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Soil nutrient status is a crucial measure of soil fertility, which not only coordinates and provides the nutrients necessary for plant growth, but also stimulates the decomposition of soil humus and biogeochemical cycles. Therefore, understanding the distribution characteristics of soil nutrients in the Kyrgyzstan, while exploring the drivers of their variability, is important for understanding ecological processes and the distribution of soil resources. Simultaneously, the study of the spatial distribution of soil multifunctionality and its drivers across Kyrgyzstan can better elucidate the functions of the entire ecosystem, assist in optimizing the allocation of resources and serve as a reference material for the scientific and rational management of the country’s soil ecosystems. In this paper, We have used field sampling data from Kyrgyzstan, to examined the geographic variability and distribution of soil nutrients and soil multifunctionality within different soil depths, as well as the drivers in the country, using a combination of factor analysis and structural equation modeling (SEM). Findings indicated: (1)The topsoil of Kyrgyzstan (0–30 cm) stores 4.24 ± 0.59 Pg of SOC, 0.33 ± 0.06 Pg of total nitrogen (TN), 0.31 ± 0.03 Pg of total phosphorus (TP), and 5.12 ± 1.84 Pg of total potassium (TK). The nutrient reserves of various land-cover categories vary greatly across the nation, with grasslands accounting for the largest reserves (40%) but urban areas allocating the smallest proportion (0.3%). (2): the analysis revealed that using the linear or nonlinear fitting equations, the majority of soil nutrients exhibited a strong correlation with each other and also environmental parameters; (3): in Kyrgyzstan, soil multifunctionality varied substantially from –0.63 to 2.30 across regions. (4): according to the SEM results, NPP, wind speed (VS), MAP, longitude (Lon), SWC, and pH directly affected soil multifunctionality. In addition, several indirect effects of ST, MAT, Sard, and latitude (Lat) on soil multifunctionality were observed. Lon, map, SWC, and pH also had various direct and indirect impacts on soil multifunctionality. The findings of this study shed light on the functions of the entire soil ecosystem in the Kyrgyz Republic that help better predict the effects of environmental changes on ecosystem multifunctionality in drylands and provide a scientific basis for rational utilization of soil resources, efficient management of dryland soils, and prevention of land productivity decline in the country.
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1 INTRODUCTION
Soils participate in and regulate the nutrient cycles within ecosystems, with soil nutrients being one of the most important soil characteristics (Sterner and Elser, 2017). Soil nutrient status is a significant indicator of soil fertility since it not only regulates the delivery of the nutrients required for plant development but also promotes the breakdown of soil humus and biogeochemical cycles (Verhoeven et al.,. 2009). soil organic carbon (SOC), nitrogen (N), and phosphorus (P) make up the majority of the soil nutrients and are essential to plant development and different physiological processes (Meersmans et al., 2008). Plaza et al. (2018) reported that global reserves of soil C, N, and P in the soil surface layer (0–30 cm) were more than 50% of those in the whole soil layer (0–100 cm) (Plaza et al., 2018). For instance, soil organic carbon (SOC) is not only an essential component of soil fertility, but also a vital contributor to agricultural productivity and quality, as well as having important supporting/regulatory functions for ecosystem services. Soil nitrogen and phosphorus affect soil characteristics, plant development (Quilchano et al., 2008), and soil microbial activity (Hati et al., 2008). Compared to other soil nutrients, soil nitrogen and phosphorus are regarded as the fundamental nutrients that most frequently limit soil productivity (Giesler et al., 2002). Soil C, N, and P are the three most abundant elements in living organisms, and their ratios have been identified as important indicators of ecosystem structure and function at macroscopic scales, while also being hypothesized to reflect the composition of living organisms within the ecosystem (Rodríguez et al., 2009). Potassium (K) stimulates photosynthesis, and also enhances plant economic water usage, among other roles, and elemental K has garnered substantial scholarly attention in recent soil nutrient research (Guo et al., 2000). plaza et al. (2018) assessed global soil C, N, and P stocks in the global soil (0–30 cm) and discovered that the elemental stocks in the soil surface layer (0–30 cm) comprised more than fifty percent of the overall soil layer (0–100 cm) (Plaza et al., 2018). In order to achieve integrated management of soil functions and maximize the ecological service value of soil, it is crucial to examine the spatial distribution pattern of nutrients in the soil surface layer, estimate the content of nutrients in the surface layer, and investigate the chemometric relationships between elements. Therefore, the emphasis of this research is on the state of nutrients in the surface soil in Kyrgyzstan.
Soil nutrients are susceptible to intricate scale-dependent relationships and geographical variability, as well as complex linkages between environmental variables that affect the multi-scale variability of soil nutrients (Li et al., 2003). Studies have shown that soil nutrients respond to environmental factors such as soil pH, ambient temperature, and average annual precipitation (Miller et al., 2004; Tian et al., 2018). Liu et al. (2013) demonstrated that land use, precipitation, and temperature had significant effects on both STN and STP; Brovelli et al. (2012) analyzed the dynamics of soil carbon and nitrogen in riparian soils and discovered that soil carbon and nitrogen content varied on a temporal scale in response to changes in climatic conditions and the uptake of inputs from surface vegetation; Wang et al. (2016) demonstrated that precipitation and vegetation changes had significant effects on STN and STP. Existing approaches to assess the multifunctionality of ecosystems include the average approach (Maestre et al., 2021), functional replacement across species (Guo et al., 2017), the single thresholding method (Zavaleta et al., 2010), the multi-threshold method (Byrnes et al., 2014), and factor analysis that have both benefits and drawbacks. In this study, we first calculated the soil versatility index using the average approach and component analysis, then we combined soil pH, soil water content (SWC), soil temperature (ST), mean annual temperature (MAT), mean annual rainfall (MAP), net primary plant productivity (NPP), and sunshine radiation (Sard) with soil nutrients. Finally we performed correlation analysis and adopted the structural equation modeling (SEM) approach. The goal of this study was to investigate the determinants of geographical variation in nutrient concentrations in the topsoil of Kyrgyzstan to expand the related soil research in Kyrgyzstan and eventually benefit local agricultural production.
Ecosystem multifunctionality (EMF) is the capacity of an ecosystem to simultaneously maintain numerous ecosystem functions and services, i.e. the ecosystem’s overall function (Zavaleta et al., 2010). Increasingly, researchers are utilizing Soil Multifunctionality (SMF) to describe the multifunctionality of the entire ecosystem (Ding and Eldridge, 2021) Soils play an important role in the terrestrial ecosystem as a whole (Bui and Henderson, 2013); hence, more study on soil multifunctionality will lead to a better understanding of the integrated service capacity of soils. SMF is geographically influenced by various climatic elements (such as precipitation and its seasonality, soil dryness, and soil moisture) and soil characteristics (such as pH and sand content), and increases with plant or soil microbial diversity (Ding and Eldridge, 2021). Quantifying the national SMF of Kyrgyzstan and its drivers can consequently give a reference for the scientific and rational management of the entire national soil environment.
This study addresses the following scientific concerns using field measurements of soil nutrients in Kyrgyzstan from 2011 to 2015, as well as data on their physical and chemical qualities and meteorological environment. 1) What are the nutrient stocks, spatial distribution patterns, and influencing factors of Kyrgyzstan’s surface soils (0–30 cm)? 2) What are the spatial variability characteristics and driving elements of the SMF? On the basis of the aforementioned scientific concerns, we hypothesize that 1) the distribution of soil nutrients and SMF in Kyrgyzstan is very spatially diverse and 2) temperature and precipitation are likely to be the primary causes of regional variability in nutrients and SMF.
The analysis of the spatial relationships between climate, soil, and plant and soil multifunctionality provides a foundation for local ecosystem management to improve local land-cover efficiency and a reference for the efficient and rational management of soil resources and ecosystems across the nation.
2 MATERIALS AND METHODS
2.1 Overview of the study area
The Kyrgyz Republic is situated in the center of the Eurasian continent (39.18°–43.24°N, 69.23°–80.20°E) and has an area of 199,900 square kilometers, bordering China, Uzbekistan, Kazakhstan, and Tajikistan (Figure 1). The region is mountainous, with the highest peak, called Tomur, rising to approximately 7,000 m, and Issyk-Kul valley framed by mountains, with the lowlands comprising only 15% of the total land area. The average annual precipitation varies between 200 and 800 mm, and the climate is characteristic of the continental temperate zone. The country has abundant water resources, pastures, and arable land, with grasslands constituting 38.5% of the national territory. Agricultural land comprises 19.8% of the total land area.
[image: Figure 1]FIGURE 1 | Overview of the study area. The map is based on the standard map No. GS (2021)5453 downloaded from the map technology review center of Ministry of natural resources, the standard map is not modified.
2.2 Data sources
2.2.1 Surface soil nutrient data
Field surveys and laboratory tests were used to gather data on the nutrient contents of the soil surface. During the field study conducted in Kyrgyzstan between 2011 and July 2015, 136 sampling locations were selected, and land-cover types were collected. The soil pH, organic matter fast-acting potassium (AK) were analyzed for 159 soil samples, and eight ions were evaluated for 41 samples. Data were compiled using 114 soil samples.
2.2.2 Environmental data
The Terra Climatic is a global dataset (http://doi.org/10.1038/sdata.2017.191) of monthly climate water balance and land surface temperature from the University of Idaho. It consists of meteorological data such as precipitation, maximum and minimum temperatures, and variations in pressure of water vapor, wind speed, and solar radiation. The aforementioned meteorological data were obtained from the cloud computing platform (GEE) for reprojection and cropping procedures.
Land cover data were obtained from ESA’s global land cover database with coverage at 300-m spatial resolution from 1992 to 2020 (https://cds.climate.copernicus.eu/cdsapp#!/dataset/satellite-land-cover), which classifies the global land surface into 22 categories based on the UN FAO Land Cover Classification System (LCCS).
2.2.3 Sampling and determination of quantitative soil functional indicators
Based on the study conducted by Maestre et al. (2012), thirteen soil functional indicators related to four ecosystem processes (C, N, P, and K) were chosen to assess the multifunctionality of soil in the research area (Maestre et al., 2012). These markers were found to have a close relationship with the cycling and content of carbon, nitrogen, and phosphorus in the ecosystem (Dai et al., 2020; Maestre et al., 2021). These soil indicators essentially reflect different processes of ecosystems, including carbon, nitrogen, and phosphorus sequestration, soil and water conservation, and animal hosting (Chytrý et al., 2010). The average approach and the factor analysis developed by Hooper and Vitousek (1998) were used to calculate the soil multifunctionality index in this study (Hooper and Vitousek, 1998). The results of these two techniques (Figure 2) indicated that the two multifunctionality indices (MF1 and MF2) were quite comparable (R2 = 0.866, p < 0.001), and both had significant positive relationships with eight single soil functions (Table 1).
[image: Figure 2]FIGURE 2 | Indices of soil multifunctionality derived from the two quantification techniques; MF1: Multifunctionality index calculated using the average approach; MF2: Multifunctionality index calculated using the factor analysis approach.
TABLE 1 | Correlation between individual soil functions and soil multifunctionality indices.
[image: Table 1]2.3 Calculation of nutrient density and content of the surface soil
The mean value method was first proposed by Hopper and Vitousek (Hooper and Vitousek, 1998), which converts the measured values of ecosystem functions in a sample, then standardises these functional indicators, and finally the multifunctionality index is the calculation of the mean value of each co-functional value to represent it. quantitative characterisation of multiple ecosystem processes, calculated as follows:
[image: image]
where MFa denotes ecosystem multifunctionality, fi denotes the measured value of function i, ri is the mathematical function that converts fi into a positive value, g denotes the normalisation of all measured values and F denotes the number of functions measured.
Based on the calculation of the mean method, some scholars later began to experiment with factor analysis to obtain similar multifunctionality indices. The thinking behind this calculation is that the parameters of these functional indicators are first downscaled for factor analysis, and then each factor score is obtained, and then each factor score is used to express multifunctionality, and this method can, to a certain extent, measure the trade-offs between the various functions:
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where,
[image: image]
In the above equation, MFa denotes the ecosystem multifunctionality index, zi is the factor score, ai is the variance contribution of each factor, zij is the standardised value of variable i at the factor j, and wij denotes the factor score coefficient of variable i at the factor j.
The nutrient element contents of the soil layers were first determined. Using the depth of each layer as a weighting factor, the average values of physicochemical parameters of the soil profile were determined. Tian et al. (2006) calculated the nutrient density (Density) for a single layer in the soil profile as follows (Tian et al., 2006
[image: image]
Where Bi (Bulk density) represents the soil water capacity expressed in g/cm3 in various places; Di (Depth) denotes the soil depth in cm, and Ci (Content) signifies the nutrient content of the horizontal layer of soil (%). Using spatial interpolation and the usual kriging technique, a geographical distribution map of soil nutrients for Tajikistan was drawn. The raster layer was then formed using the surface with a resolution of 300 m × 300 m, a density value of Densityi (kg/m2), and an area value of Areai for each grid square (m2). Nutrient content was calculated using the following formula (Liu et al., 2011):
[image: image]
2.4 Statistical analysis
In this study, the relationships between soil pH, soil water content (SWC), soil temperature (ST), mean annual temperature (MAT), mean annual rainfall (MAP), net primary productivity (NPP), mean annual wind speed (VS), the difference in saturated atmospheric pressure (VPD), solar radiation (Sard), and soil nutrients were determined using correlation analysis, and a structural equation modeling (SEM) method was used to identify the drivers for spatial variability in surface soil nutrients in Kyrgyzstan.
Initially, a descriptive statistical analysis of the soil nutrient contents and other related environmental indicators was performed for all regions of the country; the kriging interpolation was used in ArcGIS 10.2 to investigate the spatial distribution of nutrient contents; the correlation analysis of soil nutrients and environmental factors was performed using the “corrplot” package under R version 4.1.1. Different functional models, including linear, quadratic, power, etc. that best fit the SOC, TK, TP, and TK were selected using the “Lavaan” package in R version 4.1.1. The best-fit model selection was based on the model’s AIC value; the Origin (version 2021) was used to create simple scatter plots, bar charts, 3D pie charts, etc.
3 RESULTS
3.1 Descriptive statistics of soil nutrient contents and environmental factors
Table 2 shows the changes in soil nutrient contents and environmental factors at representative sample locations in Kyrgyzstan. The mean values for SOC, TN, TP, TK, AN, AP, and AK were 14.80 g/kg, 1.25 g/kg, 0.96 g/kg, 17.88 g/kg, 51.71 mg/kg, 12.84 mg/kg, and 216.18 mg/kg, respectively. The total coefficients of variation (CVs) for all nutrients varied from 0.44 to 0.84, demonstrating a rather substantial geographical variation in soil nutrient concentrations across various locations. The values of mean annual precipitation (MAP) and mean annual temperature (MAT) at each sampling point of the region were 414.81 mm and 6.32°C, respectively, and the coefficient of variation (CV) of MAP was 0.260, while that of MAT was 0.78, indicating that the region has small variations in MAP but large variations in MAT across space. The mean values of VS and Sard were 0.11 and 0.03, respectively, and their CVs were low, indicating the minor variations in VS and Sard throughout the area. The mean values of VS and Sard were 0.11 and 0.03, respectively, with both having modest CV values, showing that regional variations in VS and Sard were negligible. The soils in this region have a mean pH value of 7.82 and a minimum pH value of 6.89, indicating that they are mostly neutral and moderately alkaline.
TABLE 2 | Descriptive statistics of soil nutrient contents and environmental factors.
[image: Table 2]3.2 Patterns of the spatial distribution of soil nutrient stocks and concentrations in surface soil (0–30 cm)
The average SOC density of surface soil in Kyrgyzstan was 18.25 ± 1.29 kg/m2, with a content capacity of 4.24 ± 0.59 Pg; the average TN density of surface soil was 1.51 ± 0.24 kg/m2, with a content capacity of 0.33 ± 0.06 Pg; however, the average TP density was 1.29 ± 0.11 kg/m2, with a content capacity of 0.31 ± 0.03 Pg, and the average TK density was 23.98 (Figure 3).
[image: Figure 3]FIGURE 3 | Spatial patterns of soil nutrient contents in the surface layer of soil (0–30 cm). (A–D) are the relative spatial distribution features of TP, TK, TN, and SOC.
Based on the optimal spatial interpolation of SOC, TN, TP, and TK for the entire soil surface in Kyrgyzstan using the ordinary kriging method, the spatial distribution of SOC, TN, TP, and TK contents in soil was mapped, with the SOC content within the range of 13.99–16.15 g/kg and an average of 14.80 g/kg. The average concentrations of TP and TK in the study area were 0.96 g/kg and 17.87 g/kg, ranging from 0.89 to 1.66 mg/kg and 18.91–24.93 mg/kg, respectively, in the whole region. The center of the nation had the highest SOC and TN contents, whose geographic distribution had a high degree of similarity; the Northeast region had the highest contents of TP and TK, whose spatial distribution had a high degree of similarity.
3.3 Proportions of soil nutrient stocks in various land-cover types
To better elucidate the spatial distribution features of soil nutrient contents under various land-cover types, the entire Kyrgyzstan country was categorized into six land-cover types, including grassland, forest, urban, agricultural land, bush, and desert, based on ESA’s “Land cover categorization” (see Figure 4, in which permafrost and water areas were not determined). ArcGIS 10.2 was used to calculate the area of each land-cover type, which was paired with data on the nutrient contents of each land-cover type to estimate the nutrient values in these six land-cover categories (Figure 5). As the nutrient densities of soils in various land-cover types considerably varied, so the area of each land-cover type; thus, the soil nutrient stocks in various land-cover types also varied considerably. Among the reserves of various land-cover types, grassland allocated the largest proportion (40%), while urban had the lowest proportion, approximately 0.3%, and the combined nutrients of agriculture, forest, and scrub accounted for approximately 50% of the overall reserves (Figure 4).
[image: Figure 4]FIGURE 4 | Maps of various land-cover types and proportions of nutrient stocks in each land-cover type in Kyrgyzstan.
[image: Figure 5]FIGURE 5 | Correlations between soil C, N, P, and K contents.
3.4 Interactions between soil nutrient contents and environmental variables
Except between SOC and TP, TK, TN, and TK, AN and TP, and TK and AK, there were significant relationships between the contents of most nutrients (Table 3).
TABLE 3 | Correlation coefficients between soil nutrients.
[image: Table 3]The relationship between soil nutrient contents and environmental variables is shown in Figure 6. Overall, most environmental parameters were substantially associated with the contents of soil nutrients. SWC and NPP were substantially related to all seven nutrients. The linear and nonlinear fitting equations revealed (Figure 5) that soil SOC had a highly significant linear relationship with TN, while soil TN had a substantial relationship with TP, and soil TP had a highly significant quadratic relationship with TK.
[image: Figure 6]FIGURE 6 | Heat map depicting the relationship between soil nutrients and environmental variables.
There was a strong link between soil SOC and all environmental parameters except for VS Only MAP, SWC, VPD, and NPP were substantially related to soil TN levels. With the exception of MAP and ST, all environmental parameters were highly significantly linked to soil TP. There were no significant relationships between soil TK, MAP, and VPD. AN demonstrated very substantial associations with the majority of environmental factors, except for pH. There was a high degree of similarity between AP and AK and environmental parameters, exhibiting the correlations between soil nutrients and all environmental factors except for pH (Table 4).
TABLE 4 | Average AIC values of the different fitting results.
[image: Table 4]Note: Srad represents solar radiation; MAT stands for mean annual temperature; MAP signifies mean annual precipitation; ST denotes soil temperature; VS stands for mean wind speed at 10 m height; pH represents soil pH; TP: total phosphorus in the soil; TK: total potassium in the soil; AP: fast-acting phosphorus in the soil; AK: fast-acting potassium in the soil; AN: fast-acting nitrogen in the soil; SOC: soil organic carbon; TN: total nitrogen; SWC: soil water content; NPP: net primary productivity.
3.5 The spatial variability of soil multifunctionality by influencing soil properties
Throughout Kyrgyzstan, the soil multifunctionality of soils was spatially heterogeneous (Figure 7), with soil multifunctionality indices ranging from -0.63 to 2.30. The soil multifunctionality values ranged from -0.63 to -0.20, comprising approximately 22.46% of the country’s total land area; soil multifunctionality values ranged from -0.20 to 0.16, accounting for approximately 50.40% of the country’s total land area; soil multifunctionality values in were within the range of 0.16–0.43, allocating approximately 20.50% of the country’s total land area. soil multifunctionality values ranged from 0.43 to 0.77, which comprised approximately 4.18% of the country’s land area encompassing the smallest land area, accounting for approximately 2.47% of the nation’s land area, with soil multifunctionality values within the range of ∼0.77–2.30. From west to east, the soil multifunctionality index in the region generally increases and then decreases, with the highest and lowest soil multifunctionality indices in the central region and the southwest and northwest directions, respectively.
[image: Figure 7]FIGURE 7 | Maps of the spatial variability of soil multifunctionality.
3.6 Relationships between environmental variables and soil multifunctionality
SEM analysis results revealed that the model explained 31% of soil multifunctionality (Figure 8). NPP, SWC, MAP, and pH presented direct beneficial effects on soil multifunctionality, with loadings of 0.29***, 0.33**, 0.32**, and 0.17*, respectively, whereas VS and Lon exerted direct negative effects, with loadings of -0.2* and -0.36*, respectively.
[image: Figure 8]FIGURE 8 | Results of the SEM analysis showing the direct and indirect effects of environmental variables on soil multifunctionality. Note: *: p < 0.05; **: p < 0.01; ***: p < 0.001.
In addition, indirect effects of ST, MAT, Sard, and Lat on soil multifunctionality were detected. Lon, MAP, SWC, and pH had various direct and indirect impacts on soil multifunctionality. As shown in Figure 8, in addition to their direct beneficial effects on soil multifunctionality, the soil indicators SWC and pH also had a favorable effect on soil multifunctionality through modulation of NPP, with loadings of up to 0.19** and 0.41**, respectively.
The standardized total effects (based on the sum of direct and indirect effects derived from SEM) indicated that MAT, VS, ST, and Lon had a negative relationship with soil multifunctionality, whereas there were positive relationships between all other variables and soil multifunctionality (Figure 9).
[image: Figure 9]FIGURE 9 | The normalized total effects (direct and indirect effects) derived from structural equation modeling (SEM).
4 DISCUSSION
The SOC concentration reflects in part the formation process and fertility level of the soil (Xiong and Li, 1990), and the SOC content of the research area’s soil is comparatively high at 14.80 g/kg. N is the most limiting element for plant development (Liu et al., 2017) and also the essential nutrient for all organisms (Galloway et al., 2004), and soil available nitrogen (AN) directly influences the uptake and absorption of other nutrients by nitrogen-fixing plants (Dai et al., 2020). The study area is rich in nitrogen, with 1.25 g/kg of TN and 95.9 mg/kg of AN. P is an essential nutrient element for plant growth, mostly derived from the mineralization of decomposed organic matter and weathering of soil mineral particles; P deficiency may be prevalent in some temperate locations due to its low biological efficiency (Fisher and Dan, 2000). Soil TP content in the study area was high (0.96 g/kg); AP is an important indicator of the soil phosphorus supply capacity and risk of P loss (Zhang and Wu, 2021), with the content of 12.84 mg/kg, marking the study area as the P-rich area; K is an essential element for plant growth and development and can promote photosynthesis of plants, which leads to greater production of compounds, particularly starch; AK content was 0.1–0.2%.
The primary source of soil nutrients is the weathering of minerals in natural settings, but the intensity of human activities and the extent of their impact under various land-cover types are also significant factors influencing soil nutrients. Different land-cover types modify the soil microhabitat, resulting in creating distinct nutrient concentration trends (Zhao et al., 2018). Soil nutrient levels vary dynamically with land-cover and land management approaches, especially abrupt land-use/land cover changes (Gross and Harrison, 2019). In this study, both the soil nutrient concentrations and the land cover area under various land-cover options varied greatly. Grasslands constitute the largest area, approximately 82,400 km2, while urban areas constitute the smallest area, approximately 0.07 million km2, making grasslands around 120 times larger than urban areas. The great differences in nutrient content maximized the already-existing differences in nutrient contents. This is compatible with hypothesis (1), as nutrient distribution is highly spatially heterogeneous.
Soil pH is one of the main factors influencing soil chemical, physical, and biological processes and properties (Brady et al., 2008), and it also is one of the most important determinants of soil nutrient transformations and nutrient use efficiency (Lin et al., 2020), which can directly or indirectly influence soil nutrient levels. The soil pH in the study area ranged from 6.890 to 7.820, which is neutral and exhibited a highly positive correlation with soil nutrients, especially SOC, TP, TK, and AN (Figure 6). Plants cannot withstand both low and high pH due to weak aluminum toxicity, availability of certain nutrients under low pH conditions, and poor solubility of certain critical elements under high pH conditions (Tyler, 2003). Therefore, a positive linear relationship between soil pH and nutrients is more common in studies with acidic and neutral soils. The significant positive correlation between vegetation NPP and all soil nutrients in this study may be explained by the fact that the slightly increased soil pH (weakly acidic to weakly alkaline) can create a soil environment that is more suitable for plant growth and, thus, favor the content of soil nutrients in Kyrgyzstan, showing an overall highly significant positive correlation between soil pH and soil nutrients. This is similar to the results obtained by Zhang et al. (Zhang et al., 2021), who reported that a slight increase in soil pH increased the content of organic carbon and nitrogen in semi-arid steppe soils.
C, N, and P cycles are significantly altered by global changes such as rising temperatures and varying precipitation patterns (Yue et al., 2016). On a regional scale, it has been demonstrated that soil nutrient (C and N e.g.) contents were favorably correlated with precipitation but negatively correlated with temperature (Post et al., 1982; Miller et al., 2004). Precipitation increased SOC and TN stocks by affecting soil moisture and enhancing subsurface biomass (Fang et al., 2018). James et al. (2015) and Rumpel, 2011, and Koel-Knaben (2011) reported that increased precipitation enhanced the transport of dissolved C and N to deeper soil layers (Rumpel, 2011; James et al., 2015). The association between MAP and MAT soil nutrients differed significantly, with the former exhibiting a highly significant positive correlation with soil nutrients but the latter showing a predominantly negative correlation. Kyrgyzstan is considered a dry zone based on the worldwide categorization (Maestre et al., 2021), where soil water content is commonly regarded as a limiting factor for many terrestrial ecosystem processes and a key driver of plant growth and soil microbial activity (Moyano et al., 2013). MAP and SWC exhibited a highly strong positive correlation, indicating that MAP can influence soil microorganisms and plants through SWC. Increases in precipitation resulted in increased plant productivity and nitrogen inputs in the soil. This effect may be more pronounced in arid and semi-arid regions where plant growth is primarily limited by water supply (Longfei et al.,. 2015); an increase in MAP leads to an increase in soil nitrogen content due to the input of exotic nitrogen, indicating a positive correlation between these two, which is consistent with the findings of this study. The aforementioned data are compatible with hypothesis (2), which states that temperature and precipitation are the primary determinants of the spatial distribution of nutrients.
C and N availability in soil is controlled by not only plant organic matter inputs, apoplankton and roots but also microbial activity (Gavrichkova et al., 2019). Soil bacteria control the formation of soil organic matter (SOM) and the release of extracellular enzymes by C and N turnover (Sterner and Elser, 2017). The elevated temperature immediately accelerated microbial processes and turnover rates, affecting the availability of water and nutrients and, thereby extending the plant growing season (Fang et al., 2017). Hobbie et al. (2002) discovered that climate warming enhanced the decomposition of large amounts of organic carbon present in high-latitude soils (positive feedback in climate warming), which resulted in a release of significant quantities of carbon into the atmosphere as carbon dioxide (Hobbie et al., 2002), thereby decreasing the organic carbon level in the soil. Soil extracellular enzymes catalyze the rate-limiting step of soil organic carbon decomposition, and the rates of their catalysis, production, and degradation are temperature-dependent (Jing et al., 2014). Therefore, an increase in temperature may stimulate soil extracellular enzyme activities, thereby accelerating soil organic carbon decomposition and reducing soil SOC stocks. MAT demonstrated a highly significant negative correlation with SOC. MAT also exhibited a negative correlation with TN but for a highly significant negative correlation with AN. This could be due to the increase in ST with an increase in MAT over a wide range of temperatures, indicating a highly significant positive correlation between these two, leading to promoting the growth of ammonia-oxidizing archaea (AOA) communities and increasing ammonia oxidation rates, the rate-limiting step in nitrification and also an important indicator of soil N cycling (Fierer et al., 2009). MAT had a negative correlation with TN and a strong negative correlation with AN because a portion of the digestive reaction was released into the air in the form of gas (likely with a low flux). Temperature increases contribute to a transition from mostly anabolic to predominantly catabolic pathways in the microbially-driven nitrogen cycle. Increased soil temperature increased the rates of nitrification and denitrification, resulting in an increase in N2O emissions by 227% and a fall in soil TN concentration (Dai et al., 2020). MAP exhibited positive correlations with TP and TK but highly significant positive correlations with AP and AK, whereas MAT had strong negative impacts on TP and TK, but no correlations were detected between AP and AK. This may be a result of draining nutrients in the dry zone region by higher MAP (Liu et al., 2017). MAP was positively correlated with TP and TK; therefore, the increase in MAP may increase the soil SWC, which in turn creates a more suitable environment for the survival of soil microbes and thereby increases their activities and consequently degrades TP and TK, leading to increasing AP and AK. TP and TK increased with leaching on one side, whereas some components were degraded and absorbed by soil microorganisms; therefore, the hypothesis about the lack of significant association between TP and TK and MAP must be confirmed in future trials. Within a limited temperature range, the increase in MAT accelerated the absorption of elemental phosphorus and potassium by bacteria by increasing their activities. In addition, a minor increase in soil temperature accelerated the decomposition of organic compounds like TP and TK by soil enzymes, leading to a reduction in TP and TK contents. VS only demonstrated a significant correlation with TP and TK, presumably because the long-term increase in VS caused the weathering of rocks, making P and K more sensitive to weathering and release. Sard and MAT had a significant positive correlation, and both correlated the same with soil nutrients; therefore, Sard may have influenced soil nutrients through modifying MAT levels and, consequently, MAT levels.
Consistent with hypothesis, the regional distribution of SMF in this investigation is similarly highly varied (1). In this study, vegetation NPP was the most important factor, exerting a significant direct positive effect on soil multifunctionality. It has been demonstrated that plant species diversity was positively correlated with soil multifunctionality in extremely arid regions, while the correlation was stronger in less arid environments. There was a strong correlation between vegetation NPP and plant species richness (Abatzoglou et al., 2018); therefore, the significant positive influence of NPP on soil multifunctionality observed in our study is consistent with the findings of previous research studies. It has been demonstrated that the pH of the soil environment is the most important factor in determining soil functions (Ding and Eldridge., 2021). Zhang et al. (2021) discovered that a minor increase in soil pH was beneficial to organic carbon and nitrogen content in semi-arid grassland soils, thereby having a substantial favorable impact on changes in soil multifunctionality (Zhang et al., 2021). Both ST and MAT had adverse indirect impacts on soil multifunctionality. Within a particular temperature range, it is possible that a rise in soil temperature would enhance the decomposition and mineralization of organic materials, thus improving soil multifunctionality. Possibly due to the close relationship between seasonal precipitation and soil moisture, soil multifunctionality is limited more by the increase in precipitation than in temperature (Eldridge et al., 2019). Higher SWC concentrations may drive the growth of a plant root and soil microbial activity, further influencing plant metabolism and nutrient loss. In addition, increasing soil moisture can affect CO2 emissions by promoting plant growth and the ensuing allocation of subsurface carbon and carbon substrates (Liu et al., 2017). The majority of studies have demonstrated that soil microbial diversity had a significant effect on soil multifunctionality, and different soil environmental conditions also influenced the relationship between soil microbes and soil multifunctionality, e.g., the relationship between soil microbial diversity and soil multifunctionality was stronger when soil moisture levels were low (Durán et al., 2018). This study has limitations due to a lack of data on soil microorganisms and the relationship between soil microbes and soil multifunctionality. Changes in spatial patterns had both direct and indirect effects on soil multifunctionality, and spatial variability of soil properties is generally controlled by the interaction between biological, chemical, and physical processes occurring simultaneously and at multiple scales (Zuo et al., 2010). Changes in spatial patterns have concurrently contributed to alterations in the weather, soil, and vegetation NPP. Variations in temperature, soil properties, and plants have been proven to exert distinct effects on the regional variability of soil multifunctionality, implying that no individual environmental factor may optimize all soil functions (Ding and Eldridge, n. d.). Spatial variation in soil multifunctionality is not caused by a single environmental variable but rather by a combination of environmental conditions.
5 CONCLUSION
In this study, field sampling data from Kyrgyzstan were analyzed to characterize the spatial variability of the distribution of soil nutrients and soil multifunctionality at different soil depths in the country using the average approach, factor analysis, and structural equation modeling (SEM) to determine the driving mechanisms. The findings of the study were as follows:
(1) The surface soils (0–30 cm) of entire Kyrgyzstan contain 4.24 ± 0.59 Pg of soil organic carbon (SOC), 0.33 ± 0.06 Pg of total nitrogen (TN), 0.31 ± 0.03 Pg of total phosphorus (TP), and 5.12 ± 1.88 Pg of total potassium (TK). Soil nutrient reserves of various land-cover types vary substantially, with grassland contributing up to 40% to the total soil nutrient reserves and urban areas accounting for approximately 0.3%. Approximately 50% of the total soil nutrient reserves are derived from arable land, woodland, and shrubland.
(2) Fitting linear or nonlinear equations revealed a highly significant linear relationship between soil organic carbon (SOC) and total nitrogen (TN), a significant power function relationship between soil total nitrogen (TN) and total phosphorus (TP), and a highly significant quadratic relationship between soil total phosphorus (TP) and total potassium (TK). Overall, a highly strong positive correlation was observed between NPP and all soil nutrients. Mean annual precipitation (MAP) and soil water content (SWC) demonstrated highly significant positive correlations with soil nutrients, whereas mean annual temperature (MAT) and soil temperature (ST) showed highly significant negative correlations with soil nutrients, and there were differing correlations between other environmental variables and various nutrients.
(3) Soil multifunctionality is spatially heterogeneous throughout Kyrgyzstan, with soil multifunctionality indices ranging from -0.63 to 2.30. From west to east, soil multifunctionality indices showed a generally increasing trend, followed by a decreasing trend in the region, with the highest indices in the central region mostly comprising agricultural and pastoral lands but lower indices in the South-western and Eastern Alpine regions.
(4) SEM analysis showed significant positive direct effects of NPP, SWC, MAP, and pH on soil multifunctionality, while VS and Lon had negative effects on soil multifunctionality. In addition, we found multiple indirect effects of ST, MAT, Sard, and Lat on soil multifunctionality. However, Lon, MAP, SWC, and pH had direct and multiple indirect effects on soil multifunctionality.
This paper investigates soil ecosystem processes and the distribution of soil resources in Kyrgyzstan. The results of this study provide further clarification of the spatial heterogeneity and driving factors of the entire soil ecosystem functioning in Kyrgyzstan, which helps better predict the impact of environmental changes on the ecosystem multifunctionality in drylands and provides a scientific basis for the rational use of soil resources and efficient management of dryland soils to prevent further land degradation in the country.
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