant species
due to low degradation, and the species richness in these areas is higher than that in
areas with high rocky desertification [52,53]. The study area of Bijie Salaxi in the Shibing
Heichong study area belongs to the no-potential rocky desertification grade and potential-
mild rocky desertification grade. The vegetation type and coverage rate were higher than
those in the Guanling-Zhenfeng Huajiang study area, and the DOC content in soil was
also relatively high. The concentration of DOC in spring water in the Guanling-Zhenfeng
Huajiang study area ranged from 2.01 to 5.11 mg/L, which was higher than that in the
Bijie Salaxi study area and Shibing Heichong study area. HJ-1 and HJ-2 contained a large
number of phytoplankton and bacteria, and biological mechanisms such as phytoplankton
and bacteria production are considered to be an important source of DOC [54], resulting in
a higher DOC content. Different land-use patterns and vegetation cover affect the variation
in the carbon and nitrogen contents in water [55–57]. The soil thickness of karst spring
water in the Guanling-Zhenfeng Huajiang research area was thin, the vegetation coverage
was low, and it was agricultural land, which is affected by agricultural farming. The carbon
and nitrogen contents of spring water in the Guanling-Zhenfeng Huajiang research area
more were concentrated than those in the other research areas, and the change range was
large (Figure 2). The contents of carbon and nitrogen in karst springs in the study area
of Salaxi Spring in Bijie were relatively concentrated, and the change range was small
because the water cover vegetation is mainly secondary vegetation and is not affected by
human activities.

4.3. Response of Karst Spring Water Carbon and Nitrogen Output to the Surface Ecosystem

Karst is a typical ecologically fragile area. Soil carbon and nitrogen storage is key to the
formation and evolution of local ecosystems. As the most active components of soil carbon
and nitrogen [58–61], soluble carbon and nitrogen are extremely sensitive to environmental
changes. Water resources carry nutrients into groundwater through soil circulation [3,8].
The aboveground-underground dual hydrological structure in karst areas leads to the
characteristics of aboveground-underground double loss of nutrients. Spring water is an
important output port of forest groundwater [3,62,63] and plays a very important role in
underground leakage in karst areas.

When comparing carbon and nitrogen storage, we found that the DOC storage in the
dry season was significantly higher than that in the rainy season (Figure 7), which was
consistent with the results of other studies on carbon storage [60,61]. The NO3-N storage
in the Shibing Heichong study area and the Guanling-Zhenfeng Huajiang study area was
greater in the wet season than in the dry season. This is because the soil NO3-N storage
increased in the rainy season due to the influence of agricultural fertilization. Agricultural
activities seriously affect soil nitrogen content and storage and decrease the stability of soil
organic matter [64,65]. In contrast, in the Bijie Salaxi research area, the karst spring was
not affected by agriculture, and the NO3-N reserves in the dry season were greater than
those in the rainy season. We observed significant differences in karst springs and carbon
and nitrogen outputs with different carbon and nitrogen reserves. Due to land use/cover
change, there are significant differences in soil carbon and nitrogen storage [66–68]. The
vegetation and soil cover rate of the study area was as high as >50%, which was higher
than that of the Bijie Salaxi study area (30%~50%) and Guanling-Zhenfeng Huajiang study
area (10%~35%) [33]. The carbon and nitrogen storage in the Shibing Heichong study
area was significantly higher than that in the Bijie Salaxi study area and the Guanling-
Zhenfeng Huajiang study area (Figure 7). As shown in the figure, the carbon and nitrogen
reserves of the spring area in the Bijie Salaxi study area were 2.33 to 10.64 times those of the
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Guanling-Zhenfeng Huajiang study area. In the above analysis, karst spring water carbon
and nitrogen output measurements were in the following order: Shibing Heichong study
area > Bijie Salaxi study area > Guanling-Zhenfeng Huajiang study area. In the study area
of Shibing Heichong, the carbon and nitrogen storage of HC-2 spring was greater than
that of HC-1, and the carbon and nitrogen output of HC-2 karst spring was also greater
than that of HC-1. The Bijie Salaxi area and Guanling-Zhenfeng Huajiang study area
also exhibited the same phenomenon. The results showed that the higher the carbon and
nitrogen storage in the karst spring area was, the higher the carbon and nitrogen output of
the karst spring. Comparing the annual output and soil leakage of six karst springs, we
found that the DOC leakage and output in the HC-2 spring area were the largest, which
were 136.75 kg and 19.94 kg, respectively. In the Guanling-Zhenfeng Huajiang study area,
the DOC output of HJ-2 spring water was slightly larger than that of HJ-1. The difference
in DOC reserves in HJ-1 is 23.91 kg, which was greater than that of 18.24 kg in the HJ-2
spring area. The increase in NO3-N storage in the HJ-1 spring area was higher than that
in the HJ-2 spring area, indicating that HJ-1 was more affected by agriculture, resulting
in more serious soil leakage [69–71]. The overlying soil environment of different karst
springs has different carbon and nitrogen reserves. Due to the continuous supply of soil
with high carbon and nitrogen contents, the annual output of carbon and nitrogen in karst
spring water is relatively high, resulting in relatively high soil nutrient leakage. Due to the
continuous supply of low-carbon nitrogen content soil, the annual output of carbon and
nitrogen in karst spring water is relatively low, and the resulting soil nutrient leakage is
also relatively low.

Figure 7. Comparison of DOC and NO3-N storage in overlying soil of karst spring.

Stability refers to the ability of ecosystems to maintain and restore their own functions
and structures, representing the reliability of ecosystems to provide normal service func-
tions [72,73]. Disturbance or disturbance refers to changes affecting ecosystems [74–76].
The response of ecosystems to disturbance is a multilevel and multiscale process. Evaluat-
ing ecosystem stability is a way to quantify the response of a specific level and scale. Soil
is the medium for storing a large amount of nutrients and is essential for plant growth.
Therefore, the soil nutrient loss rate is an important indicator for evaluating ecosystem
stability. It is concluded that greater carbon and nitrogen storage above the karst spring
results in higher annual outputs of carbon and nitrogen in the spring and more soil nutrient
leakage in the forest ecosystem. This result indicates that the risk of soil nutrient loss in
areas with low rocky desertification grades is also higher than that in areas with high rocky
desertification grades. In the study area of Shibing Heichong, the soil loss, karst spring
water output and output rate were relatively high. At the same time, there are many types
of vegetation and high coverage, and the nutrient input to the ecosystem through rich litter
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is stable and high [77,78]. The decline in soil carbon and nitrogen storage (leakage rate) in
the Shibingheichong study area was far less than that in the other two study areas. In the
Guanling-Zhenfeng Huajiang study area, soil loss, karst spring water output and output
rate were relatively low, soil cover and vegetation cover were low, rocky desertification
degree was high and nutrient input was low. The soil carbon and nitrogen storage in
the Guanling-Zhenfeng Huajiang research area decreased greatly (leakage rate). The Bijie
Salaxi study area was at an intermediate level.

5. Conclusions

In the three study areas, the carbon and nitrogen contents and output of karst springs
showed obvious spatial and temporal variation characteristics. The contents of DIC, TN
and NO3-N in karst springs in the Shibing Heichong study area were significantly higher
than those in the Bijie Salaxi study area and Guanling-Zhenfeng Huajiang study area. The
DOC content of karst springs in the Guanling-Zhenfeng Huajiang study area was higher
than that in the other two study areas. Karst spring carbon and nitrogen contents were
affected by local lithology, land use, zooplankton and other factors. The output of carbon
and nitrogen in karst springs was found to be in the following order: Shibing Heichong
research area > Bijie Salaxi research area > Guanling-Zhenfeng Huajiang research area.
Karst spring carbon and nitrogen output was mainly concentrated in the rainy season and
was mainly affected by the flow, followed by carbon and nitrogen content. The carbon and
nitrogen outputs of the karst spring were more sensitive to the response to rainfall.

The contents of carbon and nitrogen in the overlying soil of karst springs also showed
temporal and spatial characteristics. No potential rocky desertification Shibing Heichong
studied soil cover, vegetation coverage was high, and soil carbon and nitrogen contents
were significant in the other two study areas. The DOC content in soil was affected by
litter, and the DOC content in the dry season was greater than that in the rainy season.
Affected by agriculture, the NO3-N content in the soil of the Shibing Heichong study
area and Guanling-Zhenfeng Huajiang study area was higher in the rainy season than
in the dry season. The lower the carbon and nitrogen output of the karst spring in the
Guanling-Zhenfeng Huajiang research area was, the lower the carbon and nitrogen leakage
of the overlying soil. The carbon and nitrogen output of karst springs in the study area was
higher, and the soil carbon and nitrogen leakage were also higher, but at the same time, the
soil carbon and nitrogen input were also high, and the soil decline was low. This result
shows that the overlying forest ecosystem of karst springs was relatively stable and had
strong anti-interference in the Shibing Heichong research area. Karst springs play a vital
role in the carbon and nitrogen cycles in the karst critical zone. This study can provide a
scientific foundation and theoretical support for comprehensively studying forest water
and soil nutrient loss in karst areas by examining the interannual change in carbon and
nitrogen compounds in karst springs and soil.
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Abstract: Surface vegetation has a substantial impact on soil aggregate stability, which is an important
indicator of soil quality. However, there is still limited research on the response of soil aggregate
stability indicators and the organic carbon, total nitrogen, and total phosphorus content in soil
aggregates for different vegetation patterns in rocky desertification fragile ecological areas. Therefore,
in order to study the effects of different vegetation restoration models on soil aggregate stability and
aggregate related nutrient content and their promoting relationships in the karst rocky desertification
areas in southwest China, soil samples under three artificial restoration vegetation measures (Juglans
regia L.-Rosa roxburghii Tratt., Rosa roxburghii Tratt.-Lolium perenne L., Juglans regia L.-Lolium perenne
L.) were collected in 0–10 cm and 10–20 cm soil, and the traditional farmland (Zea mays L.) was
used as the control, combined with dry and wet sieving experiments for the research and analysis.
The results showed that there were significant differences in the distribution of aggregates and
soil nutrients among the four types of plots. Compared with traditional agricultural land, artificial
afforestation increased the content of soil large macroaggregates (LMAs) and decreased the proportion
of microaggregates (MIAs) and silt+clay (SCA), which enhanced the soil aggregate stability and
reduced the soil fragmentation and erodibility. The afforestation restoration increased the content of
soil aggregate-related SOC, TN, and TP, and increased with the decrease in the aggregate particle
size. Research has found that soil aggregate stability indicators are significantly influenced by the
particle size distribution of soil aggregates. In the positive succession process of vegetation types,
soil nutrient accumulation is controlled by changes in the soil aggregate particle size, which affects
the soil aggregate stability and reduces soil erodibility, thereby protecting the soil nutrient loss. The
composite management of forest and irrigation in degraded ecological areas has certain reference
and indicative significance for ecological restoration in rocky desertification areas.

Keywords: soil aggregate stability; soil nutrients; vegetation restoration; karst rocky desertification

1. Introduction

Irrational land use can lead to soil degradation, deplete soil nutrients, and change
the stability of soil structure [1,2], which seriously affects the natural environment and
agroecological sustainability. As an important measure to prevent soil degradation, artificial
afforestation can alter the soil structure by the accumulation of plant root exudates and
litter to reduce the soil erodibility [3]. Karst areas are among the highest nutrient loss and
soil erosion areas in the world [4], including the European Mediterranean region, Dinaric
karst, and southwest China [5], and ecological problems have attracted great attention.
Therefore, understanding the influence of soil aggregate stability on soil nutrients under
different vegetation restoration types in karst rocky desertification areas is thus critical to
studying karst ecological restoration.
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Soil aggregates, a key component of soil structure, are critical for improving soil fertil-
ity, carbon sequestration, soil aggregate stability, and resistance to water erosion [6]. At the
same time, its stability is intimately tied to the rainfall erosivity, surface runoff, and soil
loss rate [7,8]. Soil erodibility is a term used to describe the sensitivity of the soil to water
erosion, which can impair soils’ ability to support ecosystem functions, including food
production, pollution prevention, flood control, and climate change mitigation [9]. Investi-
gating the changes in soil structure and erosion resistance during vegetation restoration
measures is important for analyzing the effectiveness of ecological management measures
in rocky desertification areas and providing a basis for further management.

The type of vegetation has been shown to influence the accumulation of the C, N, and
P contents in soil, and irrational agricultural activities have been shown to significantly
affect the distribution of aggregates and changes in aggregate-related nutrients [10,11],
In addition, soil nutrients play an important role in soil growth [12], and the ability to
resist erosion also affects the potential changes in soil nutrients [13,14]. However, in karst
rocky desertification areas, most studies have concentrated only on the ability of vegetation
types to increase nutrients or improve erodibility, and it is not clear how the differences
in soil aggregate stability and the resulting ability to affect soil nutrients are improved by
artificial afforestation patterns [15,16], and most use the mean weight diameter (MWD) and
the geometric mean diameter (GMD) to evaluate soil aggregate stability [17,18] without
combining stability with the promotion relationship of nutrients in aggregates. Therefore,
it is necessary to combine various stability indicators to elaborate the ability of different
vegetation types in rocky desertification areas to improve soil aggregate stability and
nutrients, as well as to determine the promotion relationship between them, which will
help to develop more effective vegetation restoration strategies in order to maximize the
ecological advantages of vegetation restoration.

As a result, we chose the demonstration area of integrated management of rocky
desertification in the Plateau Mountain, Bijie Salaxi, to further investigate the impact of
vegetation restoration on soil aggregate stability and soil nutrients in karst rocky deser-
tification areas in southern China, as well as to provide a foundation for preventing soil
erosion and the development of effective management strategies for sustainable ecosystem
functions in rocky desertification areas. The main research contents are (1) an investigation
into the capacity of different vegetation types to improve soil nutrients and ameliorate
soil aggregate stability and (2) to reveal the promotion relationship between the aggregate
particle size on soil aggregate stability and aggregate nutrients under different vegetation
restoration measures.

2. Materials and Methods

2.1. Study Area and Soil Sampling

The Bijie Salaxi rocky desertification comprehensive management demonstration
area was taken as the study area (Figure 1). The research area is in Southwest China’s
karst region, covering an area of 86 km2, of which 74% is a karst landform, the rocky
desertification grade is mainly potential–mild, and the region is dominated by highland
mountainous terrain, with an altitude of 1600–2081 m. The climate is subtropical monsoon
climate, with an annual temperature variation range of −7.2–30.1 ◦C, an annual average
temperature of 12.7 ◦C, and an accumulated temperature of ≥10 ◦C between 3717 and
4109 ◦C. The total annual rainfall is 984 mm, with the rainy season from June to September,
during which the rainfall accounts for 52% of the total annual rainfall. In addition, the soil in
the area is mainly yellow soil, with a small amount of yellow brown soil and calcareous soil
distributed in some mountain valleys and depressions. The vegetation is mainly composed
of secondary evergreen deciduous coniferous broad-leaved mixed forests, covering two
major categories, 130 families, 426 genera, and 697 species of seed and spore plants. Since
the implementation of ecological management in this area, a certain scale of forest and
grass vegetation restoration models have gradually emerged, including single and mixed
species of Juglans regia L., Rosa roxburghii Tratt., Lolium perenne L. In April 2019, four land
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use types (Zea mays L., Juglans regia L.-Rosa roxburghii Tratt., Rosa roxburghii Tratt.-Lolium
perenne L., and Juglans regia L.-Lolium perenne L.) were selected in the study area(Table 1),
and three quadrats were laid out on each study plot with a size of 10 m × 10 m. According
to the “S” type of spotting, five sample locations were chosen, and 1 kg of undisturbed soil
samples were collected at depths that varied between 0 and 10 cm and 10 and 20 cm. Each
soil sample was immediately placed in a PE plastic bag and sealed before being transported
to the lab in an ice box for the analyses of the physical and chemical parameters.

Figure 1. The location of the study area and the distribution of sample sites.

Table 1. Basic information about the sample plot.

Land Use Type Longitude Latitude Altitude/m
Slope

Inclination/◦ Slope Aspect Land Use

Zea mays L. (Z) 105◦06′38′′E 27◦15′10′′ N 1760 17 Half shady slope Still growing Zea
mays L.

Rosa roxburghii Tratt.-Lolium
perenne L. (RL) 105◦06′08′′E 27◦14′49′′ N 1826 16 Half shady slope Reforestation in

2010
Juglans regia L.-Lolium

perenne L. (JL) 105◦06′27′′E 27◦14′35′′ N 1892 19 Half shady slope Reforestation in
2010

Juglans regia L.-Rosa
roxburghii Tratt. (JR) 105◦06′13′′E 27◦13′44′′ N 1751 14 Half shady slope Reforestation in

2009

2.2. Soil Analysis

The soil was screened by a 10 mm sieve after natural air-drying, and then the soil
aggregate content was determined by two experimental methods, dry sieving and wet
sieving, under natural water content and water erosion conditions, respectively [19]. The
experiment obtained the mass of four grade aggregates: >2 mm large macroaggregates
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(LMA), 0.25–2 mm small macroaggregates (SMA), 0.053–0.25 mm microaggregates (MIAs),
and <0.053 mm silt+clay (SCA).

Take soil samples from various levels of aggregates obtained through wet sieving
analysis and pass them through a 0.05 mm sieve to determine the content of soil organic
carbon (SOC), total nitrogen (TN), and total phosphorus (TP) [20]. The SOC was determined
by wet digestion with a mixture of 5 mL of 0.8 mol/L potassium dichromate (K2Cr2O7)
and 5 mL of concentrated sulfuric acid (H2SO4), TN and (TP) are digested by sulfuric
acid-potassium sulfate: copper sulfate (9:1) and sulfuric acid-perchloric acid respectively,
and the filtrate is measured by a continuous flow analyzer.

2.3. Soil Aggregate Stability Index

The mean weight diameter (MWD) [21], geometric mean diameter (GMD) [22], K
factor [23], fractal dimension (Dm) [24], and structure failure rate (PAD) [25] were used to
express the soil aggregate stability.

The following equations [21,22] were used to calculate the mean weight diameter
(MWD) and geometric mean diameter (GMD):

MWD =
∑n

i=1 Wi
−
Xi

∑n
i=1 Wi

(1)

GMD = EXP

⎡
⎣∑n

i=1 Wiln
−
Xi

∑n
i=1 Wi

⎤
⎦ (2)

where n is the number of aggregate size fractions, Xi is the i-th aggregate particle size mean
diameter, Wi is the i-th aggregate particle size weight.

The following equation [24] was used to determine the fractal dimension (Dm):

Dm = 3 − log[W(δ < Ri)/W0]

log(Ri/Rmax)
(3)

where Ri is the average value of two adjacent grain sizes (mm), Rmax is the average value of
the largest grain size aggregate (mm), W is the accumulation of the mass of aggregate with
diameters less than Ri (g), and W0 is the total sum of aggregate content of each grain size (g).

In order to express the soil erodibility, the K factor [23] was calculated using the
following equation:

K = 7.954 × {0.0017 + 0.0494 × exp[−0.5 × (lgHGMD + 1.675/0.6986)2]} (4)

The structure failure rate (PAD) of the soil aggregates is a crucial indicator for assessing
the erosion durability, and was calculated with the following equation:

PAD =
a − b

a
(5)

where a is the percentage of aggregates >0.25 mm, measured by Yoder’s method (dry siev-
ing) [19], and b is the percentage of aggregates >0.25 mm, measured by Yoder’s method [19].
Higher p values imply a lower soil aggregate stability.

2.4. Statistical Analysis

Excel 2010 and SPSS 22 were used to organize and evaluate the data collected after
the studies, using one-way ANOVA and Duncan’s test, the study data were evaluated for
significance of differences (a = 0.05). The correlation analysis used the Pearson coefficient.
We compared the standardized values of various indicators. The plotting was performed
in Origin 2018.
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Standardization can eliminate the impact of different factor dimensions. The factors were
separated into positive and negative indicators, and their ranges were normalized to 0–1. The
factors’ main components were then extracted using principal component analysis.

Positive indicator:
yi =

xi − xmin
xmax − xmin

(6)

Negative indicator:

yi =
xmax − xi

xmax − xmin
(7)

where yi was the standardized value of the i-th index. xi was the original value. xmax and
xmin were the maximum and minimum values, respectively.

3. Results

3.1. Soil Aggregate Size Distribution

Figure 2 indicates the characteristics of the aggregate particle size distribution under
different land use methods and soil depths, and, under the various plant patterns, there are clear
changes in the distribution of each soil particle size. The results of the dry sieving experiments
showed (Figure 2a,b) that the LMA (>2 mm) content dominated the aggregates (40.17%–72.61%)
in all sample sites, and the LMA content increased significantly after the transformation of
cultivated land (Z) into plantation grassland, while the MIAs showed the opposite trend. The
LMA content decreased with an increasing soil depth except for cultivated land (Z), and the
SMA content showed an opposite trend. In the outcomes of the wet sieving tests (c and d), JL
and JR were dominated by the SMA content (40.23%–44.46%), while RL and Z had the most
MIA content (32.94%–54.23%). When cultivated land was converted to artificial grassland,
the LMA content showed an increasing trend, and the MIA content decreased significantly.
Compared to Z, the RL distribution decreased by 75.21%, 46.52%, and 61.67%. This result shows
that afforestation has a major impact on the soil aggregation findings.

 

Figure 2. Soil aggregate particle size distribution characteristics. Note: various lowercase letters indicate
significant differences (p < 0.05) in the same soil layer at various sites for the same grain size, as shown below.
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3.2. Soil Aggregate Stability

Statistical analysis of soil aggregate stability indicators (MWD, GMD, Dm, PAD, and
K) for each site (Figure 3) showed that the one-way ANOVA showed that the type of
planting in the sample site had a remarkable influence on each soil aggregate stability index
(p < 0.05). The cultivated land has the lowest MWD and GMD values, and the stability
indexes were improved after the transformation of cultivated land into artificial forest
grassland, with the highest in JR. Compared with the cultivated land, MWD increased
1.65 times and GMD increased 2.76 times in the dry sieving results and 1.98 and 2.81 times
in the wet sieving results, respectively. The Dm values in sample plot Z were slightly higher
than those in the rest of the sample plots. At the same time, both PAD and K values showed
a decline with increasing depth of the soil layer (Figure 4), and the fragmentation rate of
the soil aggregates and erodibility K values were significantly greater in the cultivated
area than in the other sample sites. This shows that the plantations not only enhance the
soil structure and aggregate stability, but also reduce soil erodibility. Among the three
plantation types, the combination of Juglans regia L.-Rosa roxburghii Tratt. was superior to
Rosa roxburghii Tratt.-Lolium perenne L. and Juglans regia L.-Lolium perenne L.

Figure 3. Distribution characteristics of MWD, GMD, and Dm values of soils. Note: various
Minuscule indicate significant differences (p < 0.05) in the same soil layer at different locations.
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Figure 4. Distribution characteristics of soil PAD and erodibility K values. Note: various Minuscule
indicate significant differences (p < 0.05) in the same soil layer at different locations.

3.3. Soil Nutrients of Different Vegetation Restoration Types

Aggregate-related SOC, TN, and TP were significantly influenced by the land use type
and soil depth (Figure 5). The nutrient content was higher at the 10 cm layer, and the soil
aggregate-related SOC and TN content was significantly increased by 7.89–26.96 g/kg and
0.38–1.95 g/kg for RL, JL, and JR, compared to the cultivated land (Figure 5a,b), and the
TP content increased by 0.03–0.37 g/kg for RL and JR compared to the cultivated land. In
addition, in different land use types, the content of nutrients associated with aggregates
was negatively correlated with the aggregate diameter and increased with a decreasing
particle size, and the cultivated land had the lowest SOC content among all the aggregate
particle sizes. In the 10–20 cm soil layer, the SOC1, SOC2, SOC3, and SOC4 (LMAs, SMAs,
MIAs, SCAs, aggregate SOCs) were significantly lower than those in the rest of the sample
plots. The TN content also showed a similar pattern. The TN4 (<0.053 mm aggregate TN)
content of the cultivated land was significantly lower than that of the other plots, and the
TN3 (0.053–0.25 mm aggregate TN) content was the highest in RL. The total phosphorus
content of the aggregates at all levels in the range of 0–20 cm ranged from 0.67 to 1.28 g/kg,
and the content of the 10–20 cm soil layer was slightly lower than that of the 0–10 cm soil
layer. The variation in total phosphorus content in different particle sizes between different
types of plots was poor. In conclusion, afforestation contributes to the accumulation of
soil nutrients.

3.4. Relationships between Aggregate Stability and Soil Nutrients

To see how different plant restoration categories affect the soil aggregate stability,
further analysis of the correlation between aggregate particle size and soil structure and
soil nutrients was conducted. Based on the measured data, the structure of soil was divided
into two categories: the stability factor SST (MWD, GMD, Dm, PAD) and erodibility
factor (K). The standardized average value of each factor extreme value was taken as
the input parameter of the correlation analysis. The soil nutrient data were processed
similarly by taking the average of the standardized values of SOC, TN, and TP, and the
combined nutrients of different particle size aggregates were expressed as LMAN, SMAN,
MIAN, and SCAN. The findings showed that the aggregate size was closely related to
the soil structure index and aggregate nutrients, and LMA and MIA aggregates were
particularly well represented. As shown in Table 2, the LMA clusters showed significant
positive and negative correlations with the SST and K values, respectively, while in contrast,
the MIA clusters showed significant negative and positive correlations with SST and K
values, respectively. The SMA and SCA aggregates showed different degrees of a negative
correlation with SST and K, and most of them did not reach the significance level. In
addition, there was a high positive relationship between the SST and different grain size
soil nutrients with the highest correlation coefficient of 0.606 (p < 0.001) with the LMA large
particle size aggregate nutrients, indicating that macro-aggregates are more favorable for
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the soil nutrient aggregation. Unlike SST, the relationship between the K values and all four
grain sizes of soil nutrients was significantly negatively correlated, showing that the smaller
the grain size, the higher the negative correlation coefficient. This shows that the aggregate
size shift has a direct effect on promoting the soil structure and soil nutrient changes.

Figure 5. Nutrient content distribution characteristics of soil aggregates. Note: (a) SOC content in
aggregates; (b) TN content in aggregates; (c) TP content in aggregates. Various lowercase letters
indicate significant differences (p < 0.05) in the same soil layer at various sites for the same grain size.
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Table 2. Correlation of aggregate size with the soil structure and stability indicators.

LMA SMA MIA SCA SST K LMAN SMAN MIAN SCAN

LMA 1 −0.55 ** −0.74 ** 0.36 0.83 ** −0.61 ** 0.63 ** 0.56 ** 0.53 ** 0.40
SMA 1 −0.15 −0.06 −0.14 −0.12 −0.17 −0.05 −0.06 0.14
MIA 1 −0.42 * −0.87 ** 0.82 ** −0.63 ** −0.64 ** −0.60 ** −0.60 **
SCA 1 0.51 * −0.36 0.54 ** 0.47* 0.58 ** 0.51 *
SST 1 −0.90 ** 0.61 ** 0.59 ** 0.60 ** 0.55 **
K 1 −0.52 ** −0.55 ** −0.56 ** −0.56 **

LMAN 1 0.95 ** 0.91 ** 0.82 **
SMAN 1 0.95 ** 0.89 **
MIAN 1 0.92 **
SCAN 1

Note: The use of an asterisk indicates statistically significant differences. * p < 0.05; ** p < 0.01.

In addition, the differences in the standardized values of the soil aggregate stability
indicators between the plantation grass model and the conventional tillage model were
further compared (Figure 6). By comparison, it was found that the LMAs’ large particle
size aggregates of the three plantation grasslands were obviously higher than those of the
cultivated land, while the MIA microaggregates were all smaller than those of the cropland,
with the highest standardized value of macroaggregates for the mixed use of Juglans regia L.
and Lolium perenne L., which was approximately 1.76 times higher than that of the cropland.
Mixed land forestry and grass use not only promoted changes in aggregate particle size types
but were also visualized in soil structure, with substantial increases in stability and erosion
resistance. The average SST of the three land use types, RL, JL, and JR, is approximately three
times greater than that of cropland, while the average K is only 42% of that of cropland. In
terms of standardized values of soil nutrients, the LMANs, SMANs, MIANs, and SCANs of the
three mixed land use types were significantly greater than that of the arable monoculture, and
the larger the particle size of the aggregates, the higher the degree of soil nutrient aggregation.
Compared with traditional cultivated land, artificial afforestation in rocky desertification areas
promotes the transformation of microaggregates to macroaggregates to a certain extent, which
in turn improves soil nutrients and enhances the soil aggregate stability and is of significant
indicative importance for fragile eco-restoration of rocky desertification.

Figure 6. Comparison of aggregate structure and nutrients under different land use patterns. Note:
(a) Soil aggregates particle size; (b) Soil aggregate stability; (c) Soil aggregate nutrients.
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4. Discussion

4.1. Effects of Artificial Afforestation on Soil Aggregate and Chemical Properties

In this study, the karst rocky desertification area had a high degree of soil fragmenta-
tion and low land use efficiency. Land use types have a major effect on soil structure and
stability (Figures 2–4). Cultivated land had the greatest MIA and SCA content of all land
use types, which was in line with the findings of earlier research [26]. Rainfall-induced soil
erosion is a significant factor in the rocky desertification process in karst regions [27], which
makes the macroaggregates decompose into MIAs and SCAs, thus reducing the stability of
the test soil [28]. The higher LMA content in the three different forest grasslands compared
to the cultivated land, with similar trends to the SMA content, was mainly attributed
to the breakdown of soil macroaggregates by long-term tillage [29], suggesting that the
conversion of cultivated land to forest grassland influences the distribution characteristics
of soil aggregates by regulating the LMA aggregate content [30].

In addition, we found that forest-irrigated land had the highest stability, and forest-
grassland and forest-irrigated land had the best erosion resistance, followed by irrigated
land. On the one hand, plant roots and plant residues in the soil produce more stable
compounds [31]; on the other hand, the binding agents of fungi and organic matter in
plantation forestland increase with apoplast, forming organic binders that enhance the
stability of soil aggregates [32]. The instability of soil aggregates on agricultural land is
a major factor in soil erosion. which leads to soil nutrient loss, and natural forestland,
due to the vegetation cover, prevents the direct destruction of soil aggregates by heavy
rainfall [33]. Soil nutrients such as in woodlands can bind the soil together more [34,35].
Therefore, the planting patterns of Juglans regia L.-Rosa roxburghii Tratt., Rosa roxburghii
Tratt.-Lolium perenne L., and Juglans regia L.-Lolium perenne L. in the vegetation restoration
used in the management process of karst areas are feasible.

Soil nutrients are regulated by the plant and soil features and have a favorable role in
preserving the soil productivity and reducing soil deterioration. In this study, aggregate
particle size-related SOC, TN, and TP were strongly impacted by land use type. For
example, compared with other sample soils, the highest organic carbon and total nitrogen
contents were found in the irrigated grassland, and the highest total phosphorus contents
were found in the forested irrigated land, while the nutrients associated with each grain
size cluster were significantly lower in the cultivated land than in the other sample soils.
Rocky desertification areas have different effects on the nutrients associated with aggregates
due to sediment transport under different land use types [31,36]. Additionally, aggregate-
associated nutrients were slightly higher in the topsoil layer than in the 10–20 cm soil layer;
this might be the result of artificially disturbed soil and factors such as root secretions and
surface apoplast influencing the loss and accumulation of aggregate-associated nutrients.
In contrast, the TP content associated with forest grassland increased with an increasing
soil depth, probably due to the different particle size distributions of the aggregates with
increasing soil depth [26]. The fact that the carbon and nitrogen contents of the soil and
aggregates were lower in the 10–20 cm soil layer than in the 0–10 cm soil layer suggests that
the forest and grass vegetation restoration techniques used in the study area significantly
increased the soil’s ability to sequester elements by enhancing the vegetation cover and
boosting the source of organic matter. The nutrient content in SCA aggregates was slightly
higher than in other aggregate particle sizes. Zheng et al. [37] and Liu et al. [38] also reported
similar results. More and more organic matter will be absorbed as the aggregates’ specific
surface area and smaller particle size increase. Thus, small particle size aggregates have a
greater surface area of the soil particles, which in turn leads to a greater nutrient content.

4.2. Differences in Soil Structure and Chemical Properties of Different Vegetation Types

Soil properties, environmental factors, land use types, rainfall erosivity, and other
factors all influence soil aggregate stability [2,39], and soil nutrients are also closely related
to soil structure [17,26,40]. The research results show that there is a significant correlation
between the content of large and small soil aggregates, soil aggregate stability indicators,
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and aggregate nutrients. The transformation of vegetation type has a significant impact on
the particle size of aggregates [41]. Compared with traditional cultivated land, a plantation
increases the content of soil macroaggregates, changes the soil structure, enhances the soil
aggregate stability, and reduces the soil K, Dm, and PAD, and the anthropogenic disturbance
in cultivation activities makes the soil fragmentation rate higher in this environment. In
contrast, the vegetation cover, litter in the surface soil, and plant roots of planted forests
protect the soil and effectively mitigate the impact of natural factors such as precipitation
on the soil structure [42].

Most of the nutrients in soils are found in aggregates, the formation of which is critical
to the accumulation of nutrients in aggregates, and the disruption of aggregates can lead
to nutrient losses [43], affecting the content of nutrients associated with soil aggregates at
all levels. In this study, all nutrient levels were higher in the artificial afforestation pattern
than in the traditional cultivated land pattern. Compared to traditional cultivated land,
afforestation changes the distribution characteristics of soil aggregates, and this change is
related to the intensity of disturbance and overstory plant species under different restoration
patterns [44]. The change in plant species reduces runoff, and sediment significantly
reduces nutrient loss and promotes nutrient accumulation [45–47]. At the same time,
plants secrete large amounts of organic matter, which promotes the growth and secretion
of microorganisms, together with the increase in the plant apoplast, helps to regulate
nutrient cycling and soil fertility [48], and improves the availability of soil nutrients [49].
The low correlation between the soil aggregate characteristics and soil TP content in this
study maybe as a result of the changing soil microbial characteristics and functions during
afforestation, which affect microbial metabolism through the enzymatic activities of soil
cellulase, β-1,4-N-acetylglucosamnidase, etc., and directly increase the accumulation of soil
carbon and nitrogen without directly affecting the accumulation of phosphorus [50].

The statistical analysis of this paper shows that the stability structure and nutrient
structure of soil aggregates under the artificial mixed afforestation pattern are superior to
those under the traditional single tillage pattern. Compared with the mixed land use type,
the vegetation coverage of cultivated land is low and has obvious seasonal differences.
When rainfall occurs, microaggregates are more likely to be splashed by raindrops, resulting
in the mineralization of the organic matter inside them. Additionally, after harvest, the
nutrients in plants cannot be returned to the soil, which is unfavorable to the buildup of soil
nutrients [40]. The shift from cultivated land to a plantation mode induces the aggregation
of MIAs into LMA macroaggregates, leading to changes in stability indicators such as soil
aggregate fragmentation rate, PAD, and erodibility K values, and an increase in the physical
protection of nutrients, with a significant accumulation of soil nutrients realized in typical
degraded karst areas [51]. Therefore, in terms of the nutrient fixation and stability of the
soil, the anthropogenic configuration of forest, irrigation, and grass complex planting in
rocky desertification areas has a positive influence on fragile ecological restoration.

4.3. Limitations and Prospects

Long-term artificial plant restoration can significantly improve the soil aggregate
stability and encourage nutrient buildup, which is of practical significance for ecosystem
vegetation restoration and land use regulation in karst areas. However, the ecological
environment of the southwest karst region is complex, and many factors affect the soil
environment [52]. Therefore, in subsequent studies, multiple sampling can be performed
to increase the number of comparative experiments in the time scale and to explore the
variability of the dual spatial and temporal scales. We should not only combine the factors
of field differences such as different topography and altitude, but also consider multi-
disciplinary intersections and combine factors such as surface plant nutrient differences,
surface moss crust characteristics, and soil microbial activity in rocky desertification areas
to conduct in-depth research on soil aggregates and their nutrients in karst areas.
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5. Conclusions

Through the present study, we analyzed the impact of vegetation restoration on the
structure of soil aggregates, soil aggregate stability, and the distribution of aggregate-related
organic carbon, total nitrogen, and total phosphorus, as well as the nutrient content response
to the soil aggregate stability in the rocky desertification area of the Karst Plateau Mountains
in southern China, using four typical land use practices and two soil layers. Research
has shown that (1) vegetation restoration significantly affects the LMA content of soil;
(2) among the three types of artificial forests, the soil aggregate stability of Juglans regia L.-
Rosa roxburghii Tratt. is better than that of Rosa roxburghii Tratt.-Lolium perenne L. and Juglans
regia L.-Lolium perenne L.; (3) soil nutrients have significantly improved with the restoration
of vegetation; and (4) compared to traditional cultivated land, artificial afforestation in rocky
desertification areas has to some extent promoted the transformation of microaggregates to
macroaggregates, and the larger the particle size of aggregates, the higher the soil nutrient
aggregation. In general, afforestation influences soil aggregate stability by regulating
aggregate transformation in karst desertification areas. This study provides a theoretical
reference for promoting ecological restoration in rocky desertification areas.
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Abstract: Forests, serving as crucial custodians of our planet’s ecological balance, also constitute
a significant source of livelihood for humanity. Karst regions, recognized as some of the world’s
most susceptible landscapes, grapple with the dual predicaments of ecological restoration and
resident impoverishment. To bridge the gap between environmental and economic concerns, this
manuscript employs an amalgamation of remote sensing and socio-economic methodologies to devise
a comprehensive assessment framework, thereby scrutinizing the alterations in forest ecosystems from
2001 to 2020.The investigation reveals that over the past two decades, forest rehabilitation within the
study area has yielded commendable outcomes, substantially mitigating various ecological dilemmas
instigated by rocky desertification in this region. The forested area has increased significantly, and
the ecosystem service value has more than doubled. These improvements are largely attributed
to compulsory forest conservation measures, demonstrating their decisive influence. The study
advocates meticulous management and conservation strategies to safeguard these unique ecosystems
and ensure their sustainability. This research underscores the significance of striking a balance
between maintaining ecological integrity and fostering economic development, thereby contributing
to the broader discourse on sustainable forest management in vulnerable landscapes.

Keywords: forest; ecosystem services; karst

1. Introduction

Forests, encompassing approximately one-third of Earth’s terrestrial surface [1], serve
as crucial constituents in maintaining our planet’s ecological balance while providing an
array of indispensable ecosystem services vital to human well-being. Forests are geograph-
ically unevenly distributed across the globe. Russia, Brazil, Canada, the United States, and
China collectively account for 54% of the world’s forested areas [2], thereby conferring
upon these nations a heightened responsibility for safeguarding forest ecosystems. More-
over, forests function as crucial components within the Earth’s biosphere, contributing
not only to global energy and material cycles, but also furnishing a variety of direct and
indirect products essential for human life and economic development. Forests represent a
principal source of livelihood for innumerable communities [3], particularly in rural areas.
However, factors such as anthropogenic activities, wildfires, pests, diseases, and other
environmental perturbations can degrade forests, resulting in diminished supply of forest
products and services, biodiversity value, productivity, and health [4]. Forest degradation
can also precipitate other adverse environmental consequences, including deterioration
of downstream water quality and increased greenhouse gas emissions [5,6]. Although a
multitude of measures have been enacted globally to ensure the sustainable utilization
of forest resources, the rate of forest area loss has slowed, yet forested areas continue to
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decrease worldwide. This issue is particularly acute in developing countries, especially in
impoverished regions.

The sustainable use of forests is intimately linked to societal challenges such as erad-
icating poverty and addressing global climate change [7]. To bridge the gap between
environmental and economic concerns, scientists across the world have conducted ex-
tensive research and devised comprehensive frameworks to quantify the myriad bene-
fits of forest ecosystems and account for the stock and flow of forest resources within
the environmental and economic systems [8,9]. The System of Environmental-Economic
Accounting—Ecosystem Accounting (SEEA EA) proffers a systematic approach for measur-
ing and reporting the economic, social, and environmental values of forest ecosystems [10],
predicated on the principles of the System of Environmental-Economic Accounting Central
Framework (SEEA-CF) [11]. Concurrently, it is a spatially based comprehensive statistical
framework [12] employed to organize biophysical information about ecosystems, measure
ecosystem services, monitor changes in ecosystem scope and conditions, evaluate ecosys-
tem services and assets, and integrate this information with measurements of economic
and human activities.

This framework has yielded some noteworthy findings in the appraisal of forest
ecosystem value. Countries such as the UK and the Netherlands have published the most
comprehensive accounting results thus far, and the EU has developed supranational ac-
counting [13]. However, the implementation of SEEA EA typically necessitates detailed
and comprehensive data, which is relatively accessible in developed countries but often
unattainable in remote or economically disadvantaged developing countries. Additionally,
the imperfect national economic accounting systems of developing countries hinder the
integration of data procured from various statistical measurements using unified standards,
precluding comprehensive analysis. Consequently, there remain numerous limitations
and challenges in the promotion and application process. Despite the backing of several
pilot projects by the World Bank and the United Nations [14], such as the Natural Capital
Accounting and Valuation of Ecosystem Services (NCAVES) project [15,16], these con-
straints cannot be entirely surmounted. For instance, in Indonesia, the government favors
planning land use over mapping spatial data on forest scope, conditions, and use [17,18],
thereby rendering it incapable of monitoring forest resource use and fluctuations in forest
ecosystem conditions and values using statistical data. This underscores a pressing gap that
needs to be addressed in developing nations, particularly in economically deprived areas:
how can we employ limited biophysical parameters to rapidly evaluate the ecosystem
changes in the range, quality, and value of these regions, thereby fostering the sustainable
development of the local economy and society? To address these limitations, an increasing
number of geographers have become engaged in this work. Owing to advancements in
remote sensing and geographic information technology, scientists have been able to employ
remote sensing data to monitor forests globally, including their distribution, health status,
and other relevant attributes. Satellite data reveals that China’s net growth in leaf area
between 2000 and 2017 accounted for 25% of the global total, with 42% of this greening
stemming from forests [19,20]. By harnessing remote sensing technology, researchers can
access an abundance of data on forest ecosystems, which can be analyzed in tandem with
socio-economic data to furnish a more comprehensive understanding of the value of forest
ecosystem services and the factors influencing their changes. Integrating remote sensing
data with socio-economic data can yield more accurate and spatially explicit assessments
of forest ecosystem services, as well as their value and temporal changes [21,22]. This
approach holds the potential to surmount the data limitations faced in poverty-stricken
and remote areas, contributing to a more accurate and holistic comprehension of forest
ecosystems and their role in supporting human well-being. Simultaneously, policymakers
and forest managers can acquire a more comprehensive understanding of the implications
of different management options for both ecosystems and human well-being.

Our analysis of remote sensing data on global forest change over the past 20 years
indicates that forest change in China is highly significant, with a substantial proportion
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of karst mountainous areas in the Southwest experiencing reforestation [23,24]. These
areas serve as vital ecological barriers in the upper reaches of the Yangtze River and
represent ecologically fragile regions characterized by a widespread distribution of karst
landforms. The karst area in southwest China, influenced by both natural and human
factors, underwent severe degradation of karst rocky desertification from the 1950s to the
1990s. The ecosystem in this region is exceptionally fragile, and the poverty rate among
farmers is high, resulting in a pronounced conflict between humans and land [25–27].
For instance, in karst areas where farmland is scarce, numerous impoverished farmers
increase their income by deforesting. However, deforestation leads to a larger scale of rocky
desertification, which further exacerbates the difficulties in agricultural production, creating
a phenomenon of “the more deforestation, the poorer; the poorer, the more deforestation”.
Therefore, the objective of this research is to harness remote sensing and socioeconomic
data to scrutinize changes in the forest ecosystem of the area from 2001 to 2020. By doing
so, we aim to evaluate the impacts of forest conservation implementations, investigate
the delicate balance between ecosystem protection and economic growth, and thereby
provide guidance to policy makers. This assistance would be instrumental in facilitating
prudent forest management decisions, considering ecosystem functionality and human
welfare considerations.

2. Materials and Methods

2.1. Overview of the Study Area

Nestled within the karst mountainous expanse of southwest China lies the study area,
a unique and intricate ecosystem distinguished by its remarkable topography and diverse
vegetation (Figure 1). This region, predominantly composed of limestone and dolomite
formations [28], stands as a quintessential exemplar of global karst landforms, with an
extensive karst development encompassing over 73.8% of the total area [29–31].

 

Figure 1. Location of the study area.

The region’s climate is classified as subtropical monsoon, characterized by high tem-
peratures and abundant rainfall. The average annual temperature ranges from 14 ◦C to
16 ◦C, and the annual precipitation averages between 1000 mm and 1300 mm. This cli-
mate, in conjunction with the region’s distinctive karst topography, has catalyzed a rapid
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greening process. The region’s vegetation is as multifaceted as its topography, including a
variety of co-existing forest types. Economically significant and ubiquitously distributed
coniferous forests, primarily composed of Chinese fir (Cunninghamia lanceolata), Mason pine
(Pinus massoniana), Yunnan pine (Pinus yunnanensis), and cypress forests (Cupressus spp.),
intermingle with broad-leaved forests. The latter predominantly comprise species from
the Fagaceae family, including Fagus spp., Lauraceae family with Laurus spp., Magnoli-
aceae family with Magnolia spp., and Camelliaceae family with Camellia spp. [32]. These
forests are interspersed with bamboo forests, shrubs, and swamp and aquatic vegetation,
contributing to the region’s rich biodiversity.

The strata of the research area predominantly consist of sedimentary rocks and slightly
metamorphosed sedimentary rocks, with igneous rocks and highly metamorphosed rocks
being sparse. Among the sedimentary rocks, carbonate rocks are the most developed, with
an accumulated thickness of up to 20,000 m. Due to the restriction of parent-rock properties
in soil formation, the research area exhibits lithogenic soils such as calcareous and purple
soils. Soil types, distributed roughly from south to north, encompass ferruginous tropical
soil, lateritic red soil, yellowish-red soil, yellow soil, yellow-brown soil, and montane
meadow soil. Karst landforms in this region are characterized by a variety of dissolution
features, including sinkholes, caves, and disappearing streams, formed as a consequence
of the dissolution of the underlying soluble rock by slightly acidic water. These areas
typically possess complex subterranean drainage systems, with water infiltrating the
ground through sinkholes and other surface features and coursing through a network of
subterranean channels and caves. This results in sparse surface water, with streams and
rivers often disappearing underground. The soil in this region, often thin and rocky due
to the karst topography, has given rise to unique vegetation patterns [33–35]. Plants must
adapt to the rocky soil and fluctuating water availability [36].

The vegetation in this region exhibits zonality driven by thermal conditions and water
constraints. The subtropical monsoon climate, in conjunction with the region’s distinctive
karst topography, has catalyzed a rapid greening process, particularly in the Karst Peak-
Cluster Depression and Karst Trough Valley [37]. However, in non-karst areas of the west
highland in the Karst Fault Basin and Karst Plateau, decreasing rainfall has caused recent
degradation. Vertically, a distinct zonal pattern is observable under the comprehensive
influence of water, heat, and other environmental factors [38]. The interplay of these factors
has resulted in a diverse range of forest types, from coniferous and broad-leaved forests to
bamboo forests, shrubs, and swamp and aquatic vegetation.

Simultaneously, as the region embarks on ecological restoration initiatives such as
the reforestation of agricultural land, it is also hosting industries such as distinctive fruit
forestry, under-forest economy, and forest ecotourism. These endeavors aim to augment
the economic value of forestry products, thereby striking a balance between ecological
preservation and economic development.

2.2. Dataset

In this investigation, we utilized both spatial and socio-economic data to evaluate
alterations in forest resources. The spatial data, procured from the Google Earth Engine
Platform, were juxtaposed with socio-economic data, encompassing forest products and
forest-related disasters, sourced from the Guizhou Statistical Yearbook spanning the years
2001 through 2021. We procured land-cover data (the MCD12Q1 V6 product) from 2001 to
2020 with a resolution of 500 m, which derived from supervised classifications of MODIS
Terra and Aqua reflectance data. These land-cover data were generated by a decision-tree
classification algorithm. This algorithm utilizes various data layers, including surface
reflectance, brightness temperature, land-surface temperature, vegetation indices, and
derived-texture metrics. The classification scheme included 5 legacy classification schemes
(IGBP, UMD, LAI, BGC, and PFT). The International Geosphere-Biosphere Programme
(IGBP) scheme is used in this research, which classifies land cover into 17 classes, including
various types of forests, shrublands, savannas, wetlands, and urban areas [39]. The Land-
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sat net primary production CONUS (NPP) was ascertained and the Global Precipitation
Measurement (GPM) data (Monthly Global Precipitation Measurement v6) were utilized to
amend the pre-existing findings pertaining to ecological value. The Global Precipitation
Measurement signifies an international satellite endeavor that furnishes cutting-edge ob-
servations of precipitation in the form of rain and snow on a global scale, with an update
interval of three hours. The Integrated Multi-Satellite Retrievals for GPM (IMERG) repre-
sents a consolidated algorithm that generates rainfall estimates by amalgamating data from
all passive-microwave instruments integrated within the GPM Constellation. Additionally,
we employed a digital elevation model (DEM) with a resolution of 12.5 m to generate the
slope, elevation, and aspect of the study area (Table 1).

Table 1. Data sources for assessing forest resources changes.

Resource Type Data Sources

Spatial Data

Digital elevation models (DEM) Google Earth Engine Platform
(https://developers.google.cn/earth-engine/datasets)

accessed on 4 December 2022
Land Cover
Landsat net primary production (NPP)
Global precipitation measurement (GPM)

Socio-economic Data
Forest Products Guizhou Statistical Yearbook (2001–2021)

(http://stjj.guizhou.gov.cn/) accessed on 4 December 2022Forest Fire
Insect pests and rat infestations

2.3. Methods
2.3.1. Indicator Framework

This investigation presents an exhaustive and multi-dimensional methodology to scru-
tinize the alterations in forest resources within the karst mountainous expanse of southwest
China. Initially, the remote sensing examination employs land-cover data to delineate
the scope and categorization of forests within the research zone, and a change detection
analysis is executed in Google Earth Engine (GEE) to pinpoint regions of forest augmen-
tation and depletion throughout the investigation years. This necessitates a comparison
of land-cover data (IGBP classification system. Appendix A) across various years and the
identification of pixels that have transitioned from one forest classification to another, or
from forest to non-forest, and vice versa. The Digital Elevation Model (DEM) data are
utilized to generate topographic variables that could potentially impact the distribution of
forests, such as slope, elevation, and aspect.

The statistical analysis incorporates landscape indices to mirror alterations in the
landscape configuration of the research zone. These indices, computable via Python,
provide quantitative assessments of landscape fragmentation, connectivity, diversity, and
other attributes. These indices are computed for each year of the investigation duration,
facilitating a quantitative appraisal of alterations in the landscape configuration over time.

Finally, through the amalgamation of remote sensing data, socio-economic data, field
surveys, and community surveys, this manuscript establishes two accounts (Table 2),
specifically, physical condition and ecosystem services to monitor the spectrum of forest
resources, health status, yield of forest products, and alterations in ecosystem services
within the research zone. The fusion of qualitative and quantitative analysis enables a
comprehensive appraisal of alterations in forest resources. This methodology enhances the
insights derived from the remote sensing and landscape analysis, offering a more intricate
and nuanced comprehension of the complex interplay between natural and human factors
within the research zone.
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Table 2. Indicators for assessing forests.

Account Types First-Level Indicators Second-Level Indicators

Physical Condition Extent Area
Livelihood provision Forest Production

Site conditions
Elevation

Slope
Landscape index NP

PD
LPI
ED

AREA_MN
SHAPE_MN
FRAC_MN
COHESION
DIVISION

AI
Threats Forest Fire

Pests and Rats
Ecosystem Services Provisioning Services Food production

Raw Material Production
Water Supply

Regulating Services Gas Regulation
Climate Regulation

Environmental Purification
Hydrological Regulation

Supporting Services Soil Conservation
Maintenance of Nutrient Cycles

Biodiversity
Cultural Services Aesthetic Landscape

2.3.2. Landscape Index

The research zone has experienced substantial population migration and adjustments
in land-use policy over the past two decades. The examination of landscape-pattern evo-
lution can elucidate the mechanism of interaction between frequent human disturbances
and the process of forest transformation [40,41]. Consequently, this manuscript has chosen
a suite of indices—Number of Patch (NP), Patch Density (PD), Largest Patch Index (LPI),
Edge Density (ED), Mean Area Index (AREA_MN), Mean Shape Index (SHAPE_MN), Mean
Patch Fractal Dimension (FRAC_MN), Patch Cohesion Index (COHESION), Landscape
Division Index (DIVISION), and Aggregation Index (AI)—to holistically represent the evo-
lution of the landscape pattern within the research zone. The calculation of these landscape
indices involved the use of MCD12Q1 V6 land-cover data. These data were transmuted into
binary maps, facilitating the extraction of four distinct forest cover categories: Evergreen
Needleleaf Forest, Evergreen Broadleaf Forest, Deciduous Broadleaf Forest, and Mixed
Forest. Simultaneously, non-forest background data was assigned a value of 9999. This
process yielded a sequence of landscape indices for the study area, with the computation
method as follows (Table 3):

Table 3. Landscape indexes.

Landscape
Index

Indicator Description Calculation Formula Reference

Number of Patch (NP) The number of patches, or the number of patches
of a certain type of landscape N [42]
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Table 3. Cont.

Landscape
Index

Indicator Description Calculation Formula Reference

Patch Density (PD)

PD represents the density of a certain patch in the
landscape, which can reflect the heterogeneity and
fragmentation of the landscape as a whole and the
degree of fragmentation of a certain type, as well
as the heterogeneity of the landscape per unit area.

PD =
NP
A

[42]

Largest Patch Index (LPI)

LPI is the ratio of the largest patch area to the total
area in line, which is a positive correlation
indicator of the contiguous situation, reflecting the
size of the dominant patch in the landscape.

LPI = Amax/A [41]

Edge Density (ED)

ED is the ratio of the total perimeter to the total
area of the patch, which is a negative correlation
indicator of the contiguous situation, reflecting the
degree of fragmentation of the patch.

ED =
P
A

[43]

Mean Area (AREA_MN) It represents an average situation, which indicates
the degree of fragmentation of the landscape. AREAMN = A/N [43]

Mean Shape (SHAPE_MN)
It is the mean shape index, which reflects the
degree of disturbance of human activities to the
landscape pattern.

SPIMN =
∑n

i=1 0.25Pi/
√

ai
N

[44]

Mean Patch Fractal
Dimension (FRAC_MN)

It indicates the complexity of the plate. If the result
is 1.0, it indicates the simplest square plate. FRACMN =

∑ 2ln(
Pi
4 )/ln4

N
[44]

Patch Cohesion Index
(COHESION)

It reflects the aggregation and dispersion of
patches in the landscape, and the value is between
−1 and 1. When the index result is −1, the patches
are completely dispersed, and when the result is 1,
the patches are clustered.

C =

(1 − ∑m
j=1 pij

∑m
j=1 pij

√aij
)

(1 − 1√
A
)

× 100
[45]

Landscape Division Index
(DIVISION)

It refers to the separation degree of individual
distribution of different plates in a certain
landscape type.

D = [1 − m
∑

j=1
(

aij

A
)

2
] [45]

Aggregation Index (AI)
AI examined the connectivity between patches of
each landscape type. The smaller the value, the
more discrete the landscape.

AI = [
gii

max→ gii
](100) [46]

A is the total area of landscape or patch (hm2). P is the total perimeter of all cropland patches. ai is the patch area.
Pi is the perimeter of the patch. gii is the number of similar adjacent patches of the corresponding landscape type.

2.3.3. Ecosystem Services Value-Equivalent Model

Forests, as an important ecosystem, provide four categories of ecosystem services for
human beings, which are provisioning services (PS), regulating services (RS), supporting
services (SS) and cultural services (CS) [47]. Our investigation employed a revised version
of the ecosystem service value-estimation methodology proposed by Costanza et al. [48,49].
This approach was further refined by Chinese researchers including Xie Gaodi et al. to
accommodate the economic conditions, land usage, and vegetation types particular to
China. The methodology initially calculates the value of various ecosystem services as an
equivalent to the value of food production from farmland, that is, setting the equivalent
value of ecological services for food production in farmland as 1, and calculating the value
of other types of ecosystem services based on the willingness to consume or pay. This
value is the ratio of the welfare obtained from the annual food production of farmland,
forming the equivalent value of various ecosystems. For the study area, the grain crops of
the farmland ecosystem are rice, wheat, and corn, so the output of these three major food
crops is used to measure the value of various ecosystems (58.5 2007$/hm2).

Vi = Sri × Fri + Swi × Fwi + Sci × Fci

In the formula, Vi represents the value of ecosystem services of a standard equivalent
factor ($/hm2); Sri, Swi, Sci, respectively, represent the percentage (%) of the sown area
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of rice, wheat, and corn in the total sown area of the three crops in the i-th year; Fri ,
Fwi , Fci represent the average net profit per unit area of rice, wheat, and corn in the i-th
year ($/hm2).

Next, given that the ecosystem services such as food supply, climate regulation, and
biodiversity of the ecosystem are generally positively correlated with biomass, and the sup-
ply of water resources and the regulation of water temperature are highly correlated with
changes in precipitation, in conjunction with the research results of other scholars, this study
revised the equivalent values to attain an equivalent that can more accurately reflect spatial
heterogeneity [50]. The specific process is illustrated in the following diagram (Figure 2):

Figure 2. Ecosystem services value-equivalent calculation.

3. Results

3.1. Changes in Physical Condition
3.1.1. Extent Changes and Area Transfer

During this investigation, we discerned that those four types of forests—namely, Ev-
ergreen Needleleaf Forest (ENF), Evergreen Broadleaf Forest (EBF), Deciduous Broadleaf
Forest (DBF), and Mixed Forest (MF)—underwent significant transformations. This was
determined by analyzing the spatial pattern evolution of forest-cover data from 2001 to
2020 and calculating the characteristics of forest augmentation or diminution. It is evident
(Figure 3a) that the distribution of forests within the research zone has conspicuously
expanded and exhibited regional disparities over the past two decades, with the exception
of a partial decline in the southeast region (Figure 3a-3). Owing to the elevated altitude and
low annual average temperature in the western region, the primary increase is observed in
Deciduous Broadleaf Forest (Figure 3a-2), while the southern region, with ample precipita-
tion and heat conditions, predominantly experienced an increase in Evergreen Broadleaf
Forest [51,52] (Figure 3a-5). Moreover, the terrain in the southeast is relatively flat with
inconspicuous karstification, primarily constituting a non-karst area [30,53]. Contrasting
with the relatively dispersed patches in other regions, various types of forests in this region
have expanded over a substantial area. Lastly, in the northern region, characterized by the
most intricate comprehensive effects of altitude, precipitation, and temperature, the four
types of forests have augmented to varying extents.
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Figure 3. Spatial and temporal pattern change of forests. (a) is the increase or loss of forests over the
past 20 years. (b) is a characteristic area of forest increase or loss. (c) is the proportion of transfers
in/out between various forest types. (d) is the transfer area between various land cover types.

Subsequently, the alteration in forest area is concomitant with the conversion of forests
to other land categories and the conversion of other land types into forests. Concurrently,
the four types within forests also undergo conversion between each other (Figure 3c).
As depicted in the figure (Figure 3c), the change in forest area can be approximately
bifurcated into two phases. Prior to 2012, the area transfer between forest and other land
types remained relatively stable, with the ratio of transfer-in to transfer-out approximating
2 (Table 4). “Transferred in” refers to the area increase resulting from the conversion
of various other land categories into forests, while “transferred out” refers to the area
decrease resulting from the transformation of forests into other land categories. Post 2012,
the transformation within the research zone underwent a dramatic shift. The forest area
expanded significantly, with the maximum value of the transfer-in to transfer-out ratio
exceeding 16, and the net increased area escalated from 635.31 km2 in 2002 to 2677 km2

in 2020.
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Table 4. Area of forest transferred in/out by year.

01–02 02–03 03–04 04–05 05–06 06–07 07–08 08–09 09–10 10–11 11–12 12–13 13–14 14–15 15–16 16–17 17–18 18–19 19–20

Trans-in Area (km2) 833.88 646.88 605.63 590.69 639.13 800.50 865.00 777.63 874.94 972.25 1339.13 1806.31 2786.44 2510.38 1548.19 3554.63 3708.44 3791.50 3895.06
Trans-out Area (km2) 198.56 248.63 270.19 337.75 266.44 317.25 363.38 361.44 372.06 423.06 327.88 216.75 172.00 154.06 288.56 1290.94 1382.88 1001.75 1218.06

Ratio 4.2 2.6 2.2 1.7 2.4 2.5 2.4 2.2 2.4 2.3 4.1 8.3 16.2 16.3 5.4 2.8 2.7 3.8 3.2

The primary catalyst for the augmentation of forest within the research zone is sub-
stantiated to be the consistent transformation of grassland into forest over the past two
decades (Figure 3d), encompassing a total area of 16,108.28 square kilometers. The alter-
ation in Mixed Forest is the most conspicuous, with an increase of 8456 km2 and a decrease
of 682 km2, succeeded by Deciduous Broadleaf Forest (an increase of 4508.69 km2 and
a decrease of 261.94 km2). In contrast to other types, the transformation of Evergreen
Coniferous Forest is a bit less.

3.1.2. Forest Products

The hydrothermal conditions within the research zone are highly favorable for plant
growth. The primary economic forests encompass fruit trees (Rosaceae), tea trees (Camellia
sinensis), woody oil plants (Euphorbiaceae), lacquer plants (Toxicodendron vernicifluum), and
Chinese medicinal herbs. As depicted (Figure 4a), the yield of forest products in this region
prior to 2006 was exceedingly low, with minimal annual fluctuations. From 2007 to 2013, it
transitioned into a phase of gradual growth, after which the yield of various forest products
commenced a rapid escalation. Among these, tea and its subsidiary products, walnuts
(Juglans regia) and chestnuts (Castanea sativa) emerged as the primary forest products,
with the output amplifying 11-fold. Regarding the yield of fruit (Figure 4b), the output
of citrus (Citrus spp.) significantly surpasses that of other fruits, thereby conferring a
distinct advantage in the region. Additionally, the local area is abundant in a variety of
prickly pear (Opuntia spp.), which yielded more than 440,000 tons in 2020. Another notable
transformation is that post-2014, the yield of apple (Malus domestica) (from 0.79 million tons
to 34.46 million tons) and kiwi (Actinidia deliciosa) (0.99 million tons to 26.01 million tons)
also escalated significantly, increasing by over 25-fold.

Figure 4. Changes of main forest products in the study area. (a) is the yield of forest products. (b) is
the economic fruit yield.

3.1.3. Changes in Landscape

Through the analysis of landscape indexes, we can discern the differentiation regularity
of the landscape pattern within the research zone (Figure 5). According to the NP, LPI, and
Area-MN indices, the number of patches of Evergreen Coniferous Forest (Pinaceae) and
Deciduous Coniferous Forest (Larix decidua) within the region is relatively minimal and
essentially stable, while the patches of Evergreen Broadleaf Forest (Fagaceae) and Mixed
Forest are on the rise. LPI indicates that the Mixed Forest is the dominant landscape type
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here, but its maximum patch area exhibits a downward trend, and the DIVISION degree is
ascending. By integrating ED, PD, and Area-MN indices, it becomes evident that the forest
landscape in this area is relatively fragmented due to the karst topography, particularly the
coniferous forest.

Figure 5. Temporal series diagram of landscape index.

From the perspective of various indices, the Mixed Forest, Deciduous Broadleaf
Forest (Fagaceae), Evergreen Broadleaf Forest, and Evergreen Coniferous Forest cluster
significantly, and the landscape pattern is stable. However, in certain years, Closed Shrub
Forest and Deciduous Coniferous Forest were not monitored, resulting in discontinuity in
the distribution of the index. The ED, LPI, PD, and other indices have undergone abrupt
changes in certain years, primarily affecting the Mixed Forest and Deciduous Broadleaf
Forest. This indicates that the natural state of the forest has been severely disrupted during
this period.
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3.1.4. Slope and Elevation Changes

This study conducted statistics on the slope and elevation of forests at five-year
intervals (Figure 6). The results revealed that the distribution of Mixed Forest and De-
ciduous Broadleaf Forest (Fagaceae) is essentially unrestricted by slope, while Evergreen
Broadleaf Forest (Fagaceae) and Evergreen Coniferous Forest (Pinaceae) are more prevalently
distributed in hilly regions with relatively gentle slopes. Concurrently, post-2015, the
distribution proportion of Mixed Forests on all slopes has diminished, as the proportion
of other Broadleaf Forests has escalated. Furthermore, through observing the elevation
changes of various forests, it is discerned that Evergreen Broadleaf Forest and Mixed Forest
tend to proliferate in low-altitude areas, constituting more than 90% of the forest types
in areas below 500 m above sea level. However, Deciduous Broadleaf Forest is primarily
distributed in the mid-altitude area. In the elevation range of 1500 m to 2500 m, the area
of Deciduous Broadleaf Forest comprises more than half, and the high-altitude area is
dominated by Coniferous Forest.

Figure 6. Slope and elevation distribution of forests.

3.1.5. Threats

Mountain fires and insect pests pose significant threats to the vitality of forest ecosys-
tems, potentially instigating drastic transformations in forest ecosystems and diminishing
their ecological and economic functions. In alignment with the classification system pro-
vided by the International Union for Conservation of Nature (IUCN), wildfires fall under
the broad category of “Changes to Natural Systems”, specifically as a threat pertaining to
“Fire & Fire Suppression”. Concurrently, diseases and pest infestations can be classified
within the sphere of “Invasive Species & Diseases” [54]. In addressing these menaces, it is
paramount to diligently monitor and manage the distribution of pests and diseases as well
as the impacts of wildfires. Furthermore, proactive measures should be implemented for
prevention [55].

At the dawn of the 21st century, due to the obsolescence of forest management method-
ologies and awareness, the incidence rate of mountain fires remained elevated (Figure 7).
For example, local funeral customs, such as the burning of incense, candles, and joss paper,
can readily lead to forest fires. Moreover, due to the forest monitoring measures being
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limited to sporadic cameras and periodic drone inspections, it is challenging to detect
fires promptly, resulting in the spread of wildfires [56]. There were 2154 forest fires in
2003 and 2612 in 2008. Although the scale of the fires was minimal and the proportion of
affected forests was low, the local forest pattern would undergo alterations. Conversely,
with the implementation of the disease and pest control project, the affected forests within
the research zone have been promptly managed, and the prevention rate has exceeded 90%
in the period from 2017 to 2020.

Figure 7. Forest-fire and insect-pest situation in the study area.

3.2. Changes in Ecosystem Services
3.2.1. Changes of Spatial-Temporal Pattern

In this investigation, we employed the value-equivalent model to compute the value
of ecosystem services within the research zone [57,58]. We spatialized the calculation
results of Provisioning Services Value (PSV), Regulating Services Value (RSV), Supporting
Services Value (SSV), and Cultural Services Value (CSV) through the method of Geographic
Information System (GIS), allowing for an intuitive representation of the spatial distribution
of PS in the study area on the map (Figure 8). The study discovered that the high-value
areas of forest ecosystem services were distributed in Zunyi City in the north, Tongren City
in the east, and Qiandongnan Autonomous Prefecture in the southeast. Among these three
cities, there are Alsophila spinulosa (Cyatheaceae) National Nature Reserve in the north,
Fanjing Mountain National Nature Reserve in the east, and Leigong Mountain Nature
Reserve in the southeast, thereby forming a forest cluster with high ecosystem service
value. By comparing the ecosystem services value (ESV) data at five-year intervals, the
service capacity of PSV and CSV remained nearly unchanged, and SSV improved in 2010
compared to 2005. Subsequently, compared to 2010, the maximum value of ESV in 2015
experienced a slight decline, but the distribution area of middle and low values significantly
expanded, and a new high value-gathering area emerged. In 2020, the service value of
the four ecosystems improved. Specifically, the high-value gathering area in the southeast
expanded significantly, the low-value area in the southwest evolved into a median area,
while the high-altitude area in the northwest formed a new ESV cluster.
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Figure 8. Spatial-temporal changes of ecosystem services.

3.2.2. Changes of Ecosystem Services Value

The value of ecosystem services within the research zone ranks foremost in terms
of Regulating Services (RS), succeeded by Supporting Services (SS). This indicates that,
compared to the circulation value of forest products as commodities in human society, the
forest ecological utility in this area is more pronounced. Furthermore, the value of the
four ecosystem services has amplified by 2.3–2.5 times over the past two decades (Table 5).
However, the total regional ESV reached 7.25 billion dollars in 2020, of which 4.74 billion
dollars is the contribution of RS. This implies that the value of RS surpasses the sum of
the other three values, which is markedly unbalanced. It appears that a more effective
forest policy is required to balance the ecological functions and the provision functions of
forest products, thereby enabling forest resources to provide more sustainable support for
local development.
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Table 5. Forest ecosystem services value of Guizhou Province. (Unit: 100 million dollars).

Year PSV RSV SSV CSV Total

2001 1.78 19.77 7.29 1.47 30.31
2002 1.85 20.48 7.55 1.52 31.39
2003 1.88 20.79 7.66 1.54 31.87
2004 1.90 21.10 7.77 1.56 32.33
2005 1.91 21.19 7.80 1.57 32.47
2006 1.94 21.56 7.93 1.59 33.03
2007 1.99 22.07 8.12 1.63 33.80
2008 2.03 22.55 8.30 1.67 34.54
2009 2.07 22.91 8.43 1.69 35.11
2010 2.11 23.47 8.63 1.73 35.94
2011 2.16 24.00 8.81 1.77 36.75
2012 2.28 25.43 9.32 1.87 38.91
2013 2.49 27.71 10.15 2.04 42.38
2014 2.85 31.78 11.62 2.34 48.59
2015 3.19 35.59 13.00 2.61 54.39
2016 3.35 37.48 13.69 2.75 57.27
2017 3.56 39.81 14.52 2.92 60.80
2018 3.77 42.18 15.38 3.09 64.41
2019 4.00 44.70 16.34 3.29 68.33
2020 4.25 47.44 17.35 3.49 72.53

4. Discussion

4.1. The Framework Design

The present study proposes an ecosystem service-evaluation method based on remote
sensing data and socio-economic data. This approach, to a certain extent, alleviates the
dilemma of inadequate on-site survey data in underdeveloped areas, enables GIS analysis,
and facilitates swift and continuous monitoring of ecosystem changes, providing assistance
to decision-makers. However, the improvement of this framework is an ongoing process.

The current framework has a limited selection of indicators. For example, only two
categories of threats were selected, which might result in less accurate assessment results.
Secondly, we found that, with the current framework, it is possible only to perform analysis
and calculations on an annual basis. A smaller time interval of the research area would not
allow for the collection of remote-sensing and socio-economic data to achieve variations.

Furthermore, this framework only conducts an evaluation from the overall perspective
of the ecosystem. However, more detailed features, such as individual situations in the
forest (crown width, diameter at breast height, plant height, age group), are overlooked,
which may result in limited application scenarios of the evaluation results.

4.2. Insufficiency of the Value-Equivalent Model

While the value-equivalent model employed in this study provides an intuitive re-
flection of ecosystem value and is straightforward to calculate, it primarily focuses on the
feedback of macro patterns and phenomena, thereby circumventing the mechanisms at
play when the ecosystem performs its ecological functions.

Meanwhile, we also noticed that the unit value in this model is calculated through
the willingness-to-pay method [59]; thus, the result depends heavily on the personal
willingness of the respondents selected in the survey. Moreover, such willingness can
change with the development of the economy and the guidance of public opinion. For
instance, when people tend to choose virtual entertainment rather than getting close to
nature, their willingness to pay for tourism will decline, and the corresponding value will
change accordingly. However, since it is impossible to conduct the willingness-to-pay
survey annually, this study used a fixed unit price for the calculation, which might cause
some bias in the results.
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Another point worth noting is that, although we attempted to make the value-
equivalence factor more accurate and made some adjustments, our current adjustment
method ignores the spatial heterogeneity of the entire research area. We simply treated
the research area, taking the annual average precipitation, among other averages, for
adjustment. However, due to the significant differences in area, altitude, and climatic
conditions across the research area, it is still challenging to obtain accurate results even
after adjustment.

5. Conclusions

Utilizing remote sensing images and socio-economic data, this study maps the transfor-
mations of the forest ecosystem in the core area of the karst mountain regions in southwest
China from 2001 to 2020. Based on the analysis of alterations in the forest’s physical con-
ditions and the calculation of the evolution pattern of its ecosystem service value, the
following conclusions can be drawn:

1. Over the past two decades, forest rehabilitation within the study area has yielded com-
mendable outcomes, substantially mitigating various ecological dilemmas instigated
by rocky desertification in this region. The forested area has increased significantly,
and the ecosystem service value has more than doubled.

2. The restoration of the forest ecosystem in the research area has clear stages. The
physical accounts and ecosystem service accounts of the forest ecosystem in the second
stage show more significant changes in terms of range expansion, area increase, and
value enhancement compared to the first stage. The main reason is that a number of
ecological restoration policies were implemented locally during this stage, including
the conversion of farmland to forests, migration and relocation, and the promotion of
the development of the forestry industry.

3. Human intervention has a significant impact on the changes in the ecosystem, and
reasonable forestry management policies can effectively and quickly enhance the
service value of the forest ecosystem. By establishing an evaluation system that
combines remote-sensing data and socio-economic data, we can provide excellent
technical support for finding a balance between the sustainable development of forests
and human life.
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Appendix A

Table A1. International Geosphere-Biosphere Programme (IGBP) legend and class descriptions.

Name Description

Evergreen Needleleaf Forests Dominated by evergreen conifer trees (canopy >2 m). Tree cover >60%.

Evergreen Broadleaf Forests Dominated by evergreen broadleaf and palmate trees (canopy >2 m).
Tree cover >60%.

Deciduous Needleleaf Forests Dominated by deciduous needleleaf (larch) trees (canopy >2 m).
Tree cover >60%.

Deciduous Broadleaf Forests Dominated by deciduous broadleaf trees (canopy >2 m). Tree cover >60%.

Mixed Forests Dominated by neither deciduous nor evergreen (40–60% of each) tree type
(canopy >2 m). Tree cover >60%.

Closed Shrublands Dominated by woody perennials (1–2 m height) >60% cover.
Open Shrublands Dominated by woody perennials (1–2 m height) 10–60% cover.
Woody Savannas Tree cover 30–60% (canopy >2 m).

Savannas Tree cover 10–30% (canopy >2 m).
Grasslands Dominated by herbaceous annuals (<2 m)

Permanent Wetlands Permanently inundated lands with 30–60% water cover and >10% vegetated cover.
Croplands At least 60% of area is cultivated cropland.

Urban and Built-up Lands At least 30% impervious surface area including building materials, asphalt, and vehicles.

Cropland/Natural Vegetation Mosaics Mosaics of small-scale cultivation 40–60% with natural tree, shrub, or
herbaceous vegetation.

Permanent Snow and Ice At least 60% of area is covered by snow and ice for at least 10 months of the year.

Barren At least 60% of area is non-vegetated barren (sand, rock, soil) areas with less than
10% vegetation.

Water Bodies At least 60% of area is covered by permanent water bodies. Unclassified 255 Has not
received a map label because of missing inputs.

References

1. FAO. Global Forest Resources Assessment 2020—Key Findings; FAO: Rome, Italy, 2020.
2. Available online: https://www.Fao.org/Forest-Resources-Assessment/En/ (accessed on 1 March 2023).
3. Campbell, E.T.; Tilley, D.R. Valuing ecosystem services from Maryland forests using environmental accounting. Ecosyst. Serv.

2014, 7, 141–151. [CrossRef]
4. FAO. Global Forest Resources Assessment 2020. Guidelines and Specifications Fra 2020; FAO: Rome, Italy, 2018.
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Abstract: In the process of vegetation restoration for karst desertification management, the lack
of scientific and rational intercropping technology and the blind application of large amounts of
nitrogen fertilizer have made the soil the main source of atmospheric N2O in this region. How
soil N2O emissions vary under different intercropping modes is a scientific question worthy of
study. This study took a three-year-old loquat (Eribotrya japonica L.) artificial forest in the karst
plateau canyon as the experimental site and designed loquat intercropping with peanut, corn, and
sweet potato (Ipomoeabatatas (L.) Lam.) as well as non-intercropping to analyze the differences
in soil physicochemical properties and greenhouse gas emissions under different intercropping
patterns. The results showed that intercropping with peanut significantly increased loquat yield,
soil moisture, temperature, SOC, MBC, TN, and MBN content. The emissions of N2O and CO2were
mainly positively correlated with soil moisture and temperature, while CH4 showed a negative
correlation with soil moisture and soil temperature. The soil absorbed CH4 in the control of karst
desertification. Karst area soils exhibited higher N2O emissions. Intercropping patterns significantly
influenced soil N2O emissions, with N2O-N cumulative emissions ranging from 5.28 to 8.13 kg·hm−2

under different intercropping conditions. The lowest N2O-N cumulative emissions were observed
for peanut intercropped under the forest. The peak N2O emission occurred in April 2022, which
may be attributed to the higher rainfall and soil moisture during that month. Intercropping peanut
with loquat significantly reduced the global warming potential. Therefore, intercropping peanut in
young forests can improve soil water and fertilizer conditions, reduce soil N2O emissions and global
warming potential, and serve as a nitrogen fixation and emission reduction technique suitable for
karst desertification areas.

Keywords: karst desertification control; loquat; vegetation restoration; intercropping peanut; N2O emission

1. Introduction

The continuous increase in greenhouse gas (GHG) emissions, especially carbon diox-
ide (CO2), nitrous oxide (N2O), and methane (CH4), is a major driving factor for global
climate change [1]. Although the emissions of CH4 and N2O are much lower than those of
CO2, their global warming potential (GWP) is 25 times and 298 times greater than CO2, re-
spectively (over a 100-year horizon) [2]. Nitrous oxide (N2O) is one of the main greenhouse
gases, which can participate in photochemical reactions in the atmosphere to destroy the
ozone layer in the stratosphere, thereby exacerbating the greenhouse effect [3]. N2O has a
long residence time in the atmosphere, and its continuous increase in concentration will
further contribute to the greenhouse effect. Soil is the main source of N2O emissions [4], and
denitrification is the main process of N2O production [5,6]. The main reason for this is the
unreasonable use of synthetic fertilizers in agricultural production [7,8], especially in the
karst areas of southern China centered around the Guizhou Plateau, where the soil is thin
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and the ecosystem is fragile [9,10]. In order to increase yields, farmers blindly apply a large
amount of nitrogen fertilizer, increasing the mineral nitrogen content in the soil nitrogen
transformation process [11,12], causing the soil to become one of the main sources of atmo-
spheric N2O production in the karst area. Therefore, changes in N2O concentration will
have a significant impact on future climate change. Reducing or controlling N2O emissions
to improve the ecological environment and mitigate global change is of great significance.

Loquat (Eriobotrya japonica L.) is a subtropical evergreen fruit tree with rich nutrition
and high economic value. Loquat has the characteristics of drought resistance, barrenness
resistance, and wide adaptability, and it plays an important role in the control of karst
desertification. By planting loquat in this area, the vegetation in the rocky desertification
area can be effectively restored, and it has become an important source of income for
local farmers [13,14]. However, during the vegetation restoration process, due to the
lack of scientific and reasonable intercropping patterns, most farmers are accustomed to
intercropping with crops such as corn and sweet potato (Ipomoeabatatas (L.) Lam.) and
using a large amount of chemical fertilizers, which not only restrict the growth of loquat
but also increase greenhouse gas emissions. Therefore, selecting suitable intercropping
crops is of great significance for increasing farmers’ income and promoting sustainable
environmental development.

Afforestation is a major and long-term control method in karst desertification but does
not meet the income needs of farmers for life within a year. Intercropping peanut under
forests provides a good idea for a solution to this problem. Peanut (Arachishypogaea L.) is an
important oil and economic crop worldwide, with China having the highest total peanut
production in the world. It is one of the main export agricultural products and plays an im-
portant role in national economic development and food security. Due to its characteristics
of dwarf stature, nitrogen fixation, low input, and high output, it has gradually become an
ideal pioneer crop for intercropping with young tea gardens, orchards, medicinal gardens,
and other economic forests [15–18]. Especially in karst areas, intercropping peanut under
forests can not only increase the income of farmers in remote and poor areas and prevent
water and soil loss on rocky desertification farmland but also effectively alleviate the con-
flict between food and oil land, playing an important role in ensuring China’s food and
oil security. Research has found that under conditions of no or low nitrogen application,
the selection of crop varieties (such as peanut) can slow down global warming [19], and
the N2O emissions from peanut soil are significantly lower than those from nitrogen-fixing
tree species [20]. Therefore, can intercropping loquat with peanut reduce greenhouse gas
emissions in vegetation restoration and karst desertification control?

To this end, this study selected a loquat (Eribotrya japonica L.) site that had undergone
karst canyon desertification control and restoration for three years as the experimental site
and conducted intercropping patterns of loquat with peanut, corn, sweet potato, and other
crops to study changes in soil temperature, moisture content, and greenhouse gas emission
flux under different intercropping patterns. This study focused on analyzing changes in
warming potential under different intercropping patterns to clarify the soil water–nutrient–
gas cycle characteristics of the vegetation restoration system in ecologically fragile areas of
karst desertification, and to provide technological support for the sustainable restoration of
vegetation in karst desertification control areas.

2. Materials and Methods

2.1. Overview of the Experimental Site

The experiment was conducted in Guanling County, Anshun City, Guizhou Province,
China, which represents the karst landscape of southern China. The site is located in Bangui
Township, Huajiang Town, with coordinates of 25◦41′33′′ N and 105◦37′32′′ E. The area
belongs to the medium- to high-intensity karst canyon desertification zone, with high rock
exposure, scarce soil resources, rare surface runoff, and severe human–land conflicts. In
order to control desertification, loquat, Sichuan pepper, dragon fruit, honeysuckle, and
other crops have been widely promoted for planting. Currently, loquat has become one of
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the dominant industries in the area. This experiment selected a loquat forest as the sample
site for the restoration of karst desertification for three years. The soil is mainly yellow
soil and yellow calcareous soil. The organic matter content in the 0–20 cm soil layer was
42.80 ± 1.25 g·kg−1, the total nitrogen content was 2.61 ± 0.13 g·kg−1, the total phosphorus
content was 1.32 ± 0.22 g·kg−1, the bulk density was 1.24 ± 0.10 g·cm−3, and the pH was
7.64 ± 0.16. The average height of the loquat trees was 1.57 ± 0.12 m, the crown width was
1.52 ± 0.14 m (east–west) × 1.60 ± 0.17 m (north–south), and the ground diameter was
4.81 ± 0.37 cm.

2.2. Experimental Materials

The loquat variety used was “Wuxing Loquat”, the peanut variety was Qian Peanut 1
(primarily harvested for its pods), and the sweet potato and corn were both local varieties
(corn variety: Guanling White Corn, sweet potato variety: Bangui Red Heart Sweet Potato).

2.3. Experimental Design

The experiment was conducted in a loquat orchard planted in January 2018. Loquat
trees with similar growth were selected, with a planting density of 830 trees per hectare,
a row spacing of 4 m, and a plant spacing of 3 m. The experiment was conducted from
February 2021 to May 2022, with four intercropping modes: intercropping with peanut (IP),
intercropping with corn (IC), intercropping with sweet potato (IS), and no intercropping
(SC) in the understory. Each plot had an area of 10 m × 10 m and was repeated four
times, for a total of 16 plots. Among them, the distance between peanut, corn, and sweet
potato and the loquat tree trunk was 0.80 m, and the planting row spacing for peanut, corn,
and sweet potato was 0.40 m, with a plant spacing of 0.2 m. The field management was
consistent during the experiment in each plot. Local commonly used compound fertilizer
(N:P2O5:K2O = 15:15:15) was applied with a total amount of 337.5 kg·hm−2, divided into
two applications. The first application was carried out on 18 March 2021, with a dosage
of 225.0 kg·hm−2. Half of the fertilizer was evenly spread and incorporated into the soil
in the interspace of the loquat trees using a hoe. The other half was applied by digging a
20 cm deep circular trench 40 cm away from the loquat tree trunk, and the fertilizer was
evenly spread inside the trench, followed by backfilling. On 21 March 2021, intercropping
of peanut, corn, and sweet potato was carried out, and after sowing, gas collectors were
placed in the experimental field for gas emission collection. The second application was
performed on 4 March 2022, using a fertilizer amount of 112.5 kg·hm−2. A 20 cm deep
circular trench was dug 50 cm away from the loquat tree trunk, and the fertilizer was
evenly applied into the trench. Due to the absence of pest and disease infestation during
the experimental period, no pesticides were used. The air temperature and rainfall were
monitored by a small weather station during the experiment (Figure 1).

2.4. Soil Sample Collection and Analysis

Soil samples were collected using the “S” type 5-point sampling method at 0–20 cm
soil depth in February, May, July, and October 2021 and January and April 2022 (if it rained,
samples were collected 2 weeks after the rain). The samples were mixed and placed in
aluminum boxes and brought back to the laboratory. After drying in an oven, the soil
moisture content was measured. At the same time, a soil thermometer was used to measure
the temperature of the 5 cm soil layer at 10 am. The formula for calculating soil moisture
content is:

Soil moisture content = (wet soil weight − dry soil weight)/dry soil weight × 100%. (1)

The loquat yield was measured in May 2021 and April 2022 (during the loquat har-
vesting period). As there was no significant difference in loquat yield under different
intercropping modes in 2021, 2022 yield data were used for analysis. Soil samples were
collected in October 2021 (after the harvest of peanuts, corn, and sweet potatoes) and May
2022 (after the loquat harvest) using a soil corer (50 mm inner diameter), according to the “S”
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curve sampling method at five points in the topsoil layer (0–20 cm). The collected soil was
sieved to remove stones, debris, and roots; mixed; and then divided into two parts, one for
nutrient analysis and the other, which was placed in a foam box at low temperature (4 ◦C),
for soil microbial biomass carbon (MBC) and nitrogen (MBN) analysis in the laboratory.

After natural drying in the laboratory, the soil was ground using a ball mill and
sieved using 0.15 mm and 2 mm screens. The soil organic carbon (SOC), total nitrogen
(TN), and alkaline nitrogen (AN) content were determined using the “Soil Agricultural
Chemistry Analysis” method set out by Bao [21]. The SOC content was determined
using the high-temperature external heating potassium dichromate oxidation capacity
method. The total nitrogen content of the soil was determined by digesting with H2SO4-
HClO4 and measuring using an automatic Kjeldahl nitrogen analyzer (Hanon K1160,
Shandong, China). The alkaline nitrogen content of the soil was determined using the
alkaline diffusion method. The determination of soil MBC and MBN content was performed
by the chloroform fumigation–extraction method [22,23].

 

Figure 1. Monthly average rainfall and air temperature during the experiment.

2.5. Gas Collection and Analysis

Gas collection time was consistent with soil moisture collection time. The static box
method was used for sampling, and the sampling box was made of acrylic material (20 cm
long, 20 cm wide, and 30 cm high), with a three-way valve installed on the top for gas
sampling. There was a small fan on the top of the box to mix the gas inside the box. The
bottom of the sampling box was inserted into the soil between two loquat trees (10 cm), and
the box was fastened to the groove on the base (sealed with water). During the sampling
period, there were no crops or weeds in the box, which can represent the soil surface
condition of the loquat orchard. Sampling was conducted from 9:00 to 11:00 on each
sampling day. After the sampling box was fastened, the switch valve on the top of the
sampling box was opened at 0, 15, 30, and 45 min, and 35 mL of gas was extracted with
a 50 mL syringe and injected into a 12 mL headspace bottle that had been pre-evacuated.
Each sampling was completed within 1 h. Gas concentration analysis was performed using
an Agilent Technologies 7890A GC System (Agilent Technologies, Inc., Wilmington, DE,
USA), and the CO2, N2O, and CH4 gas emission fluxes were calculated according to the
following formula [24]:

F =
M

22.4
× 273

273 + T
× H × dc

dt
× 60
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In the formula, F is the emission flux of CO2, CH4, and N2O (the CO2 unit is
mg·m−2·h−1; CH4 and N2O units are μg·m−2·h−1); 60 is the conversion factor; H is the
effective height of the sampling box (m); M is the molar mass of the gas; T is the temper-
ature inside the sampling box (◦C); and dc/dt is the slope of the regression curve of gas
concentration and time.

The formula for calculating the cumulative greenhouse gas emissions is

G =
n

∑
i=1

Fi + Fi+1

2
× (di+1 − di)× 24

In the formula, G is the total greenhouse gas emissions (kg/hm2); F is the gas emission
flux at the i-th sampling; d is the number of days between adjacent samplings; and n is the
number of determinations.

As the CO2 gas in the experiment is not a net emission, the global warming potential
(GWP) is calculated based on a 100-year time scale. The warming effects per unit mass of
CH4 and N2O are 25 and 298 times that of CO2, respectively. The global warming potential
values of soil CH4 and N2O fluxes are calculated using the following formula [2]:

GWP(kg CO2-eq·hm−2) = 25 × G(CH4) + 298 × G(N2O)

GWP is the global warming potential (kg·hm−2); G(CH4) and G(N2O) are the cumula-
tive emissions of CH4 and N2O, respectively (kg·hm−2).

2.6. Data Analysis

The experimental data were analyzed and processed using Excel 2016 and SPSS 13.0
software. Before conducting the statistical analysis, the normality of the dataset was
evaluated, and a log10 transformation was performed if necessary to improve normality.
One-way ANOVA was used to analyze the significance of soil moisture, soil greenhouse
gas emissions, soil nutrient content, loquat yield, and economic benefits under different
intercropping patterns at the same sampling time. Multiple comparisons between sam-
pling months/years and intercropping patterns were conducted using the least significant
difference (LSD) method. Pearson correlation analysis was used for correlation analysis.
OriginPro 2021 (Originlab Lab, Northampton, MA, USA) was used for plotting.

3. Results

3.1. Seasonal Variation of Soil Moisture and Temperature under Different Intercropping Patterns

Soil moisture and soil water storage showed similar trends (Figure 2a,c). Intercrop-
ping patterns and sampling time significantly influenced soil moisture and water storage
(p < 0.001) (Figure 2a). Throughout the experimental period, the average soil moisture
content was highest in the IP treatment, followed by IC, IS, and SC, and IP was signif-
icantly higher than IS and SC (p < 0.05). The average water storage followed the order
IP > IS > IC > SC (Figure 2d), with IP significantly higher than SC (p < 0.05). In October
2021, the soil moisture content and water storage were the lowest for all treatments, but
IP significantly surpassed the other intercropping patterns. Compared to IC, IS, and SC,
IP had 37.45%, 22.97%, and 42.40% higher soil moisture content, and 41.89%, 23.16%, and
47.95% higher water storage, respectively. This indicates that intercropping with peanut in
the understory has a certain water conservation effect.

Soil temperature was significantly influenced by different sampling times (p < 0.001)
(Figure 2b). The lowest soil temperature was recorded in January 2022, consistent with the
trend of air temperature (Figure 2b), but there were no significant differences among the
intercropping patterns.
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Figure 2. The seasonal variation of soil moisture (a), temperature (b), water storage (c), and average
water storage (d) under different intercropping patterns of loquat with peanut (IP), corn (IC), sweet
potato (IS), and no intercropping (SC). Error bars represent standard deviation (n = 4). * p < 0.05;
** p < 0.01; ns, not significant. Different lowercase letters indicate significant differences among
different intercropping modes (p < 0.05). The same applies to the following.

3.2. Analysis of Soil Greenhouse Gas Emission Flux, Cumulative Emissions, and Their Global
Warming Potential

The soil CO2 emission flux exhibited significant seasonal dynamics (p < 0.001) (Figure 3a),
and the intercropping pattern had a significant effect on it. Except for IC, the CO2 emission
flux gradually increased from February to July 2021 (Figure 3a) and then decreased, with the
lowest emission in January 2022. The cumulative emissions were highest in SC, significantly
higher than IP, IC, and IS (p < 0.05).

The intercropping pattern had a significant effect on the soil CH4 emission flux
(p < 0.001) (Figure 3b) and exhibited significant seasonal dynamics. The soil CH4 emission
flux showed a fluctuating trend during the experiment. The cumulative emissions of CH4
were highest in SC (Figure 3d), followed by IS, significantly higher than IP and IC (p < 0.05).
Overall, the cumulative CH4 emission exhibited negative values, indicating that the soil
had a certain absorption capacity for CH4 during plant growth, and IP and IC had relatively
high absorption rates, at 11.02 kg·hm−2 and 11.40 kg·hm−2, respectively.

The soil N2O emission flux exhibited significant seasonal dynamics (p < 0.001) (Figure 3c),
and different intercropping patterns had a significant effect on it (p < 0.001). Except for IS in
July 2021, which was significantly lower than other treatments, IP had the lowest emission

272



Forests 2023, 14, 1652

flux in other seasons. The highest N2O emission flux among the same intercropping systems
occurred in April 2022. IP had the lowest cumulative emissions (Figure 3d), with a value
of 5.28 kg·hm−2, followed by IS with a value of 6.02 kg·hm−2, significantly lower than SC
(p < 0.05).

The global warming potential of different intercropping systems was ranked as
SC > IC > IS > IP, with IP, IC, and IS being 44.76%, 30.29%, and 34.25% lower than SC,
respectively, and the differences were significant (p < 0.05) (Figure 3d).

 

Figure 3. The soil CO2 emission flux (a), soil CH4 emission flux (b), soil N2O emission flux (c), and
cumulative emissions and global warming potential (d) under different intercropping patterns of
loquat with peanut (IP), corn (IC), sweet potato (IS), and no intercropping (SC) (n = 4). ** p < 0.01;
Different lowercase letters indicate significant differences among different intercropping modes
(p < 0.05).

3.3. Analysis of Soil C and N Content

Soil SOC, TN, AN, MBC, and MBN content showed significant differences among
different years and intercropping patterns (p < 0.001) (Figure 4). The trends of SOC under
different intercropping treatments were basically consistent in 2021 and 2022 (Figure 4a). It
showed that IP > IC > IS > SC, and IP was significantly higher than IS and SC (p < 0.05).
Soil TN content in 2021 showed that IP > IS > IC > SC (Figure 4b), and IP was significantly
higher than IC and SC (p < 0.05); in 2022, it showed that IS > IP > IC > SC, and IS, IP,
and IC were all significantly higher than SC (p < 0.05). Soil AN content in 2021 showed
that IP > IC > IS > SC (Figure 4c), and IP and IC were significantly higher than IS and SC
(p < 0.05); in 2022, it showed that IP > IS > SC > IC, but the difference was not significant
(p > 0.05).
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Figure 4. The soil organic carbon (SOC) (a), total nitrogen (TN) (b), alkaline nitrogen (AN) (c), soil
microbial biomass carbon (MBC) (d), and soil microbial biomass nitrogen (MBN) (e) content of inter-
cropped peanut (IP), intercropped corn (IC), intercropped sweet potato (IS), and non-intercropped
(SC) in four replicates (n = 4). * p < 0.05; ** p < 0.01; ns, not significant. Different lowercase letters
indicate significant differences among different intercropping modes (p < 0.05).

The trends in soil MBC and MBN contents were similar among different intercropping
modes (Figure 4d,e). In 2021, both MBC and MBN showed the order of IP > IC > IS > SC,
and in 2022 the order was IP > IS > IC > SC, with IP significantly higher than IC and SC
(p < 0.05).

3.4. Yield and Economic Benefit Analysis

The yield and economic benefit analysis results for different intercropping modes
are shown in Table 1. Loquat yield showed that IP > IS > IC > SC, and IP and IS
were significantly higher than IC and SC (p< 0.05). IP had the highest total input cost,
valued at 13,485 CNY·hm−2, followed by IS at 13,275 CNY·hm−2. The total output
value and net profit of different intercropping modes exhibited consistent trends. The
highest net profit was observed in the IP treatment, valued at 40,419.8 CNY·hm−2, fol-
lowed by IS at 35,473.4 CNY·hm−2. In comparison to the non-intercropping mode (SC:
20,917.5 CNY·hm−2), IP and IS demonstrated net profit increases of 93.2% and 69.6%, re-
spectively, with significant differences (p < 0.05). The intercropping mode with the highest
output–input ratio was IP (4.00), significantly higher than SC (p < 0.05).

3.5. Correlation Analysis

The soil temperature and soil moisture had a significantly positive correlation with
CO2 emissions and N2O emissions (p < 0.01) (Figure 5a), while the CH4 emissions showed a
significant negative correlation with soil moisture (p < 0.05). There was a positive correlation
between loquat yield and soil C and N content (Figure 5b) and a negative correlation with
cumulative emissions of soil CO2, CH4, N2O, and GWP. SOC, TN, MBC, and MBN content

274



Forests 2023, 14, 1652

showed a highly significant negative correlation with cumulative emissions of soil CH4,
N2O, and GWP (p < 0.01).

Table 1. Yield and economic benefit analysis under different intercropping modes (mean ± SD).

Treatment
Loquat Yield

(kg·hm−2)

Yield of
Intercropped

Crops (kg·hm−2)

Total
Investment

(CNY·hm−2)

Total Output Value
(CNY·hm−2)

Net Profit
(CNY·hm−2)

Output–Input
Ratio

IP 9124.5 ± 845.6 a 920.3 ± 101.7 13,485 53,904.8 ± 4345.6 a 40,419.8 a 4.00 ± 0.32 a
IC 6833.1 ± 798.6 b 3511.6 ± 230.1 13,125 42,944.3 ± 3758.1 b 29,819.3 b 3.27 ± 0.29 ab
IS 8056.1 ± 752.1 a 5292.3 ± 401.7 13,275 48,748.4 ± 4375.6 ab 35,473.4 ab 3.67 ± 0.33 ab
SC 5758.5 ± 638.2 b 7875 28,792.5 ± 3190.8 c 20,917.5 c 3.66 ± 0.41 b

Note: IP, IC, IS, and SC, respectively, represent intercropping of peanut with loquat, intercropping of corn,
intercropping of sweet potato, and no intercropping. Peanut yield was calculated based on dry weight of pods,
corn yield was calculated based on dry weight of grains, and sweet potato and loquat yield were calculated based
on fresh weight; total output value was calculated based on the local minimum prices, where the price of peanuts
was 9.0 CNY·kg−1, loquat was 5.0 CNY·kg−1, corn was 2.5 CNY·kg−1,and sweet potato was 1.6 CNY·kg−1.
Different lowercase letters within the same column indicate significant differences between different intercropping
modes (p < 0.05).

 
Figure 5. Correlation analysis of soil temperature, soil moisture content, and greenhouse gas emission
flux (a), and the correlation analysis between loquat yield and soil C and N content, greenhouse gas
cumulative emission, and warming potential (b). * The correlation is significant at the 0.05 level;
** significant at the 0.01 level.

4. Discussion

4.1. Intercropping Peanut Improved Loquat Yield and Soil Water and Fertilizer Environment in the
Karst Plateau Canyon Desertification Control

Due to the high land and thermal resource utilization efficiency of intercropping
systems [25], the area of intercropping peanuts with other crops has been increasing [26].
There are many factors that affect crop yield, and different intercropping treatments showed
that IP and IS were significantly higher than IC and SC in loquat yield (p < 0.05) (Table 1).
The IP treatment had the highest total output value, net profit, and output–input ratio,
followed by the IS treatment, and these were both significantly higher than the IC and SC
treatments (p < 0.05). This indicates that intercropping with dwarf nitrogen-fixing crops
can promote loquat growth and yield formation, improve economic benefits, and achieve
the purpose of promoting management through planting. Although intercropping with
sweet potato can also achieve higher economic benefits, the nutrient requirements are high,
making it unsuitable for intercropping in the poor and barren soil of karst desertification.
There was a positive correlation between loquat yield and soil C and N content (Figure 5b).
This indicates that soil C and N play an important role in crop growth, which is consistent
with previous research results [27].
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Some studies have shown that reasonable intercropping of leguminous crops can
reduce soil erosion, reduce nitrogen loss, and increase soil organic matter and nitrogen
content [28,29]. In this study, the average soil moisture content, soil water storage, SOC,
TN, MBC, and MBN content of loquat intercropped with peanut were significantly higher
than those of the non-intercropped plots (p < 0.05). Especially in October 2021, which
experienced a long period of drought, the soil moisture content and water storage of
loquat intercropped with peanut were significantly higher than the non-intercropping
treatment (Figure 2a,c) (p <0.05). This is consistent with previous studies on intercropping
peanut in walnut forests [30]. This indicates that intercropping dwarf and nitrogen-fixing
crops (peanut) can effectively improve soil water and fertilizer conditions in vegetation
restoration of karst desertification control.

4.2. Intercropping Peanut with Young Loquat Forests Reduces N2O Emissions

In agricultural production, there have been many reports on reducing soil N2O emis-
sions. Agronomic measures such as applying biochar [4,31,32], nitrification inhibitors [33],
and slow-release fertilizers [34,35] and using optimized tillage methods [36] can reduce
N2O emissions. Previous studies have shown that reasonable intercropping and crop
rotation with peanut can offset some of the external nitrogen input, increase crop nitrogen
uptake, and reduce soil N2O emissions [37–40], thereby ensuring the sustainability of the
agricultural environment [41,42]. In this study, intercropping peanut with loquat signifi-
cantly reduced the cumulative emissions of soil N2O, CO2, and CH4 (p < 0.05) (Figure 3d).
Among them, soil N2O had the lowest cumulative emissions (Figure 3d), possibly because
rhizobium is a diverse group of soil bacteria that can form symbiotic nitrogen-fixing as-
sociations with leguminous plants such as peanut, and many of these rhizobia can also
perform denitrification [43]. Under anaerobic conditions, denitrifying microorganisms in
the surrounding soil, including rhizobia cells released from decomposing nodules, can
convert NO3

− or NO2
− to nitrogen gas [44,45], effectively reducing N2O emissions [45–48].

The highest N2O emissions under the same intercropping pattern were in April 2022
(Figure 3c). This may be related to the significantly positive correlation between soil N2O
emissions and soil temperature and moisture content (Figure 5a), and previous studies have
shown that water management significantly affects soil N2O emissions [49]. Therefore, this
may be related to the higher rainfall (Figure 1), soil moisture content (Figure 2a), and soil
temperature (Figure 2b) in April 2022.Furthermore, this study indicated that in July 2021,
the N2O emissions from the IS treatment were significantly lower than the other treatments,
which may be due to the higher nitrogen consumption during the starch bulking period of
sweet potatoes, resulting in lower N2O emissions.

In addition, soil C and N content have a certain impact on soil greenhouse gas emis-
sions. Previous studies [50–52] have shown that adding N reduces forest soil CO2 and
CH4 emissions while increasing N2O emissions; furthermore, increasing C reduces N2O
emissions. The cumulative CH4 emissions in this study were negative, indicating that the
soil has a certain absorption capacity for CH4 during plant growth, especially in the IP and
IC treatments, where the absorption was higher, which may be related to the higher avail-
ability of nitrogen in the soil under this intercropping pattern. In this study, it was found
that SOC, TN, MBC, and MBN content showed a highly significant negative correlation
with the cumulative emissions of soil CH4, N2O, and GWP (p < 0.01) (Figure 5b). This is
different from the results of previous studies [51,52]. This may be related to the fact that
the study area belongs to a severe karst desertification environment, with thin soil layers,
high soil erosion, and long-term soil moisture deficiency (Figure 2a).

5. Conclusions

From the perspective of loquat yield and comprehensive economic benefits in the
vegetation restoration of karst desertification, intercropping with peanut was a more
suitable intercropping pattern, followed by intercropping with sweet potato. Understory
intercropping of peanut improved soil moisture, water storage, soil carbon, and nitrogen
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content. Karst area soils exhibited higher N2O emissions, but intercropping with peanut
effectively reduced soil N2O emissions. The lowest cumulative N2O-N emissions and
global warming potential were observed when peanuts were intercropped under the forest.
N2O emissions primarily occurred in April and May, and the emission levels were strongly
positively correlated with soil moisture and temperature. Additionally, the soils in karst
desertification control demonstrated a certain capacity for CH4 absorption.
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Abstract: Abies fanjingshanensis trees are the only remaining Abies species in a type of subtropical
forest of southwest China and are in imminent danger. Previous studies suggested that the massive
death of Abies was caused by the unbalanced chemometrics and nutrients in the soil. To the best
of our knowledge, for the first time, we evaluated the microbial carbon use efficiency (CUE) in the
rhizospheric topsoil and subsoil of A. fanjingshanensis, at high elevation, middle elevation, and low
elevation as well as investigated their physicochemical indices, soil enzyme activities, bacteria, fungi,
and microbial biomass. The results showed that the physicochemical parameters (TP, SOC, AK, AP,
MC, TN, NO3-N, NH4-N and cation exchange capacity) of the topsoil were higher than those of the
subsoil. Acidobacteria, Proteobacteria, Planctomycetes, and Actinobacteria were the dominant phyla
in the two soil layers. Candidatus_Koribacter was the main indicator species in the rhizospheric
topsoil and subsoil. The positive correlation in the bacterial co-occurrence networks implied that
cooperation was dominant between the bacteria in four soil types, and the same phenomenon was
found in the co-occurrence networks of fungi. A structural equation model confirmed that pH
was the most important factor affecting microbial CUE in the topsoil and subsoil. We inferred
that the microorganisms in the acidic soil environment were forced to consume more energy to
maintain cellular pH, while less energy was used for growth. The increased solubility of some
toxic metals in the acidic soil affected the microbes, resulting in a lower microbial CUE in the
A. fanjingshanensis rhizospheric soil. Our results highlight that pH values in soil mainly affected
microbial CUE, and a lower microbial CUE may be another important factor in the death of large
numbers of A. fanjingshanensis. Several measures must be carried out to improve the microbial CUE
in the rhizospheric soil of A. fanjingshanensis by the department of forest management, such as adding
the appropriate biochar and nitrogenous fertilizer.

Keywords: Abies fanjingshanensis; microbial carbon use efficiency; physicochemical indices;
bacteria; fungus

1. Introduction

Soil microorganisms are important components of the soil and decomposers in the
forest ecosystem [1,2], as they actively participate in the material circulation and energy
flow and play a vital role in maintaining the structure and function of the ecosystem [3]. A
variety of microorganisms inhabit the soil, and each has different physiological activities.
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The metabolic functions of soil microorganisms are diverse, as they metabolize almost all
organic substances that are biosynthesized [4]. Organic substances can also be mineralized
into carbon dioxide and inorganic compounds, such as nitrogen, sulfur, phosphorus, and
other elements, or transformed into another organic substance [5]. Soil microbial diversity
indirectly reflects soil physicochemical properties [6]. Furthermore, the abundance and
change in microorganisms reflect their adaptation to the environment [6]. Altitude also
affects the forest soil environment and further affects the community structure and diversity of
soil microorganisms [7]. Therefore, studying the relationship between altitude and soil microbial
diversity reflects the changes in forest soil ecology and the microenvironmental climate.

Microbial carbon use efficiency (CUE) in soil microorganisms refers to the ratio of mi-
crobial growth to carbon absorption [8], reflecting the soil organic carbon (SOC) metabolism
influenced by the microbial communities [9]. A high microbial CUE generally indicates
high growth efficiency of the soil microorganisms, which is beneficial for accumulating and
stabilizing microbial-sourced carbon in the soil [9]. In contrast, a low microbial CUE is ben-
eficial for respiration and reduces soil carbon storage, indicating a decrease in soil carbon
sequestration potential [10]. Xiong et al. [11] suggested that microbial CUE increased during
the summer with increasing elevation in Wuyishan National Park, Fujian Province, China,
while an opposite trend was observed during winter. Lv et al. [12] studied the changes
and impact mechanism of soil microbial CUE in ancient woodland at different altitudes
(980 to 1765 m) on Daiyun Mountain. The results showed that the microbial CUE varied
from 0.1 to 0.4 and increased with elevation. Microbial CUE was negatively correlated with
temperature, indicating that as altitude increased, the temperature decreased, which was
a key factor promoting the increase in soil microbial CUE. Zhang et al. [13] selected six
forest rhizosphere soils at different altitudes on Mount Taibai in the Qinling Mountains
and measured their physicochemical properties, extracellular enzyme activities, microbial
community, and vegetation characteristics. The results showed that the microbial CUE in
the rhizosphere soil trended upward with increasing altitude. CUE increased by 4.36%
from the lowest altitude of 0.505 to the highest altitude of 0.527 but decreased at elevations
of 1603 and 2405 m. The variation in microbial CUE in the rhizosphere soil within the
altitude gradient was affected by several environmental factors, and the influence of the
soil matrix (such as soluble organic carbon and ammonium nitrogen content) dominated.
Although several studies have been conducted on the CUE of forest soil, few studies have
investigated perennial low-temperature areas in subtropical forest soil to study forest soil
microorganisms. The soil microenvironment in these regions has gradually changed with
global warming, leading to endangered plants growing on the soil. Therefore, further inves-
tigation of the soil microorganisms and CUE in these areas and revealing the relationship
between soil microorganisms in subtropical regions and forest ecology in the region was of
great significance for protecting local plants.

Fanjing Mountain is a complete and independent subtropical forest ecosystem that
includes the globally unique Rhinopithecus brelichi and Abies fanjingshanensis [14]. How-
ever, A. fanjingshanensis has massively died in recent years. Several studies have been
conducted on the cause of death of A. fanjingshanensis [15,16]. Liu et al. [14] demonstrated
that total-C, total-N, hydrolyzed-N, and available-P contents of the forest soils were higher
at higher altitudes, with median values for A. fanjingshanensis forest soil > Taxus chinensis
var. mairei soil > Davidia involucrata soil. The C:N, C:P, and N:P ratios of the soil in
A. fanjingshanensis stands were the largest and significantly higher than those of soils in
T. chinensis var. mairei or D. involucrata stands. Li et al. [17] reported that the organic
matter and alkaline nitrogen content in the 0–20 cm soil layer are significantly correlated
with altitude. The organic matter content increased first and then decreased with altitude.
The correlation between various indicators of soil in the 20–40 cm layer and altitude was
relatively lower. However, although those studies considered the effect of elevation on soil
physicochemical parameters, several factors caused the death of A. fanjingshanensis, accord-
ing to an on-the-spot investigation. Furthermore, whether the death of A. fanjingshanensis
was related to microbial CUE of the rhizosphere soil is unknown.
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To fill these knowledge gaps, this study collected forest soil samples in high (HE), mid-
dle (ME), and low elevation (LE) areas of Fanjing Mountain and revealed the relationship
between the physicochemical parameters, microorganisms, and CUE in the soil at different
elevations. We hypothesized that (1) the difference in the microbial communities and their
diversity would be relatively higher along with the changing elevation; (2) the CUE rate
would play a relatively important role in the different elevations; (3) the soils of other tree
species besides A. fanjingshanensis have more complex co-occurrence networks and higher
network stability. Thus, this study aimed to (1) determine the physicochemical parameters
of the A. fanjingshanensis soil and several altitudes; (2) evaluate the CUE and soil enzyme
activities in different altitude soils; (3) investigate the diversity, dominant phyla, indicator
species, and co-occurrence networks of bacteria and fungi in the soil, and (4) reveal the
most important factor affecting the microbial CUE in rhizospheric soil.

2. Materials and Methods

2.1. Study Area

Fanjing Mountain (27◦49′50′′ to 28◦1′30′′ N, 108◦45′55′′ to 108◦48′30′′ E) is located in
the Tongren area of northeastern Guizhou Province, southwest China and is a national
nature reserve. It is the main peak of the Wuling Mountains, with the highest peak at
an altitude of 2572 m. The nominated area for the World Natural Heritage site of Mount
Fanjing is 402.75 km2, with a buffer zone area of 372.39 km2. Fanjing Mountain is one of the
earliest areas in southern China to become land, with a long history of geologic evolution.
Fanjing Mountain is mainly composed of metamorphic rock, surrounded by vast karst
landforms with unique geological, ecological, biological, and landscape characteristics. The
Fanjing Mountain ecosystem preserves many ancient relics and rare and endangered species
and is the only habitat and distribution area for Rhinopithecus brelichi and A. fanjingshanensis.
It is also the most important protected area for the Shuiqinggang forest in Asia. The
typical dome-shaped mountain ecosystem forms spectacular subalpine mountains and
hilly landforms. Fanjing Mountain is located in the middle of the mid-subtropical zone and
the transitional slope zone between the Yunnan-Guizhou Plateau and the hills in western
Hunan, with a height difference of 2000 m [14]. As influenced by the East Asian Monsoon
and the large difference in mountain height, the mountain has a humid climate in a large
area, and the three-dimensional climate in a small area is significantly different. In addition,
there is little interference by human activity, which allows Fanjing Mountain to contain the
richest biodiversity at the same latitude on earth and is an important species gene pool.

2.2. Soil Sample Collection and Chemical Analysis

Four soil samples, including those of A. fanjingshanensis (ABI, 2304 m), high elevation
(HE, 2338 m), middle elevation (ME, 1427 m), and low elevation (LE, 634 m), were collected
in June 2021. Three sampling points were randomly selected at the core area of each sample
(20 m × 20 m). During sampling, the dead branches and fallen leaves were removed from
the surface, and a 3.5 cm diameter soil drill was used to collect the topsoil (0–20 cm) and
the subsoil (20–40 cm). The soil in the same layer was mixed, and about 500 g of mixed
soil was placed in an ice bag and transported to the laboratory. The crushed stone and
visible roots were removed, and the soil sample was divided into two parts after passing
through a 2 mm sieve. One part was placed in 4 ◦C storage to determine soil available
nutrients, microbial biomass C (MBC), and microbial biomass N (MBN). The other part of
the soil was naturally air-dried, passed through 100 mesh, and was used to determine the
physicochemical parameters.

Total carbon (C) and N in the soil were measured using a C and N element analyzer
(Elemental Vario EL III, Elemental, Germany). A 5.0 g portion of fresh soil was extracted
using a 2 mol/L KCI solution with a water-to-soil ratio of 4:1 to determine NH+

4 –N and
NO−

3 –N. The supernatant was measured using a continuous flow analyzer (SAN++, Skalar,
the Netherlands) [17]. Cation exchange capacity (CEC) in soil was analyzed by the Am-
monium chloride-ammonium acetate exchange method. The mechanical composition in
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soil was determined by a Laser particle analyzer (Mastersizer 3000, Malvern, The United
Kingdom). Total phosphorous (TP) in the soil was determined using the HClO4–H2SO4
method, and the sample was digested and decomposed, filtered (0.45 μm), and measured
using the continuous flow analyzer [18]. Available phosphorus (AP) was extracted with
Mehlich III, and the supernatant was measured using the continuous flow analyzer [19].
After MBC and MBN were determined by the fumigation–K2SO4 method, the content of
total organic carbon in the filtrate was determined with a total organic carbon analyzer
(TOC-VCPH/CPN, Shimadzu Instruments Co., Ltd., Japan) [20]. TN content was mea-
sured using a continuous flow analyzer, and the difference between the fumigated and
non-fumigated soil samples was divided by the coefficients Kc = 0.45 and Ky = 0.54 to
obtain the MBC and MBN content in the soil. The soil pH was tested by potentiometry
using a soil-to-water ratio of 1:2.5 [21]. Three parallel samples were run for each sample.
Moisture content (MC) was determined using the drying method (105 ◦C). The methods
to determine β-glucosidase (βG), cellulosebiohydrolase (CBH), n-acetyl glucosaminidase
(NAG), and acid phosphatase (AP-Tase) were taken from Xiong et al. [11].

2.3. Soil Enzymes Activities and Microbial Carbon Use Efficiency

βG, CBH, NAG, and AP-Tase were utilized to calculate microbial CUE. According to
Sinsabaugh et al. [22], we calculated the ratios of C, N, and P by determining enzyme activity.
Microbial CUE was calculated based on the following C:N stoichiometric equations [11]:

CUEC:N = CUEmax[SC:N/(SC:N + KN)] (1)

SC:N = (1/EEAC:N)(BC:N/LC:N)] (2)

where the meaning of SC:N, the half-saturation constant KN, CUEmax (0.6), EEAC:N and LC:N
are referred with Sinsabaugh et al. [22] and Xiong et al. [11].

2.4. DNA Extraction and Polymerase Chain Reaction (PCR) Amplification

lluminaMiSeq sequencing was performed on all of the soil samples. Total micro-
bial DNA was extracted according to the E.Z.N.A. Soil DNA kit instructions (Omega
Bio tek, Norcross, GA, USA) that included buffer SLX mlus, buffer SP2, HTR reagent,
buffer XP2, DNA wash buffer, elution buffer, Hibind DNA micro elute column, 2 mL
collection tubes. The special operated process can scan the official website (https://www.
omegabiotek.com) (Accessed on 22 August 2023). A 1% agarose gel electrophoresis method
was used to detect DNA extraction quality, and the NanoDrop2000 spectrophotometer
was used to determine DNA concentration and purity. Bacterial primers were used, in-
cluding 338F (5′-ACTCCTACCCCACCAG-3′) and 806R (5′-GACTACHVCCCTWTCTAAT-
3′), while the fungal primers were ITSIF (5′-CTTCATTTAGAGAGATAA-3′) and ITIS2R
(5′-GCTGCTTCTTCATCCATGC-3′). The amplification procedure was pre-denaturation at
95 ◦C for 3 min, 27 cycles (denaturation at 95 ◦C for 30 s, annealing at 55 ◦C for 30 s, and
extension at 72 ◦C for 30 s), followed by stable extension at 72 ◦C for 10 min, and storage at
4 ◦C (PCR instrument: ABIGeneAmp 9700 Type). The PCR reaction system included 4 μL
of 5× TransStart FastPfu buffer, 2 μL of 2.5 mmol/L dNTPs, 0.8 μL of the upstream primer
(μmol/L), 0.8 μL of the downstream primer (5 pmol/L), 0.4 μL of transStart FastPfu DNA
polymerase, 10 ng of template DNA, complement to 20 μL.

After mixing the PCR products from the same sample, 2% agarose gel electrophoresis
was used to recover the PCR products. The AxyPrep DNA Gel Extraction Kit (Axygen-
Biosciences, Union City, CA, USA) was utilized to purify the recovered products, and 2%
agarose gel electrophoresis was used to detect the products. The Quantum Fluorometer
(Promega, Madison, WI, USA) was used to detect and quantify the recovered products.
The NEXTFLEX Rapid DNA-Seq Kit was employed to prepare the library. The Illumina
Miseq PE300 platform was used for sequencing (Beijing Baimike Biotechnology Co., Ltd.,
Beijing, China). Fastp software was used for quality control of the original sequence [23],
and FLASH software was employed for splicing [24]. OTU clustering was performed
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on sequences based on 97% similarity with the chimeras removed using UPARSE soft-
ware [25,26]. RDP classifiers were utilized to annotate the species classification for each
sequence by comparing the bacteria to the Silva 16S rRNA database and fungi to the UNITE
ITS database, with a matching threshold of 70%.

2.5. Statistical Analysis

The data were statistically analyzed using Excel 2019 (Microsoft Inc., Redmond, WA,
USA), SPSS (SPSS Inc., Chicago, IL, USA), and R language (R 3.0.2). Redundancy analysis
(RDA) was performed to reveal the relationship between microorganism (phylum level)
and physicochemical indexes using the “Ape”, “vegan”, “psych”, and “reshape2” packages
in the R language. Single-factor analysis of variance and the least significant difference test
were used to detect differences in the selected indicators. A structural equation model (SEM)
was used to evaluate potential hypotheses and was analyzed using IBM SPSS Amos 24.

3. Results

3.1. The Physicochemical Indexes in Topsoil and Subsoil in ABI, HE, ME and LE

Most of the physicochemical parameters were not significantly different in the ABI
rhizospheric topsoil or the subsoil (Table 1). The topsoil and subsoil pH values in the ABI
rhizospheric topsoil were slightly higher than those at the same elevation but lower than
those in the soil at the ME. SOC, TP, TN, AP, and C:N were significantly different between
the ABI rhizospheric soil and the other elevations. The SOC and TP contents in ABI were
significantly higher than those in the soil at HE, ME, and LE. The AP concentration increased
in the topsoil and subsoil with an increase in elevation. TN content was significantly higher
in the ABI rhizospheric topsoil than that at the other elevations. The C:N ratio in the
ABI rhizospheric topsoil was lower than that in the soil at the other elevations, while the
opposite was true in the lower soil layers. Taken together, except for pH, Cu, K, and TP, the
selected physicochemical parameters were of higher magnitude in topsoil than in subsoil,
and the ABI rhizospheric soil had greater contents than those at the same elevation (HE)
and different elevations (ME and LE). CEC contents in the topsoil were higher than that
in the subsoil, of which its CEC values in the topsoil of ME are highest. According to the
international grading standards, the soil in this study was regarded as light clay.

Table 1. The physicochemical parameters in topsoil and subsoil of ABI, HE, ME and LE.

Indexes
0–20 cm 20–40 cm

ABI HE ME LE ABI HE ME LE

pH 4.05 ± 0.34 a 4.04 ± 0.25 a 4.65 ± 0.23 a 4.03 ± 0.74 a 4.07 ± 0.52 a 4.31 ± 0.28 a 4.77 ± 0.29 a 4.69 ± 0.09 a

Ca 1.67 ± 0.47 a 0.42 ± 0.23 a 0.75 ± 0.68 a 1.07 ±631 a 1.98 ± 1.78 a 0.58 ± 0.12 a 0.72 ± 0.81 a 0.57 ± 0.18 a

Cu 26 ± 6 a 29 ± 24 a 23 ± 2 a 13 ± 2 a 28 ± 11 a 50 ± 54 a 26 ± 4.37 a 13 ± 1 a

Fe 28 ± 10 a 15 ± 4 a 22 ± 5 a 22 ± 3 a 31 ± 13 16 ± 1 a 27 ± 2 a 29 ± 5 a

K 2.26± 0.63 b 8.86 ± 0.65 a 2.79 ± 1.52 b 4.50 ± 0.29 b 2.20 ±0.13 b 10.58 ±0.34 a 3.35 ± 1.87 b 5.89 ± 1.55 ab

Zn 1.82 ± 0.89 a 1.56 ± 0.47 a 0.43 ± 0.19 a 0.50 ± 0.22 a 0.37 ± 0.01 ab 0.19 ± 0.01 a 0.41 ± 0.02 ab 0.32 ± 0.02 b

TP 0.63± 0.02 a 0.59 ± 0.01 b 0.64 ± 0.02 ac 0.41 ± 0.01 d 0.68 ± 0.15 s 0.82 ± 0.81 b 0.58 ± 0.18 ac 0.11 ± 0.03 d

SOC 235± 88 a 141 ± 11 b 196 ± 33 c 170 ± 37 d 160 ± 79 a 59 ± 24 b 51 ± 7 b 57 ± 24 b

AK 121 ± 39 a 101 ± 11 a 102 ± 28 a 128 ± 16 a 83 ± 27 a 49 ± 12 a 53 ± 10 a 41 ± 9 a

AP 109 ± 26 a 90 ± 22 b 63 ± 12 c 63 ± 10 c 67 ± 18 a 58 ± 28 a 38 ± 9 b 27 ± 3 b

MC 161 ± 2 a 100 ± 2 b 58 ± 2 c 38 ± 3 d 91 ± 3 a 48 ± 1 c 65 ± 27 b 35 ± 2 d

TN 9.99 ± 1.70 a 5.28 ± 0.42 b 3.52 ± 0.68 b 3.39 ± 0.82 b 5.04 ± 0.68 a 1.89 ± 0.52 b 2.29 ± 0.64 b 2.31 ± 0.41 b

C:N 24 ± 8 a 27 ± 4 a 56 ± 6 b 56 ± 23 b 31 ± 11 a 38 ± 27 a 25 ± 9 a 25 ±11 a

CEC 25 ± 2 a 10 ± 1 b 28 ± 2 a 11 ± 1b 18 ± 1 a 6 ± 0 b 15 ±1 a 8 ± 0 b

0.25–1.00 mm 17 ± 3 a 25 ± 2 b 7 ± 0 c 13 ± 1 a 16 ± 1 a 16 ± 1 a 0.88 ± 0.09 b 17 ± 1 a

0.05–0.25 mm 15± 2 a 10 ± 0 b 26 ± 2 c 17 ± 1 a 10 ± 1 a 4 ± 0 b 19 ± 0 c 6 ± 0 b

0.01–0.05 mm 20 ± 2 a 19 ± 1 a 21 ± 3 a 15 ± 0 a 16 ± 1 a 21± 1 a 27 ± 1 b 22 ± 0 a

0.005–0.01 mm 7 ± 0 a 17 ± 2 b 16 ± 1 b 18 ± 1 b 21 ± 2 a 11 ± 1 b 11 ± 1 b 15 ± 1 b

0.001–0.005
mm 18 ± 1 a 14 ± 1 a 15 ± 1 a 22 ± 1 a 22 ± 3 a 22 ± 1 a 18 ± 1 a 22 ± 2 a

<0.001 mm 22 ± 2 a 15 ± 1 b 15 ± 1 b 15 ± 1b 15 ± 1 a 26 ± 2 b 24 ± 0 b 18 ± 1 a

Note: The unit of Ca is g/kg, Cu is mg/kg, Fe is g/g; K is g/kg, Zn is mg/g, TP is g/kg, SOC is g/kg, AK
is mg/kg, AP is mg/kg, MC is %, TN is g/kg, CEC is c mol/kg, and mechanical composition (0.25–1.00 mm,
0.05–0.25 mm, 0.01–0.05 mm, 0.005–0.01 mm, 0.001–0.005 mm and <0.001 mm) is %; Mean ± SD, n = 3. Different
superscript letters in each row represent significant differences between different treatments (ANOVA, p < 0.05).
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3.2. Microbial Biomass in Topsoil and Subsoil in ABI, HE, ME and LE

Figure 1 shows that the NO3–N, NH4–N, MBC, MBN, and MBP concentrations in the
ABI rhizospheric topsoil were significantly higher than those at the HE, ME, and LE. The
NH3-N content in the LE topsoil was relatively lower than that of the other elevations. The
MBC: MBN ratios in the ABI and HE topsoil were similar but significantly greater than
that at ME and LE. Almost identical patterns were observed in the subsoil. In contrast, the
MBC: MBN ratio in the ABI and LE subsoil was significantly higher than that of the HE and
ME values. The higher the Chao1 and Ace values, the greater the number of operational
taxonomic units contained in the community and the greater the community richness.

Figure 1. NO3-N, NH4-N, MBC, MBN, MBP and MBC:MBP concentrations in rhizospheric topsoil
and subsoil. Note: Mean ± SD, n = 3. Different superscript letters in each row represent significant
differences between different treatments (ANOVA, p < 0.05).

3.3. CUE and Soil Enzyme Activities

The differences in the CUE at different elevations in the soil are shown in Figure 2.
The CUE values of ABI topsoil were significantly lower than those of the LE, ME, and HE
soils (p < 0.05). Although the CUE value increased in the subsoil, the value was still lower
in comparison with the other elevations. The contents of C-enzymes in ABI topsoil and
subsoil tended to be greater than that in the soil at the other elevations. The content of
N-enzymes in the two soil layers was the maximum at ME. The content of P-enzymes in the
ME soil was significantly higher than that at the other elevations (p < 0.05). Although the
C-enzyme content was higher in ABI soil, lower CUE values were detected in rhizosphere
soil, and the ME rhizosphere soil had a higher CUE value.

3.4. α-Diversity and Community Composition of Bacteria and Fungus in Soil in ABI, HE, ME and LE

The higher the Chao1 and Ace values, the higher the number of OTUs contained in
the community and the greater the community richness. The richness of the bacterial and
fungal communities in the topsoil of ABI, HE, ME, and LE were similar, but the richness of
the ME community was slightly higher (Table 2). The richness of the topsoil community
was higher than that of the subsoils. A higher Simpson index indicated low community
diversity, which was negatively correlated with other diversity indices. A small difference
in fungal community diversity was detected in the topsoil and subsoil. The higher the
Shannon value, the richer the community diversity. The community diversity of the ABI
fungus was lower than that of the HE, ME, and LE. The results of whole_tree PD_ exhibited
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higher bacterial and fungal community diversity in topsoil than that in the subsoils. The
coverage values in the soil layers and the four elevations were approximate. Overall, the
bacterial and fungal community diversity in the ME soil was higher than that in the ABI
and other elevations, and there was richer community diversity in the topsoil.

Figure 2. The CUE (a), C−enzymes (b), N−enzymes (c) and P−enzymes (d) contents in topsoil and
subsoil in ABI, HE, ME and LE. Note: Mean ± SD, n = 3. Different superscript letters in each row
represent significant differences between different treatments (ANOVA, p < 0.05).

Table 2. The α-diversity of microbia and fungi in topsoil and subsoil of ABI, HE, ME and LE.

ABI HE ME LE

Bacterials Fungus Bacterials Fungus Bacterials Fungus Bacterials Fungus

ACE
Topsoil 1309 ± 98 a 603 ± 25 a 1257 ± 35 b 661 ± 83 b 1319 ± 24 a 639 ± 36 a 1289 ± 29 b 553 ± 53 b

Subsoil 1286 ± 107 a 597 ± 23 a 1150 ± 131a 577 ± 87 b 1346 ± 28 b 598± 31 a 1252 ± 58 a 534 ± 96 c

Chao1
Topsoil 1325 ± 101 a 625 ± 12 a 1287 ± 43 a 638 ± 27 a 1340 ± 41 a 647 ± 37 b 1310 ± 37 a 556 ± 59 c

Subsoil 1296 ± 111 a 620 ± 27 a 1085 ± 251 b 562 ± 39 b 1367 ± 37 a 625 ± 43 a 1280 ± 40 a 555 ± 109 b

Simpson Topsoil 0.99 ± 0.00 a 0.83 ± 0.06 a 0.98 ± 0.01 a 0.93 ± 0.03 0.99 ± 0.00 a 0.93 ± 0.03 a 0.99 ± 0.00 a 0.89 ± 0.08 a

Subsoil 0.99 ± 0.00 a 0.83 ± 0.05 a 0.98 ± 0.00 a 0.95 ± 0.01 a 0.99 ± 0.00 a 0.88 ± 0.05 a 0.99 ± 0.00 a 0.83 ± 0.13 a

Shannon
Topsoil 8.29 ± 0.22 a 3.85 ± 0.64 a 7.89 ± 0.29 a 5.18 ± 1.00 b 8.44 ± 0.24 a 5.17 ± 0.73 b 8.62 ± 0.03 b 5.13 ± 0.79 b

Subsoil 8.19 ± 0.22 a 3.83 ± 0.47a 7.43 ± 0.47 b 5.95 ± 0.61 b 8.24 ± 0.02 a 4.49 ± 0.51 c 8.19 ± 0.03 a 4.63 ± 1.53 c

PD_whole_tree
Topsoil 63 ± 4 a 86 ± 7 a 60 ± 2 a 90 ± 1 a 62 ± 1 a 91 ± 7 a 61 ± 2 a 83 ± 3 a

Subsoil 61 ± 5 a 82 ± 4 a 52 ± 10 a 77 ± 5 a 63 ± 0 a 85± 1 a 60 ± 2 a 82 ± 10 a

Coverage Topsoil 0.99 ± 0.00 a 0.99 ± 0.00 a 0.99 ± 0.00 a 0.99 ± 0.00 a 0.99 ± 0.00 a 0.99 ± 0.00 a 0.99 ± 0.00 a 0.99 ± 0.00 a

Subsoil 0.99 ± 0.00 a 0.99 ± 0.00 a 0.99 ± 0.00 a 0.99 ± 0.00 a 0.99 ± 0.00 a 0.99 ± 0.00 a 0.99 ± 0.00 a 0.99 ± 0.00 a

Mean ± SD, n = 3. Different superscript letters in each row represent significant differences between different
treatments (ANOVA, p < 0.05).
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In this study, 23 bacterial phyla and 10 fungal phyla were detected in the topsoil
and subsoil, respectively (Figure 3). Among them, Acidobacteria, Proteobacteria, Plancto-
mycetes, and Actinobacteria were the dominant phyla in the two soil layers; the proportion
of Acidobacteria and Proteobacteria gradually increased in topsoil, except for the ABI,
and decreased with increasing elevation. There was a larger discrepancy in the fungal
proportions. Although Basidiomycota and Ascomycota were the dominant phyla in the
two soil layers, the proportion of Basidiomycota decreased slowly with increasing soil
depth and elevation, respectively. The top 50 bacterial genera with the highest relative abun-
dance were selected for the linear discriminant analysis effect size analysis, and only species
with scores >3.5 were displayed (Table 3). Acidobacteria, Acidobacteriia, Acidobacteriales,
Candidatus_Koribacter and Koribacteraceae were the indicator species in topsoil com-
pared with the soils at the other elevations. Candidatus_Koribacter, Koribacter, Roseiarcus,
Beijerinckiaceae, and Roseiarcus were the indicator species in the subsoil. Clavulinaceae,
Tuber, Tuberaceae, and Tuber_zhongdianense were the fungal indicator species in the
topsoil. Agaricales, Archaeorhizomycetales, Archaeorhizomycates, Archaeorhizomyces
and Archaeorhizomycetaceae were the indicator species in the subsoil.

Figure 3. The proportion of relative abundance of bacteria and fungus under phylum level.

3.5. Factors Driving the Seasonal Variation in Soil Microbial Community Composition

Figure 4 shows the relationship between microorganisms and the soil physicochemical
parameters. A significant positive correlation was observed between bacteria/fungus and
the K content in the soil. Additionally, TP and MC contents were positively correlated with
bacteria and fungus in the topsoil, respectively. TN in the topsoil was strongly positively
correlated with microbial C:N and MC. Bacteria in the subsoil were positively correlated
with the microbial C:N ratio. Fungi were positively correlated with Cu, TP, SOC, AK,
MC, TP, and the microbial C:N ratio. SOC content was strongly positively correlated with
AK, MC, TN, and the C:N ratio. Overall, the relationships between microorganisms and
the subsoil physicochemical parameters were closer than those in the topsoil. Similarly,
stronger correlations with the physicochemical parameters were found in the subsoil.

Figure 5 shows the relationships between bacteria (phylum level) and the soil physic-
ochemical parameters. pH had a positive effect on Chloroflexi and a negative effect on
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Bacteroidetes and Patescibacteria. The C:N ratio was positively and negatively correlated
with Patescibacteria and Bacteroidetes, respectively. The physicochemical parameters
mainly affected Ascomycota, Zoopagomycota, Mortierellomycota, Rozellomycota, and
Basidiomycota. pH was positively correlated with Rozellomycota and Basidiomycota but
negatively correlated with Ascomycota. Fe, TP, AP, Zn, and K affected fungi (phylum level).

Figure 6a–d displays the co-occurrence networks of bacteria in the ABI, HE, ME,
and LE soils. The modularity indexes were 0.51, 0.56, 0.50, and 0.46 in ABI, HE, ME,
and LE, reaching a degree of modularity, as their values were >0.44. Both the number of
nodes and the edges of the microbial networks were slightly different in the bacteria and
fungi in the ABI, HE, ME, and LE soils. A positive correlation in the microbial network
reflected a cooperative relationship between species, while a negative correlation was
competitive. The cooperative microbial network was dominant for bacteria and fungi. A
tiny difference in the degree and complexity of the co-occurrence networks was found in the
four rhizosphere soil samples (Figure 7a). The centrality of LE was higher in rhizosphere
soil than that in the other soil elevations. The importance of a node depended on the
number of neighboring nodes and the importance of the neighboring nodes (Figure 7b). A
connected neighboring node was more important. This was evidence that the important
nodes of the microbial co-occurrence network in the rhizosphere soil were richer in LE,
enhancing network stability.

Table 3. LEfSe analysis of bacterial and fungus communities in topsoil and subsoil in ABI, HE, ME
and LE (Scores > 3.5).

ABI HE ME LE

Bacterial

Topsoil -

p_Acidobacteria
c_Acidobacteriia

o_Acidobacteriales
g_Candidatus_Koribacter

f_Koribacteraceae

f_Xanthobacteraceae
c_Gammaproteobacteria

p_Proteobacteria
o_Betaproteobacteriales

Subsoil -

g_Candidatus_Koribacter
f_Koribacteraceae
f_Beijerinckiaceae

g_Roseiarcus

f_Burkholderiaceae
g_Candidatus_Solibacter
o_Gammaproteobacteria_

Incertae_Sedis

Fungus

Topsoil

f_Clavulinaceae
g_Tuber

f_Tuberaceae
s_Tuber zhongdianense

o_Archaeorhizomycetales
c_Archaeorhizomycetes
g_Archaeorhizomyces

f_Archaeorhizomycetaceae
g_Meliniomyces

f_Helotiaceae

s_Lactarius salmonicolor
s_Lactarius horakii

f_Agaricaceae
f_Entolomataceae

f_Cylindrosympodiaceae
o_Venturiales

s_Sympodiella_quercina
g_Sympodiella

o_Xylariales

Subsoil

o_Agaricales
o_Archaeorhizomycetales
c_Archaeorhizomycetes
g_Archaeorhizomyces

f_Archaeorhizomycetaceae

O_Hypocreales
f_Erysiphaceae

s_Erysiphe paeoniae
g_Erysiphe

o_Erysiphales
o_Eurotiales

f_Nectriaceae
f_Aspergillaceae
f_Aspergillaceae

s_Paecilomyces_penicillatus
g_Paecilomyces

g_Fusariumg
Aspergillus

s_Aspergillus_flavus
f_Trichocomaceae

g_Talaromyces

f_Entolomataceae
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Figure 4. Relationship between bacteria/fungus and physicochemical indexes in topsoil (a) and
subsoil (b).
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Figure 5. Relationship between bacteria (a) and fungus (b) (phylum level) and physicochemical
parameters in soil using Redundancy analysis.

Figure 6. Co-occurrence networks of bacteria in ABI (a), HE (b), ME (c) and LE (d), and fungus in
ABI (e), HE (f), ME (g) and LE (h) in soil. Small modules with <5 nodes were displayed in gray, and
large modules with ≥5 nodes were in other colors.
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Figure 7. Degree, centrality, and complexity of co-occurrence networks of bacteria (a) and fungus
(b) in ABI, HE, ME and LE.

4. Discussion

Overall, the physicochemical parameters in topsoil were of higher magnitude than
those in the subsoil, and their contents in rhizospheric soil in ABI were greater than that in
soils in HE, ME and LE. Although ABI grows in stone crevices, there are massive fallen
leaves in surface soil. Fungi produce highly acidic humic acid when organic matter is
decomposed, which lowers soil pH and reduces fertility [27], which explains the lower
pH in the soil of ABI. However, soil pH is higher at mid-altitude due to natural (low
temperature and a slower mineralization rate) and anthropogenic factors (mainly tourism
activities) [28]. Although the temperature gradually decreases as the altitude increases,
the plant species that make up the vegetation at high altitudes are relatively isolated, and
most grow in stone crevices, causing the soil pH to gradually decrease [29]. Our result
found that the contents of most of the soil physicochemical parameters, particularly SOC,
increased first at LE and ME and then decreased in the HE. Many studies have shown
that the carbon and nitrogen contents in soil increase with the increase in altitude, and
simultaneously, soil microbial activity weakens. The weakened soil microbial activity
will make the decomposition of litter slow down and deposit in the soil, significantly
increasing the soil carbon and nitrogen content with altitude [30]; our studies also found
this phenomenon. There was an annual average temperature of 7.3 ◦C, and the lowest
temperature was −2.3 ◦C in the ABI growing environment. The lower soil temperature
retarded the rate of chemical reactions and microbial activities, which was beneficial for
the accumulation of organic matter. The higher moisture content probably restrained the
ABI root system from absorbing soil nutrients [31]. Therefore, NO3-N, MBC, MBP, and
MBN contents in ABI topsoil and subsoil were significantly greater than those of the other
elevation soils. Generally, with increasing soil pH value, the variable negative charge of soil
colloid increased, and the cation exchange capacity increased [31]. This coincided with our
result that pH values and CEC contents in the soil in ME were higher than that in the other
elevation soils. The space between the particles of clay soil was small, the ventilation was
poor, the soil temperature rose slowly, the water content was high, and the organic matter
was easy to accumulate [32]. These peculiarities also resulted in lower microbial activity.

Microbial α-diversity in the soil tended to vary at different elevations. In the ABI rhizo-
sphere soil, Acidobacteria, Proteobacteria, and Planctomycetes were the dominant phyla of
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bacteria in the two soil layers, while the dominant fungal phyla were Basidiomycota and As-
comycota. Chen et al. [33] reported that Basidiomycota and Ascomycota are the dominant
groups in a study of soil fungal communities in different forest types in the Xiaoxing’an
Mountains, which was consistent with our results. Basidiomycetes and Ascomycetes are
important soil decomposers, among which Ascomycota are mostly saprophytes, which play
a key role in the degradation of complex organic matter [34], while basidiomycetes have an
enhanced ability to decompose lignocellulose in plant residues [35]. Candidatus_Koribacter
is the main indicator species in the rhizospheric topsoil and subsoil, which is a methan-
otroph in phylum Acidobacteria [36]. Tuberaceae is commonly found in coniferous and
broad-leaved mixed forests, forming specialized mycorrhizal symbioses with various host
plants. TP and MC contents were positively correlated with bacteria and fungi in the topsoil,
respectively. Topsoil TN was strongly positively correlated with the microbial C:N ratio
and MC. The relationships between microorganisms and the physicochemical parameters
in the subsoil were more highly correlated than those in the topsoil. The amount of soil
moisture has a significant impact on the growth and activity of soil microorganisms. Fungi
are more sensitive than bacteria, indicating that under different soil moisture conditions,
different communities of soil microorganisms have different adaptations and regulatory
mechanisms [37]. It is generally believed that fungi have an advantage over bacteria in soil
lacking water because bacteria are more adaptable to the environment and have a higher
tolerance [38], whereas fungi have a single-celled structure, which is more flexible and
not limited by water [39]. The important nodes in the microbial co-occurrence network
of the rhizosphere soil at LE were richer, which enhanced network stability. The positive
correlation in microbial networks is dominant. Chen et al. [40] suggested that the diver-
sity of the microbial communities, the complexity of the co-occurrence networks, and the
multifunctionality of ecosystems significantly decrease with increasing altitude. Positive
correlations in these studies suggest cooperative behaviors, i.e., mutualistic interactions,
syntrophic interactions, cross-feeding, and commensalism between co-existing members as
well as taxa occupying similar guilds or niches [41].

pH was the most important factor affecting carbon use efficiency in topsoil (Figure 8).
The pH values in topsoil and subsoil in ABI were relatively lower than those in the soils
of the other elevations. In this study, there are two possible mechanisms resulting in the
lower microbial CUE in soil in ABI. Firstly, an acidic environment forces microorganisms to
consume more energy to maintain cell pH while less energy is used for growth. Secondly,
under a low soil pH, the solubility of toxic metals such as Al3+ increases, and cells are
subjected to stress [42], resulting in a decrease in soil CUE. In addition, the SOC contents
in the topsoil were higher than that in the subsoil. Higher CUE values accelerated the
decomposition of SOC, leading to the loss of SOC [43], while a lower CUE reduced the
decomposition of soil carbon by microorganisms, which was beneficial for the accumulation
of soil carbon. Fungal communities facilitate the decomposition of complex compounds
and decompose litter, thereby promoting the stability of soil microbial biomass carbon and
organic matter accumulation mediated by fungi [44]. The diversity of the fungus in the ABI
rhizosphere soil and at LE was relatively lower, which is probably another reason leading
to the lower CUE value. The turnover time of forest soil microbial biomass increases with
increased soil depth. The lower microbial carbon uptake rate in deep soil may be partially
compensated for by the longer microbial biomass carbon turnover time [45]. Soil microbial
CUE affects ecosystem processes, such as soil carbon fixation, turnover, mineralization,
and greenhouse gas emissions, as well as biogeochemistry feedback to climate change.
Soil microbial CUE plays an important role in regulating soil microbial-mediated carbon
and nutrient transformation and is also a key regulatory factor for soil microbial biomass
turnover and soil carbon sequestration [46]. However, some still limitations of the current
study should be discussed. It will be necessary to strengthen studies of soil microbial CUE
in forest ecosystems, particularly in different forest vegetation types and different growth
and development stages [44].
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Figure 8. Structural equation model of microbial CUE in topsoil (a) (x2 = 7.05, df = 7, p = 0.29,
CFI = 0.92 and RMSEA= 0.00) and subsoil (b) (x2 = 9.15, df = 8, p = 0.33, CFI = 0.94 and RMSEA = 0.00)
(“*” represents that p value is lower than 0.05).

5. Conclusions

In this study, cooperation of the bacterial and fungal microbial networks was dominant,
and there is a lower difference in the degree and complexity of the co-occurrence network
in the four rhizosphere soil types. The structural equation model demonstrated that pH
was the most important factor for carbon use efficiency in topsoil and subsoil. We inferred
that the microorganisms in acidic soil environments were forced to consume more energy
to maintain pH, while less energy was used for growth. Nevertheless, increasing the
solubility of some toxic metals in acidic soil also coerced the microbial cells, resulting in a
lower microbial CUE in ABI rhizospheric soil. Previous studies suggested that the massive
death of ABI was mainly caused by the unbalanced chemometrics and nutrients in the soil.
However, our results highlight that pH values in soil mainly affected microbial CUE, and a
lower microbial carbon use efficiency may be another important factor as to why the ABI
died in large numbers. Our suggestion is that, in the rhizospheric soil of ABI, the suitable
application of biochar can enhance the pH value, and appropriately adding the exogenous
nitrogenous fertilizer will increase the microbial CUE. The change in microbial CUE in
soil is a long-term process which is affected by multiple factors. Therefore, future work
will incorporate more influencing factors and conduct short-term and long-term studies to
reveal the impact of different influencing factors on microbial CUE at multiple time scales
and their interaction mechanism.
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