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In the fragile karst desertification ecosystem, forests are the providers of eco-multifunctionality. And the ecosystem service (ES) supply capacity of forests is directly or indirectly affected by various driving factors. The aim of this study is to explore the driving role of forest spatial structure, species diversity, and functional diversity on ecosystem services. In this study, four forest types, namely, broad-leaved monoculture forest (planted economic forest) (F1), broad-leaved mixed forest (F2), coniferous and broad-leaved mixed forest (F3), and coniferous mixed forest (F4), were investigated in karst plateau mountain (KPM), karst plateau canyon (KPC), and karst mountain canyon (KMC) landforms. Variance analysis, correlation analysis and redundancy analysis were used to compare the differences of spatial structure, species diversity, functional diversity, and ES of different forest types and to clarify the driving role of spatial structure, species diversity, and functional diversity on ES. The results showed that the wood supply service of F3 was at least 4.27% higher than that of other forest types; carbon sequestration and oxygen release are at least 4.57 and 3.89% higher; the water holding capacity of litter and soil is higher by 6.24 and 2.26%, respectively; the soil OC, TN, TP, and TK were higher than 6.01, 1.22, 25.55, and 13.34%, respectively. The coniferous mixed forest and broadleaved mixed forest with a more complete spatial structure has a higher level of diversity, which can generate more wood and provide more soil nutrient sources, as well as stronger regulation capacity. Spatial structure affects plant productivity through interspecific relationships; soil fertility is restricted by the level of diversity; gas and water regulation are influenced by both spatial structure and diversity levels. There is a progressive driving relationship among spatial structure, diversity, and ES. In forest management, it is helpful to improve the forest ecosystem’s functioning by adjusting the forest structure using close-to-natural management measures.
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1. Introduction

As the principal part of the terrestrial ecosystem, healthy forest ecosystems provide a wide range of services, including reliable clean water, climate regulation, and productive soils; they also underpin many of society’s basic needs, such as economic processes, and cultural or spiritual values (Jenkins and Schaap, 2018; Olschewski et al., 2018). However, a great number of forests are undergoing severe degradation because of many direct or indirect driving factors such as climate and land-use change, human activities, etc. (Kong et al., 2023). Extensive biodiversity loss, including losses of genetic, species, and habitat diversity, has been one result of the shrinking of the world’s forests; it has also had a negative impact on the provision of ecosystem services (ES), such as the regulation of hydrological cycles (Millennium Ecosystem Assessment [MEA], 2005). The factors such as air pollution, diseases and pests, fire can also cause serious damage to forest ES. These driving factors are not isolated, but multiple drivers occurring simultaneously or interacting, and changing with time and organizational level (Millennium Ecosystem Assessment [MEA], 2005; Helseth et al., 2022). Furthermore, in most important terrestrial biological communities, the average abundance of species has decreased by at least 20%, and 14 of the 18 services assessed have declined; climate change and human activities will alter the ecosystem’s structure and functioning, ultimately affecting ES (IPBESs, 2009). Climate change had a stronger effect on the water yield and carbon sequestration than the land use/cover changes but sand fixation and soil conservation were more likely to be affected by LUCCs (Referowska-Chodak, 2019). Urban development result in fragmentation and isolation of forests and biodiversity losses (Cui et al., 2021). However, the direct driving mechanisms of ecosystem structure and biodiversity on ES change are unclear. Especially in the fragile karst desertification areas, there is still a lack of research on how forest spatial structure, diversity, and their interaction affect ES.

The spatial structure exerts strong control over many scale-dependent ES and plays an important role in regulating water and air circulation (Hardiman et al., 2019). The canopy coverage, leaf traits (area, biomass, morphology), and branch characteristics (density, quantity, length) are considered as the key factors affecting the water storage capacity of the canopy (Li et al., 2016; Atkins et al., 2017). The more reasonable and stable the structure of the stand is, the more function it provides (Xiang et al., 2019). In the meantime, diversity plays a positive role in promoting crop production, fishery production, timber production, carbon sequestration, water purification, soil fertility, biological control of diseases and pests, pollination, wild food, recreation, healthcare, and aesthetic appreciation (Peng et al., 2020). The loss of plant diversity reduces soil microbial diversity (Zhang et al., 2017). Higher plant diversity can increase the carbon input into the microbial community in the rhizosphere, thereby increasing microbial activity and carbon storage (Lange et al., 2015). Increasing plant diversity can increase the accumulation, retention and use efficiency of nitrogen in soil (van Ruijven and Berendse, 2005; Fornara and Tilman, 2008). It is widely accepted that forest structure and diversity drive changes in ecosystem services and functions (Hanif et al., 2019; Sun et al., 2023; Wang et al., 2023), but the interrelationships between forest structure, diversity, and services in karst areas are still unknown.

The karst desertification is a process that leads to a vegetation degradation and rock exposure landscape (Xiong et al., 2002). It is results from the irrational socioeconomic activity of human beings in a fragile karst ecological environment. The main manifestations are prominent conflicts between humans and the land, degradation of vegetation, loss of water and soil, exposure of bed rocks, and loss of land productivity. The occurrence of desertification changes the growth conditions of the surrounding vegetation. The plants that live in this area are usually drought-tolerant, calcium-loving, and lithophytic, which makes for a simple community structure and smaller variety of species than in non-desertification areas (Xiong and Chi, 2015; Yuan et al., 2021). Karst desertification has adversely affected the regional biodiversity protection. Vegetation degradation and biodiversity loss has made the already fragile ecosystem structure affected by desertification even more unstable. The ecological function is manifested as a reduction in physical productivity; a decline in forest vitality, organization and resilience; the change in the relationship between organisms and the disturbance of ecological processes; etc. (Yu et al., 2017). Karst desertification not only leads to the degradation of ecosystem functions, but also further endangers ES supply. For example, soil erosion caused by vegetation destruction leads to land productivity degradation and food production reduction (Wang et al., 2021); the shrinking of forest coverage retards the ecological processes of nutrient, water, and atmospheric cycle, etc. (Zhang et al., 2020; Wu et al., 2022). The difference in vegetation cover and soil physical properties led to the difference in soil water dynamics between the shallow EFS and surface soil (Li et al., 2020). Since the beginning of the 21st century, a series of ecological restoration projects in desertification areas have been implemented in China. Forest and grass projects have played a leading role in the control of desertification. However, compared with forests in non- desertification areas, the forest communities in desertification areas are in the primary stage of succession, and the ecosystem still has problems such as unreasonable structure, low biodiversity, and incomplete functions. For example, the species composition of a plantation is single, and its resistance to diseases and pests is insufficient. The hierarchy is incomplete, which impeded the material cycle; having trees that are all the same age is not conducive to sustainable forest management (Liu et al., 2010; Chen et al., 2014). Compared with non-karst areas, there is greater water stress during the dry season in a karst forest (Chen et al., 2015), and the trees have lower xylem hydraulic conductance, but higher xylem cavitation resistance (Zhu et al., 2017). How to improve the forest community structure using karst desertification control and enhance the system’s biodiversity and ecosystem’s function are urgent problems that need to be solved in this area.

Guizhou Plateau is in the hinterland of the South China karst, which is one of the world’s three major karst concentration areas. Its geomorphic diversity is representative of a typical karst environment (Xiong et al., 2002). In this study, three typical landforms [karst plateau mountain (KPM), karst plateau canyon (KPC), and karst mountain canyon (KMC)] were selected in Guizhou plateau. Based on the tree species, the forest is divided into four types: broad-leaved monoculture forest (F1), broad-leaved mixed forest (F2), coniferous and broad-leaved mixed forest (F3), and coniferous mixed forest (F4). Using ANOVA, redundancy analysis, and correlation analysis, the relationship was clarified by comparing the spatial structure, species diversity, functional diversity, and ES characteristics of four forest types, and the driving effect of structure and diversity on ES was discussed. Specifically, this study clarified the impact of three forest attributes, namely spatial structure, species diversity and functional diversity, on ecosystem services. Analyzed which drivers contribute more on ES change. It has important reference value for sustainable forest management and can also provide theoretical support for the improvement of forest ecosystem functions.



2. Materials and methods


2.1. Study area

The Guizhou Plateau is located in the hinterland of the South China Karst, where the Karst landforms are most connected in the world. The terrain is undulating and altitude gradually decreases from west to east in a ladder shape. The three landform types selected in this study, namely Karst plateau mountain (KPM), Karst plateau canyon (KPC), and Karst mountain canyon (KMC), in the first, second, and third steps of Guizhou Plateau. The Karst area accounts for 73% of the total area of the province. The rocks are mainly limestone and dolomite, with irregular spatial distribution. Guizhou is the province with the most serious desertification in China. In Guizhou, Natural vegetation mainly includes coniferous forests, broad-leaved forests, bamboo forests, shrubs, alpine meadows, and swamp vegetation. The top community on the Karst landform in the humid area of the mid-subtropical areas is the evergreen and deciduous broad-leaved mixed forest. It is a non-zonality vegetation formed under the background of zonal bioclimatic conditions and under the influence of special habitats such as Karst landform and lime soil. It is different from tropical and subtropical moist broadleaf forests in terms of community composition, structure, growth, regeneration and succession, and also different from the deciduous evergreen broad-leaved mixed forest in the northern subtropics and the evergreen deciduous broad-leaved mixed forest in the subtropical middle mountains.

KPM (105°01′11″–105°08′38″E, 27°11′09″–27°17′28″N) is located in the northwest of Guizhou (Figure 1), belonging to the Liuchong River basin, basic information is shown in Table 1. There are many peaks, clusters, and depressions in the area, and the terrain is broken, which is a typical karst plateau mountain ecological environment. The soil is mainly yellow soil, and a small part is yellow-brown soil. The zonal vegetation is mainly broad-leaved (Betula luminifera H. Winkl., Populus alba L.), coniferous (Pinus armandii Franch.), and shrub [Pyracantha fortuneana (Maxim.) Li], (Viburnum erubescens Wall.).
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FIGURE 1
Elevations of study area and location of sample plots.



TABLE 1    Basic information of study area.
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Karst plateau canyon (105°34′59″–105°43′06″E, 25°37′18″–25°42′37″N) is located in the southwest of Guizhou (Figure 1), on both wings of the Huajiang Canyon, basic information is shown in Table 1. The valley in the area is deep and the terrain undulates and falls greatly, which is a typical karst plateau canyon ecological environment. The soil is mainly yellow soil and yellow lime soil. And the spatial distribution of soil is broken. Due to strong human disturbance, the primary vegetation is seriously damaged. Now it is mainly secondary vegetation with low forest coverage. At present, the management measures of secondary forests are mainly close mountains to cultivate forests, lack of artificial optimization management measures. Representative species include Cladrastis platycarpa (Maxim.) Makino, Zanthoxylum bungeanum Maxim., and [Alcornea trewioides (Benth.) Muell Arg.], etc.

Karst mountain canyon (108°00′43″–108°12′55″E, 27°02′54″–27°15′45″N) is in Shibing County, eastern of Guizhou Province (Figure 1), basic information is shown in Table 1. The terrain in the area has a large fluctuation and fall. It is a typical karst dolomite mountain canyon landform. The soil is mostly rendzina, followed by yellow soil. The local plants are well protected and managed, plant coverage rate 93.95%. There is much existing native forest vegetations in the area, with rich species diversity, mainly including Platycarya strobilacea Sieb. et Zucc., Lindera glauca (Sieb. et Zucc.) Bl, Pinus massoniana Lamb., Quercus fabri Hance, etc.



2.2. Sample plots selection

Based on the dominant species of the community, the forest is divided into four types: broad-leaved monoculture forest (F1), broad-leaved mixed forest (F2), coniferous and broad-leaved mixed forest (F3), and coniferous mixed forest (F4). The spatial structure, biodiversity, and ES characteristics of the four forest types are explained, respectively. Due to the accumulated temperature effect, the distribution of coniferous forest is limited in the karst plateau canyon area. The existing coniferous trees are mainly planted Cupressus funebris Endl. and mixed with Eucalyptus robusta Smith., so there are only three forest types in KPC. A total of 33 20 m × 20 m rectangular tree plots were selected in this study (3 in each forest type per landform), and topographic factors such as longitude, latitude, and altitude were recorded. Then, four 5 m × 5 m shrub quadrats and four 1 m × 1 m herb quadrats were, respectively, set at the four corners of each plot. A total of 144 shrubs and 144 herb quadrats were set. There is only one tree species in the broad-leaved monoculture forest; the target tree and the nearest trees are the same species, so the Uniform angle indexes are all zero. The broad-leaved monoculture forests are all artificial economic forests of different species, of which Juglans regia L. is present in KPM; Zanthoxylum bungeanum Maxim. is in KPC; and Pyrus pyrifolia “Whangkeumbae” is in KMC.



2.3. Forest spatial structure

A vegetation investigation was conducted in the study areas from July to August 2022 to record the species, quantity, plant height, DBH, and other species information of trees, shrubs, and grasses. At the same time, we selected 5 sample trees for each sample plot according to the five-point formula, and measures and recorded the angle and distance between the 4 nearest trees and the target tree (Figure 2). Based on the results of vegetation survey, three forest spatial structure indexes, namely uniform angle index (Wi), mingling (Mi), and competition index (ICI), were calculated according to Hui et al. (2016). The Wi can reflect the horizontal spatial distribution pattern of trees in the stand; the Mi is defined as the proportion of individuals not belonging to the same species as the target tree in the nearest trees of target tree i, which is used to describe the degree of spatial isolation of tree species; and the ICI can reflect the size of the competition pressure from other trees on the target tree in its structural unit. It can not only reflect the mutual concealment of the trees, but also reflect the oppression of the target tree in the horizontal direction (Hui et al., 2013).
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FIGURE 2
Spatial structure diagram. The more angles greater than 72°, the smaller Wi; the more nearest-trees that are the same species as the target tree, the smaller the Mi; the closer the nearest trees are to the target tree and the larger the DBH, the greater the ICI.




2.4. Biodiversity indexes and functional diversity indexes

The functional Diversity index is calculated by using plant functional traits (Table 2). Leaf samples were collected according to the manual for measuring plant functional traits prepared by Cornelissen et al. (2003). We then excavates a complete fine root for each tree, shrub, and herb species for the measurement of fine root functional traits. Two of non-current year twigs with diameter greater than 5 mm were cut for the measurement of twig functional traits. In order to maintain the water saturation of the sample, the measurement of functional traits was completed within 8 h of the sample being collected.


TABLE 2    Plant functional traits.
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The mass of the samples was weighed using a balance with an accuracy of 0.0001, and the volume of the twigs was obtained by the drainage method using a measuring cylinder. We used a CanoScanLiDE400 scanner to scan the leaf and fine root images, and then used Image J software to calculate the leaf area. The root volume and root surface area were obtained by analyzing the fine root morphological characteristics of the scanned root using the root image analysis software WinRHIZO (Pro2009b). Then we soaked the sample in clean water for 24 h and weighed the saturated fresh mass of the leaves. We then took all samples back to the laboratory, put them in a 75°C oven to dry to constant weight, and weighed the dry mass of roots, branches, and leaves.

According to the vegetation investigation data, Shannon–Wiener index, Margalef richness index, and Pielou evenness index were selected to calculate the species diversity of the community. We selected SLA, LDMC, LTD, BDMC, WD, RTD, and SRA to calculate the functional richness (FRic), functional evenness (FEve), and functional dispersion (FDis). The biodiversity index was calculated using the R software FD package.



2.5. Ecosystem services

We selected water conservation, carbon fixation and oxygen release, soil fertilizer conservation, and wood supply to represent regulation, support, and provision services, respectively. Due to the distance between the plots and the place of residence, there is no leisure or entertainment function in forest, so this study did not contain cultural services. The cutting rings method was used to collect 0–10 cm soil in the sample plot, with every 5 cm as one layer. The fresh soil weight was measured on site. We then took it back to the laboratory, soaked it for 12 h, weighed the saturated water holding weight of the soil, put the soil into a 105°C oven for constant temperature drying for 48 h, and then weighed the dry weight of the soil. We used a soil shovel to take 0–20 cm topsoil in the sample plots according to the five-point sampling method and put it into an aluminum box to evenly mix the soil of five sample points. We then took it back to the laboratory to remove stones and plant roots and leaves, and pass a 0.15 mm sieve to measure the total amount of nutrients. Four litter and herb quadrat of 1 m × 1 m was delimited in each plot, and all litter and herb plants in the quadrat were harvested. After weighing the fresh weight of the litter, soaking it in clean water for 24 h, we weighed the water holding weight and calculated the herbaceous biomass by weighing the fresh weight of the biomass. The test method of soil total nutrients was referred to by Bao (2000).


2.5.1. Wood supply

Based on the tree species, tree height, and DBH, we found the binary standing tree volume table (Table 3) of each tree species in the Guizhou Standardized Public Service Platform (2013) to calculate the tree volume of the forest. The volume of the sample plot can be obtained by adding the single wood accumulation.


TABLE 3    The binary standing tree volume table of main tree species in Guizhou Province.
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2.5.2. Soil nutrient content

Soil nutrient support services including the soil organic carbon contents (OC, g⋅kg–1), total nitrogen (TN, g⋅kg–1), total phosphorus (TP, g⋅kg–1), and total potassium (TK, g⋅kg–1). The average value of the sample plots represents the soil nutrient maintenance capacity of different forest types.



2.5.3. Carbon storage and oxygen release

According to the formula of the national standard of the People’s Republic of China GB/T 38582-2020 (National Forestry and Grassland Administration, 2020), the plant and soil carbon storage and oxygen release were calculated, respectively. Plant carbon storage plus soil carbon storage are total carbon storage.



2.5.4. Water conservation

Water conservation services including water retention by litter (Lw, t⋅hm–2) and soil (Sw, g⋅cm–3). Water conservation services were calculated according to Wang et al. (2003). Weigh the collected litter samples at sample plot (Lf, g), then put it in an oven at 80°C to dry to constant weight (Ld, g⋅m–2). Then put the dried litter into a nylon mesh bag and soaked it in water for 24 h, took out and dried it (based on the standard of no water dripping), then weighed water holding capacity. The cutting rings method is used to measure the maximum water holding capacity of soil (He et al., 2021).




2.6. Data statistics and analysis

MS office Excel 2016 was used to preliminary data statistics and calculations. One-way ANOVA and Pearson correlation analysis of IBM SPSS Statistics 22 were used to test the differences and correlations of mean values of structure, diversity, and ES among different forest types, and conduct significance tests at the 0.05 level. RDA of Canoco5 software was used to analyze the contribution rate and correlation of structure and diversity to ES variation. Origin 2023 software was used to draw a multi factor box plot.




3. Results


3.1. Differences in forest spatial structure

As shown in Figure 3, there are significant differences in the spatial structure mean value of different forest types. A higher spatial structure index value indicates greater forest density, more tree species, and greater the competition intensity. However, the intensity of competition is not directly proportional to the tree density and the number of species. F3 has more tree species per unit area than that of other forest types, so the distance between trees is relatively close, whereas due to the age difference between the target tree and the nearest trees, the competition index changes with the DBH of the nearest trees. If the DBH of the target tree is smaller than the nearest trees, the ICI will become larger. Although the Wi of F1 is the smallest, but the same tree age and distance between the target tree and nearest leads to the competition intensity of F1 close to or even greater than F3. The species number of F2 and F4 is between F1 and F3, the spatial distribution of trees is relatively uniform, and the species competition intensity is also in the middle level among the four forest types. Compared with other forests, F3 has more tree species, but the competition intensity is in common level. It can be concluded that the spatial structure of F3 is optimal among forest types.
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FIGURE 3
Spatial structure index. Different letters represent significant differences of different forest types (p < 0.05) (compare within the same color). KPM, karst plateau mountain; KPC, karst plateau canyon; KMC, karst mountain canyon. F1: broad-leaved monoculture forest; F2: broad-leaved mixed forest; F3: coniferous and broad-leaved mixed forest; F4: coniferous forest.




3.2. Differences in biodiversity indexes and functional diversity indexes

According to the vegetation survey data, KPM recorded a total of 106 species, belonging to 43 families and 77 genera, including 18 species of trees, 37 species of shrubs and 51 species of herbs. KPC recorded a total of 108 species, belonging to 53 families and 98 genera, including 19 species of trees, 48 species of shrubs and 41 species of herbs. KMC recorded a total of 165 species, belonging to 68 families and 132 genera, including 22 species of trees, 65 species of shrubs and 78 species of herbs. Since there were only two species in F1, the species diversity could not be calculated, so only F2, F3 and F4 were calculated in three landforms.

The diversity index mean value of different forest types was significantly different (p < 0.05). F3 has the plant individuals and species among forest types in three study areas, followed by F2 in KPM and KPC, but F4 is the second in KMC (Figure 4). It indicates that plant diversity not only changes with forest type but is also affected by environmental conditions. There is a disparity in the species diversity index between F4 and other forest types in KPM. Because 85% of the coniferous forests species in the region are Pinus armandii Franch., only a few Pinus massoniana Hort. ex Mast. and broad-leaved species exist. In addition, F4 has a higher canopy density and fewer herbaceous plants under the forest, resulting in lower species diversity than F2 and F3. The functional richness index (FRic) and functional evenness index (FEve) of F3 were the highest among forest types (p < 0.05). It shows that with the increase in species, the difference in functional traits of species gradually increases, and the distribution of functional traits becomes more uniform. The functional dispersion index (FDis) is the highest in F1, followed by F3, which also confirms the change trend of tree competition index in forest types, that is, F1 has the most resource competition followed by F3.
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FIGURE 4
Biodiversity index. Different letters represent significant differences of different forest types (P < 0.05). KPM: karst plateau mountain; KPC, karst plateau canyon; KMC, karst mountain canyon. F1: broad-leaved monoculture forest; F2: broad-leaved mixed forest; F3: coniferous and broad-leaved mixed forest; F4: coniferous forest.




3.3. Differences in ecosystem services

The wood provision service capacity of F3 is the strongest among forest types, followed by F4, and F1 is the weakest (Figure 5). F1 is a planted economic forest, whose main purpose is to provide fruit and improve the local economic level. When the trees are too old to bear fruit, farmers cut them down and replant new seedlings. It is under strong disturbance by human activities, so the trees in F1 are generally short. Other forest types are natural forests in the state of closed mountains for afforestation, which are less disturbed by human activities and have good community succession. However, different successional stages lead to significant differences in community structure and productivity. F3 is close to the top succession, and the average tree height, DBH, and the number of trees per unit area are the highest, which makes its unit wood volume higher than other forest types.
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FIGURE 5
Wood product provision service. Different letters represent significant differences of different forest types (p < 0.05). KPM, karst plateau mountain; KPC, karst plateau canyon; KMC, karst mountain canyon. F1: broad-leaved monoculture forest; F2: broad-leaved mixed forest; F3: coniferous and broad-leaved mixed forest; F4: coniferous forest; Wp: wood producing.


There are significant differences in soil nutrients mean value under different forest types (p < 0.05) (Figure 6). OC and TN contents increased with the increase in species diversity, but TP and TK were inversely proportional to species diversity. Element C is the basic element that constitutes the plant skeleton. The decomposed plant litter provides the source of organic matter for the soil. F3 has the most species and quantity of plants, and the most litter as a source of soil nutrients. In addition, there are nitrogen-fixing plants such as Robinia hartwigii Koehne and Trifolium repens Linnaeus in some sample plots, so the OC and TN content in soil of F3 is the highest. Plant diversity in F4, F2, and F1 decreased gradually, and soil nutrient sources also showed a downward trend. Although fertilization was stopped 12 months before sampling, but due to F1 being an artificial economic forest, there may have been fertilizer that had not been fully absorbed by the soil. In addition, the less plants absorb, the less TP and TK is made available, so F1 has the highest content of TP and TK.
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FIGURE 6
Soil nutrient fixation service. Different letters represent significant differences of different forest types (p < 0.05). KPM, karst plateau mountain; KPC, karst plateau canyon; KMC, karst mountain canyon. F1: broad-leaved monoculture forest; F2: broad-leaved mixed forest; F3: coniferous and broad-leaved mixed forest; F4: coniferous forest; OC, organic carbon; TN, total nitrogen; TP, total phosphorus; TK, total kalium.


There are significant differences in mean air regulation and water regulation among the forest types (p < 0.05). The air regulation showed F3 > F4 > F2 > F1, and the change trend of water regulation in the three landforms differently (Figure 7). The forest density and plant productivity of F1, F2, F4, and F3 showed a gradual increasing trend, which promoted the same change trend of carbon storage and oxygen release among forest types. Similarly, high plant productivity and rapid metabolic processes lead to more litter and provide a large amount of organic matter for the soil. The higher vegetation coverage, the accumulation of litter, and the increase of soil porosity improve the water conservation capacity in F3. In addition to being affected by litter and soil properties, water holding capacity is also closely related to climate. The precipitation in KMC is greater than that in KPM and KPC, but the temperature is lower, resulting in no significant difference in water conservation capacity among different forest types.
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FIGURE 7
Regulating service. Different letters represent significant differences of different forest types (p < 0.05). KPM, karst plateau mountain; KPC, karst plateau canyon; KMC, karst mountain canyon. F1: broad-leaved monoculture forest; F2: broad-leaved mixed forest; F3: coniferous and broad-leaved mixed forest; F4: coniferous forest; Gt: total carbon storage; Go: oxygen release; Lw: water holding capacity of litter; Sw: water holding capacity of soil.




3.4. The relationship between driving factors and ecosystem services

Spatial structure, species diversity, and functional diversity were taken as explanatory variables, and taken ecosystem services as response variables. According to Figure 8, the sum explanation rate of the first two axis is 46.15%, with a total of 34.52% explained in the axis 1 and 11.63% in the axis 2. Mi, Wi, ICI, FEve, FDis, FRic, E, H’, and R explained 25.8, 2.1, 3.8, 5.1, 3.9, 0.8, 6.5, 5.3, and 1.9% of variance variation, respectively. Pearson correlation test showed a significant correlation (p < 0.05) between driving factors and ecosystem services (Table 4). Among them, Wi is significantly or extremely positively correlated with Wp, TN, Gt, Go, Sw, and negatively correlated with TK. It indicating that the uniform angle index is closely related to wood production and regulation services, but has a reverse effect on soil TK. Mi has a significant or extremely significant positive correlation with Wp, Gt, Go, Lw, Sw, and OC, while it has a very significant negative correlation with TP and TK. This reflects that the Mingling index has a promoting effect on wood production, soil OC, and regulation services, while it has a counterproductive effect on soil TP and TK. ICI only reached a significant level with TK, indicating that the impact of competition index on ecosystem services is relatively small. The species diversity index was significantly or extremely significantly positively correlated with Wp, Gt, Go, Lw, Sw, and negatively correlated with TP and TK, indicating that species diversity can promote wood production, the regulation of water and air, but it has a trade-off relationship with soil TP and TK. FRic has significant positive correlation with TN and Sw, reflecting a close relationship between functional richness and soil. The correlation between FEve and Wp, Gt, Go, Lw, TP, TK reached a significant level, reflecting that functional evenness has a certain impact on wood provision, regulation, and support services. FDis is significantly or extremely positively correlated with TP and TK, and negatively correlated with Wp, Gt, and Go, indicating that functional dispersion has a reverse impact on wood supply and regulation services. In general, spatial structure and species diversity have greater impact on ecosystem services than functional diversity.
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FIGURE 8
Redundancy analysis of driving factors and ES. The red arrows represent the driving factors (independent variable), and the blue arrows represent ES (dependent variable).



TABLE 4    Pearson correlation analysis between driving factors and ES.
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4. Conclusion and discussion

The spatial structure, diversity and ES supply capacity of the coniferous and broadleaved mixed forest are generally superior to other forest types. A better spatial structure with a higher level of diversity can generate more wood and provide more sources of soil nutrients, as well as stronger regulation capacity. Spatial structure affects plant productivity through interspecific relationships; soil fertility is restricted more by diversity; gas and water regulation are influenced by both spatial structure and diversity levels. Under the influence of various driving factors, there is a synergistic effect between ecosystem services. There is a progressive driving role between spatial structure, biodiversity, and ecosystem services. In the process of forest management, the optimization of forest spatial structure is helpful to biodiversity conservation and ecosystem function improvement.

The forest spatial structure plays a greater role in wood provision services. The tree height, DBH, and the number of trees determine the wood productivity and reflect the spatial structure characteristics of the forest. The wood provision capacity of different forest types in the three study areas changed in the same trend with the increase or decrease in uniform angle index and mingling, but it was inversely proportional to competition index. Planted economic forest is a single-layer, same-age monoculture forest type planted for ecological conservation and economic development, it provided many material goods and services as important multifunctional agricultural production subjects (Xiao and Xiong, 2022). The trees’ distribution is in a regular state (Wi < 0.475), and the intraspecific competition is fierce, the quantity of trees per plot are also less than the multilayer mixed forest of different ages. In addition, the desertification area in this area accounts for 30% of the total area, and the serious soil erosion lead to shallow soil layer and low nutrient content, which make difficulties for plants to growth (Zhang et al., 2021). Meanwhile, farmers’ pruning and disafforestation in order to improve the fruit yield and facilitate management limits the growth height of trees to a certain extent. The above factors comprehensively lead to the lower wood yield of monoculture forest than other forest types. The other three forest types are multilayered mixed forests with different ages growing under natural conditions, which are in random distribution (0.475 < Wi < 0.517) or aggregate distribution (Wi > 0.517) (Hui et al., 2016). The dual spatial structure of karst promotes the lack of surface water, and the material circulation is slower than that in non-karst areas. Therefore, the vegetation in sample plots of broad-leaved mixed forest are dominated by shrubs. The quantity of trees is less and their DBHs are not more than 15 cm. Therefore, wood production ranks third. In coniferous mixed forest, coniferous trees account for more than 85%, and the stand density is second only to coniferous and broad-leaved mixed forest. Coniferous and broad-leaved mixed forest has the highest tree height, DBH, and number of trees among the four forest types, which leads to the highest wood production capacity, followed by coniferous mixed forest. Generally, the spatial structure of coniferous and broad-leaved mixed forest is the best among the four forest types, and other forest types should implement artificial management measures to optimize the stand structure.

Soil nutrient-supporting services are mainly affected by biodiversity. Vegetation can change soil structure through root growth, and root exudates, plant residues and dead leaves can input more organic substances into the soil system and improve soil quality (Hu and Guo, 2012). Higher plant diversity spatially extended the nutrient cycling through the microbial communities to deeper soil layers from which nutrients were transferred to the topsoil by deep-rooting plants (Lange et al., 2019). In this study, soil OC and TN increased with the increase in species diversity. Because the Guizhou Plateau is mainly mountainous, with high altitude and steep terrain, nutrients loss easily with water. Single species composition and community structure in monoculture forest limited the source of litter, the type and quantity of litter are lower than other forest types, which limited the source of soil C and N. The amount of nutrient returned is small, which made the “supply” of soil nutrients greater than the “return,” resulting in lower soil fertility (Li et al., 2014). The greater species composition in other forests produced a greater variety and quantity of litter, which provided more humus and nutrients for the soil under the forest. Soil nutrients and soil microbial diversity are generally in direct proportion to litter diversity (Faceli and Pickett, 1991), and soil microbial quantity plays an important role in soil quality and plant productivity (van der Heijden et al., 2008). Therefore, a virtuous cycle of “plant–litter–microbial–soil nutrient” has been formed in the community with higher species composition. TP and TK showed negative correlation with species diversity among the four forest types. Because the P element mainly comes from rock weathering, and plants and microbial can only use 0.1–2% of the K element in soil (Li, 2015). The desertification area in this area accounts for 87.92% of the total area. The soil layer is shallow and broken, and the bedrock is exposed in a large area, and the P element is enriched in the soil after weathering; moreover, the lower the variety in plant species and quantity, the lower the nutrient absorption and utilization rate. So, it showed a trend of higher species diversity and lower soil TP and TK.

Regulation services are driven by both spatial structure and biodiversity. Many studies have proven that species diversity and functional diversity have positive effects on ecosystem functions (such as productivity, carbon storage, etc.) (Lanta and Lepš, 2006; Cavanaugh et al., 2014). The mixed forest has large density, and the plants use more resources to maintain the growth height to obtain more sunlight (Poorter et al., 2003), which promotes a positive correlation between carbon fixation, oxygen release, and plant productivity. The research results of Zheng et al. (2007) showed that the carbon content of terrestrial higher plants ranged from 24.95 to 55.44%. In this study, the average biomass of coniferous and broad-leaved mixed forest plots were 4–515% higher than the other three forest types. The high species number, tree height, and DBH increased the community productivity, and promoted the carbon fixation and oxygen release significantly more than other forest types. Monoculture forest has the least biomass, so it has less carbon storage and oxygen release. In addition, the difference of plant functional traits is also an important reason for the change in regulatory services. In order to maintain their own survival and reproduction, plants usually improve their environmental adaptability by regulating functional traits (McIntyre et al., 1999). In the desertification environment, plants are under serious drought stress, and more resources are used to maintain plant survival rather than sustainable growth. The higher the degree of desertification, the less the number of species and amount of functional diversity. More species diversity produces higher functional diversity and improves the overall resource utilization efficiency and productivity of the community.

Due to the phenology process, plants wither and form dead branches and leaves, and uncorrupted litter accumulates under the forest. When precipitation occurs, the litter reabsorbs water and becomes an important storage source for forest water conservation. Coniferous and broad-leaved mixed forest has the largest number and different species of plants and produces the largest amount of litter, which has a stronger water conservation capacity than other forest types. In terms of soil water retention, litter layer and plant underground functional traits are also closely related to soil moisture except for soil properties (Burrows and Appold, 2015; Fu et al., 2021). For example, the planting of Zanthoxylum bungeanum improved the shallow soil hydraulic properties in karst areas and can play a positive role in water conservation (Liu et al., 2021). In the process of precipitation, after the litter layer is saturated, the water seeps into the surface soil through the litter layer and is finally stored in the soil. When the precipitation stops, the litter layer hinders the evaporation of soil water and adopts a protective function. The humus layer formed by thick litter of coniferous and broad-leaved mixed forest absorbs a lot of water and covers the surface soil, resulting in a significantly higher soil water capacity of this forest type than other types, which is also the reason for the significant positive correlation between litter water capacity and soil water capacity. The litter of coniferous mixed forest is mainly coniferous, with developed leaf fiber, high lignin content, and oil content in the leaves, which makes it more difficult to decompose (Huang et al., 2007). Therefore, the water holding capacity of the litter is weaker than that of the broad-leaved forest. However, the accumulation of the litter layer is thicker, which slows down the evaporation of soil water, resulting in higher soil water holding capacity of coniferous mixed forest sample plots than monoculture forest and broad-leaved mixed forest. In addition, the space formed after the decay of plant roots is also important for storing water. Among the four forest types, coniferous and broad-leaved mixed forest has the largest stand density, the densest plant roots and the highest soil porosity. Although the density of coniferous forest is close to coniferous and broad-leaved mixed forest, the root system of pine trees is not as developed as broad-leaved trees, and the number of fine roots is also small, which resulted in the soil water capacity of some sample plots in the coniferous forest being lower than that of the broad-leaved mixed forest. The monoculture forest is significantly lower than other forest types in both litter layer and root function, so its water conservation capacity is the weakest among the four forest types. As a typical Karst landform area, water in Guizhou Plateau leak into underground space, which also have an important impact on forest water conservation.

The optimization of forestry ecosystem structures and the improvement in stability play a vital role in the long-term maintenance of forestry ecosystem service supply capacity (Jiang et al., 2022). Both forest spatial structure and biodiversity play an important role in driving ES, but they do not have an independent impact. The spatial structure changes the function of the species ecosystem by changing the interspecific relationship, and finally impacts ES. Given the severe soil erosion, weak stability of vegetation communities, and deteriorating ecosystems in karst desertification areas, a combination of forest sealing and artificial planting could enhance the vegetation cover, strengthen the ability to fix soil and retain water, and eventually, improve the system’s stability (Deng et al., 2023). Taking forest management measures such as mixed planting of different economic tree species, intercropping of forest and grain/grass, cultivation of uneven-aged forest, and development of understory industry (Gu et al., 2008) to transform the community into a multiple-layer mixed forest of different ages (Kaya et al., 2016), which is conducive to the stability of the community structure and the maintenance of the system’s versatility. At the same time, in places with poor soil, it is helpful to improve soil quality by returning straw to the field and replacing fertilizer with farmyard manure. The above measures can not only improve the utilization rate of resources, but also help to increase the aboveground and underground biodiversity, improve the community structure, and enhance the stability of the ecosystem (Tilman et al., 1997; Gao and He, 2010). In natural forests, it is difficult to grow for under forest plants due to high canopy density in some plots (Figure 9). In order to improve the stand structure and stand quality, it is necessary to take the technical forest management measure of thinning to reasonably adjust the stand density, so as to change the light, temperature, soil nutrients, water, and other micro-environments in the forest, which has an important role in promoting the growth of the stand, the development and distribution of the understory vegetation, and soil improvement (Wang et al., 2022). In coniferous forests, coniferous species occupy an absolute advantage, while other species account for no more than 15% of the community, and most of them are shrubs, which are at a disadvantage in the competition. Therefore, thinning and replanting should be carried out in coniferous mixed forests with high stand density. Unhealthy and over-dense trees should be removed and broad-leaved trees should be replanted to reduce the proportion of coniferous trees to increase aboveground and underground biodiversity and improve soil quality. The broad-leaved mixed forests have high species diversity, but due to the shallow soil layer and strong negative human interference, the vegetation is dominated by shrubs or low trees, the community hierarchical structure is incomplete, and the productivity is low. This forest type should be pruned and replanted large tree species. Firstly, the low trees must be pruned to increase the height under the tree branches and promote the community succession to the next stage. Secondly, redundant shrub species need to be cut down and tall broad-leaved tree species such as Robinia pseudoacacia L., Quercus fabri Hance, and Populus L. can be replant, completing the community hierarchy and improving the ecosystem stability. Finally, artificial fertilization should be carried out in places with poor soil to improve soil quality and provide enough nutrients for plant growth (Hu et al., 2022).
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FIGURE 9
Comparison of different forest types.


In this study, Juglans regia L., Zanthoxylum bungeanum Maxim., and Pyrus pyrifolia “Whangkeumbae” plantations were selected in the KPM, KPC, and KMC. The plantations might have differences in the distribution pattern of trees due to landform, which affects the spatial structure of the forest. For example, KPM is mainly mountainous and hilly. In the horizontal direction, the trees are parallel to the contour line, but in the vertical direction, they are randomly distributed. Due to the serious desertification and broken soil mass in KPC, some trees are scattered with the soil mass. KMC is also dominated by mountains and hills, but the terrain is flat, and the soil layer is thicker than KPM and KPC. When planting, they are usually distributed in regular rows and columns. Compared with natural forest, plantation has larger plant spacing, smaller stand density, and more regular distribution. The spatial structure of different plantations is quite different, which may lead to some fluctuations in the calculation of results.

The plantations in three landforms are all economic trees planted to increase the income of rural residents. Farmers usually apply chemical fertilizer in the plantation to improve the fruit yield. In order to eliminate the interference of artificial fertilization, the sample plots stopped fertilization 12 months before sampling. Therefore, there is no effect of artificial fertilization on soil nutrients in this study. However, due to the limitations of the sample plots conditions, the forest age was not investigated in detail in this study, which may have an impact on wood provision services. The forest’s age should be considered as one of the driving factors in the follow-up study.

Human activities, climate change, and geographical environment are indirect factors that affect ES. This study discussed the direct impact of forest spatial structure and biodiversity on ES; the indirect factors were not mentioned. In the future study, the driving effect of multiple influencing factors combined with indirect and direct driving factors on ES should be an important research direction. Furthermore, the role of animals and microorganisms in the multiple functionality of forest ecosystems also needs to be further explored.
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