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Studying the influence of altitude on soil microorganisms and enzyme activity is crucial for protecting land environmental changes in karst areas. The study focused on the soil at different altitudes in the Luganyou area, Baise City. The Multidimensional statistical analysis encompassed assessments of soil nutrient properties, soil microorganisms, and soil enzymes across these altitude gradients. The results indicate that enzyme activity in the 0–15 cm soil layer surpasses that in the 15–30 cm soil layer. Catalase, urease, and soil cellulase exhibit consistent trends on both shady and sunny slopes, increasing with altitude. Alpha diversity analysis shows that the abundance and diversity of bacteria and fungi on the shaded side exhibit the following trend of low altitude > high altitude. In contrast, on the sunny side, bacterial richness displayed a decreasing-increasing pattern with rising altitude, while the diversity trend mirrored that of the shady side. Overall, fungal richness on the sunny side exhibited a slight decrease, whereas diversity increased with altitude. Across shady slopes, overall soil nutrient levels tend to increase with altitude. The comprehensive ecological stoichiometry analysis of the soil indicated an elevated C/N ratio, while the N/P and C/P ratios were relatively low on both shady and sunny slopes. These findings suggest that the study area as a whole is constrained by N availability. Correlation and redundancy analyses revealed that organic matter is the primary factor influencing enzyme activity in shaded slopes, while organic matter and available phosphorus are the key factors affecting enzyme activity in sunny slopes. The key nutrient factors affecting microorganisms include total nitrogen content, organic matter content, as well as enzyme factors such as invertase, catalase, and acid phosphatase. In summary, the study revealed a negative correlation between microbial diversity on shady slopes and altitude in the low altitude areas of southwest China (160–380 m). Additionally, bacterial richness on sunny slopes displayed a “low-high-low” trend, underscoring the significance of organic matter (R2 = 0.683) and available phosphorus (p < 0.05) as pivotal drivers of microbial communities. These findings aim to offer a theoretical framework for guiding crop cultivation, land management, and enhancement strategies in southwestern China.
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1 Introduction

Terrestrial ecosystems are important places for life-sustaining activities. Soil microorganisms serve as an important driving force and link in maintaining terrestrial ecosystems (Guan, 1986; Dietert and Dietert, 2024), representing the dynamic and highly active component of soil (Holguin et al., 2001). Environmental factors affect the number and community structure of soil microorganisms. Altitude and tropism indirectly influence soil microorganisms by regulating microclimate, vegetation type, soil characteristics, and other factors, thereby impacting soil light, heat, water, air and other conditions. These influences lead to alterations in the physical, chemical, and biological attributes of the soil, consequently affecting soil nutrients, enzyme activity, and microbial diversity either directly or indirectly (Kumar and Garkoti, 2022; Zhang et al., 2025). Soil enzymes primarily originate from plant root exudates, soil microorganism activities, and the decomposition of plant and animal residues (Jacobson Meyers et al., 2014). The soil enzyme activity can reflect changes in soil physical and chemical properties, biomass, and biodiversity, and can also promote changes in soil ecosystems. The cycle of carbon (C), nitrogen (N), phosphorus (P), and other nutrients (Sainju et al., 2022; Shah et al., 2024) is a significant driver of soil ecosystem metabolism (Delgado-Baquerizo, 2019). And the activity of soil enzymes serves as a valuable indicator of soil fertility levels, representing a key metric for assessing soil fertility status (Obayomi et al., 2023).

Previous studies have demonstrated a notable decrease in the taxonomic diversity of soil bacteria and fungi with increasing altitude (Schinner, 1982; Liu, 2010; Fuentes et al., 2022). Fuentes et al. (2022) reported reduced bacterial and fungal diversity at higher altitudes in Mediterranean ecosystems, attributed to harsh environmental conditions. Wan et al. (2021) observed a non-linear trend in the activity of β-glucosidase (βG) and other enzymes in Helan Mountain soil. These findings collectively indicate that altitude variations influence the community structure, enzyme activity, and nutrient status of soil bacteria and other microorganisms.

However, most research to date has focused on single-factor effects (e.g., enzyme activity or microbial diversity) in high-elevation regions, leading to gaps in understanding the integrated responses of soil enzymes, nutrients, and microbial communities in low-elevation karst ecosystems of Southwest China. This study addresses this critical gap by investigating the interactive effects of altitude and slope aspect on soil nutrients, enzyme activities, and microbial communities in the Luganyou Mountain region. This area, located in Guangxi, China, represents a typical low-altitude (160–380 m) karst ecosystem surrounded by mango trees. The high-throughput sequencing and structural equation modeling were employed to explore the multivariate relationships among soil properties, enzymes, and microbial diversity. The analysis aimed to elucidate the key environmental factors influencing these relationships, with the goal of providing a theoretical framework and data repository for understanding the mechanisms governing soil processes in low-altitude karst environments and promoting the sustainable utilization of biological resources in southwestern China.



2 Materials and methods


2.1 Study area

The study area, Baise City, is situated at the confluence of the Yunnan-Guizhou Plateau and the hilly regions of Guangxi. Positioned at low latitudes, it experiences a characteristic subtropical monsoon climate characterized by extended summers and brief winters, high humidity, comparable spring and autumn seasons, abundant sunshine, adequate warmth, and moderate and concentrated rainfall (Wang et al., 2024). Notably, the months from June to August receive a substantial share of the annual precipitation, contributing approximately 75% of the total yearly rainfall. The region experiences an average annual precipitation of 1,115 mm, with an average annual temperature around 22.1°C. The topography of the Youjiang District features elevated terrain in the northern and southern areas, gradually descending toward the central part. Characterized by rugged and steep landscapes, the area is marked by continuous mountain ranges and deep valleys. Altitudes in the region typically range from 150 to 1,500 m above sea level (Meng et al., 2022). This study mainly focuses on the ecological environment of mangoes at different altitudes. The altitude range of mango planting areas is mostly concentrated between 150 and 380 m. Therefore, to understand the ecological environment of mangoes, the altitude range of 150–380 m has been chosen for the research.



2.2 Soil samples collection

In this study, the sampling area is surrounded by mango trees. The soil samples were collected at different elevations along the shady and sunny slopes of Luganyou Mountain in Baise City, spanning from low to high altitudes. Six sampling points were designated on both the shady and sunny slopes, totaling 24 soil samples once in the winter of 2022. The sampling details are outlined in Supplementary Table 1. Stringent sterility measures were implemented to ensure the scientific rigor and reliability of the samples. Each soil sample collection involved the sterilization of sampling tools, removal of surface debris using a shovel, and employing a five-point sampling technique using a soil auger to extract soil samples from depths of 0–15 cm and 15–30 cm. The soil samples were meticulously deposited into properly labeled sterile sampling bags, each weighing approximately 150 g, for microbial cultivation purposes. Additionally, separate soil samples weighing about 150 g each were collected for the evaluation of soil physical and chemical properties, as well as soil enzyme activity. Stringent measures were observed during sampling, with researchers donning disposable nitrile gloves and masks to mitigate any risk of soil sample cross-contamination. Following collection, all soil samples were transferred into cryogenic storage boxes and promptly transported back to the laboratory for refrigeration.



2.3 Soil nutrient properties

Soil nutrient characteristics are mainly influenced by indicators such as total nitrogen, total phosphorus, total potassium, nitrate nitrogen, ammonium nitrogen, available phosphorus, available potassium, organic matter, and pH. Soil total nitrogen (TN) was determined by a semi-micro Kelvin method, while soil total phosphorus (TP) was determined by the sulfuric acid-perchloric acid boiling method. Ammonium nitrogen (NH4+-N) was determined by the Nessler reagent photometric method, and nitrate nitrogen (NO3−-N) was determined by ultraviolet spectrophotometry. Molybdenum antimony resistance spectrophotometry was used to estimate available phosphorus (Yokamo et al., 2023; Wang and Cai, 2024; Xie, 2014; Guan and Meng, 1986). Each soil sample underwent processing in triplicate, and average values were subsequently calculated.



2.4 Soil enzyme activity

Cellulase activity was determined by the 3,5-dinitrosalicylic acid colorimetric method, with results reported as mg of glucose produced by 1 g of dry soil at 72 h. Soil invertase activity was also determined by the 3,5-dinitrosalicylic acid colorimetric method and expressed as mg of glucose produced by 1 g of dry soil at 24 h. Catalase activity was determined using the titration method, measuring the volume of potassium permanganate solution (0.1 mol/L) consumed by 2 g of soil. Soil urease activity was determined by indophenol blue colorimetry and expressed as mg of ammonia-nitrogen produced by 1 g of soil at 37°C for 24 h. Acid phosphatase activity was determined by the 1,4-dinitrophenyl phosphate method, measuring the mass of phenol released by 1 g of soil after 24 h (Wu, 2006). Each soil sample underwent triplicate analyses, with average values subsequently calculated.



2.5 Soil microbial groups quantification

Soil microorganism counts was determined by the plate count method (Liu et al., 2016). Soil bacteria were grown on nutrient agar (Beef extract 5.0 g, peptone 10.0 g, NaCl 5.0 g, distilled H2O, 1,000 mL, agar 20 g, pH 7.2–7.4). Soil fungi were cultured in Martin-Bengal red agar medium (soluble starch 20 g, KNO3 1 g, K2HPO4 0.5 g, MgSO4 7H20 0.5 g, NaCl 0.5 g, FeSO4 7H2O 0.01 g, pH7.2–7.4). Actinomycetes were enumerated using Medium No. 1 (glucose 10.0 g, MgSO4·7H2O 0.5 g, peptone 5.0 g, Bengal red 33.4 mg, K2HPO4 1 g, distilled water H20 1,000 mL, pH 4–5).



2.6 Illumina MiSeq sequencing

Purified amplicons were pooled in equimolar amounts and paired-end sequenced on an Illumina MiSeq PE300 platform/NovaSeq PE250 platform (Illumina, San Diego, United States), according to the standard protocols of Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China).



2.7 Data processing and statistical analysis

Raw FASTQ files were de-multiplexed utilizing a custom perl script and subsequently subjected to quality filtration using fastp version 0.19.6 (Chen et al., 2018). Subsequently, the sequences were merged using FLASH version 1.2.7 (Magoč and Salzberg, 2011).

Soil enzyme activities, soil microbial quantities, and soil physical and chemical characteristics at various altitudes were statistically analyzed, organized, and visualized using Microsoft Excel 2020 worksheets and Origin2022 software for plotting. Significance testing, variance analysis, correlation analysis, redundancy analysis, and principal component analysis of soil nutrients, enzyme activities, and microorganisms were conducted using IBM SPSS-22 statistical software. Additionally, Data redundancy analysis (RDA) using canoco 5 software.




3 Results


3.1 Changes in soil enzyme activity at different altitudes

As depicted in Figure 1a, the collective catalase activity on shady slopes exhibits an ascending trend with rising altitude, with the overall catalase activity in the 0–15 cm soil layer surpassing that in the 15–30 cm soil layer. The catalase activity peaked at 380 m above sea level, registering at 0.48 mg/g/h for the 0–15 cm layer and 0.44 mg/g/h for the 15–30 cm layer, respectively. Conversely, on the sunny slope, the collective catalase activity displayed a pattern of initial slight increase, followed by a decrease and subsequent increase. Comparatively, the catalase activity in the 0–15 cm soil layer tended to be higher than that in the 15–30 cm soil layer, with peak values observed at an altitude of 190 m, measuring 0.36 mg/g/h and 0.32 mg/g/h, respectively.
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FIGURE 1
 Changes in catalase (a), urease (b), acid phosphatase (c), cellulase (d) and invertase (e) activities in soils.


In Figure 1b, it is evident that the urease activity in the 0–15 cm soil layer is notably higher than that in the 15–30 cm soil layer across varying altitudes. Urease activity on the shady slope demonstrates an increasing trend with altitude, while on sunny slopes, the rise in urease activity is markedly more pronounced compared to shady slopes. The peak urease activity for both shady and sunny slopes is observed at 380 meters above sea level. Specifically, the urease activity on shady slopes is recorded as 0.038 mg/g/h for the 0–15 cm layer and 0.032 mg/g/h for the 15–30 cm layer, whereas on sunny slopes, it is measured as 0.036 mg/g/h for the 0–15 cm layer and 0.029 mg/g/h for the 15–30 cm layer.

The acid phosphatase activity in the 0–15 cm soil layer surpasses that in the 15–30 cm soil layer (Figure 1c). Acid phosphatase activity on the shady slope exhibits a steady ascending trend, reaching its peak at 380 m above sea level, with values of 17.86 mg/g/h for the 0–15 cm layer and 16.82 mg/g/h for the 15–30 cm layer. Conversely, the overall pattern on sunny slopes shows an initial increase followed by a subsequent decrease in acid phosphatase activity.

In Figure 1d, it is evident that the cellulase activity in the 0–15 cm soil layer exceeds that in the 15–30 cm soil layer across altitudes. The overall trend indicates an increase with altitude. The peak cellulase activity was achieved at 380 m above sea level, with values of 0.029 mg/g/h for the 0–15 cm layer and 0.023 mg/g/h for the 15–30 cm layer. On sunny slopes, cellulase activity escalates with altitude, reaching its zenith at 300 m above sea level, registering as 0.023 mg/g/h for the 0–15 cm layer and 0.021 mg/g/h for the 15–30 cm layer; however, the difference from the peak at 380 m is not significant.

No significant disparity is observed in the distribution and activity of soil invertase enzymes across the shady and sunny soil layers on the slopes, as depicted in Figure 1e.



3.2 Illumina MiSeq sequencing results

The quality control assessment of high-throughput sequencing data revealed that a total of 549,167 valid bacterial sequences and 640,343 valid fungal sequences were obtained across the 12 sample groups (Supplementary Figure 1). Rarefaction analysis indicated that the saturation points of the dilution curves for each sample plateaued, indicating adequate data acquisition that accurately portrays the community composition of soil bacteria and fungi in each sample.



3.3 OTUs cluster analysis

The total number of OTUs for bacterial communities across the 12 groups is 577, indicating the detection of 577 bacterial species at varying altitudes (Supplementary Figure 2a). In Supplementary Figure 2b, there are 10 OTUs shared among various fungal groups. Significant variations are observed in the bacterial species composition at different altitudes, with Group 2 exhibiting the highest number of unique bacterial OTUs at 147. In contrast, fungi display minimal differences in unique OTUs across the groups.



3.4 Alpha diversity analysis

The Alpha diversity indices of the 24 samples, as presented in Table 1, indicate that the ACE index for soil bacteria ranges from 1869.777 to 38.02.338, while the Chao index ranges from 1831.619 to 3846.903. The Shannon index varies between 5.352 and 6.656, and the Simpson index ranges from 0.003 to 0.014. In the shady slope samples, there is a diminishing trend in bacterial richness and diversity as altitude increases. Conversely, on sunny slopes, bacterial richness initially decreases and then shows a slight increase with altitude, mirroring the diversity trend observed on shady slopes. The ACE index for fungi ranges from 445.195 to 1290.721, with the Chao index varying between 415.593 and 1289.975. The Shannon index for fungi ranges from 2.380 to 5.352, and the Simpson index ranges from 0.020 to 0.303. In the samples from shady slopes, the richness and diversity of fungi decrease with increasing altitude. Conversely, on sunny slopes, there is a slight decrease in overall fungal richness, while diversity shows an increasing trend with altitude.



TABLE 1 Statistics of α-diversity index of each sample group.
[image: Table1]

Overall, both bacterial richness and diversity exhibit more pronounced changes at lower altitudes compared to high altitudes. The Coverage index for all 24 sequencing samples exceeded 98%, indicating a high level of sample detection coverage. This underscores that the Alpha diversity index values effectively capture the true microbial composition in the sample.



3.5 Analysis of soil dominant bacteria

The taxonomic analysis results indicate that at the bacterial phylum level, the community structure composition of different groups is characterized by predominant bacterial phyla including Chloroflexi, Actinobacteriota, Proteobaceria, Acidobacteriota, Meltrytomirabitota, Latescibacterota, Planctomycetota, Verrucomicrobiota, Myxococcota, and Gemmatimonadota. Overall, the bacterial community richness is higher at lower altitudes compared to higher altitudes (Figure 2a). At the fungal genus level, the community structure analysis across different groups (Figure 2b) reveals a gradual decline in fungal richness with increasing altitude. Common dominant fungi identified include Lactfluus, Inocybe, Mortierella, Russula, Saitozyma, Apiotrichum, Ganoderma, Metarhizium, Sagenomelta, and Trichoderma.

[image: Figure 2]

FIGURE 2
 Structural changes of soli bacteria (a) and fungi (b).


In Figure 3a, an insight is provided focusing into the community structure composition of different bacterial groups at the genus level. On the shady slope, there is a general increase in the total number of bacteria with rising altitude, whereas on the sunny slope, this trend is reversed compared to the shady slope. Each group exhibits dominant bacterial species, albeit with relatively consistent species numbers. Prominent species includ Acidothermus, norank_f_norank_o_Subgroup_2,norank f_ Xanthobacteraceae,norank_f_norank_o_Elsterales,norank_f_norank_o cidobacteriales, Candidatus_Solibacter, among others. The dominant fungal community structure is illustrated (Figure 3b). On shady slopes (Figure 4A), various soil indicators show significant correlations. The dominant fungi in this scenario include OTU3516 and OTU3839. Conversely, on sunny slopes, there is a gradual decrease followed by an increase in the total number of fungi, with dominant species identified as OTU2313 and OTU3516.

[image: Figure 3]

FIGURE 3
 Structural changes of soli bacteria (a) and fungi OTU (b).


[image: Figure 4]

FIGURE 4
 Correlation analysis results of soil indexes in shade slope (a) and sunny slope (b). *means p < 0.05, a significant correlation; **means p < 0.01, a very significant correlation.


The principal component analysis aims to distill essential elements and structures, eliminate noise and redundancy, simplify the original data, and reveal underlying simple structures hidden within the complex dataset, as shown in Supplementary Figure 3. For bacteria, PC1 contributes 36.17% of the variance, while PC2 contributes 18.91%. Regarding fungi, PC1 accounts for 18.74% of the variance, while PC2 contributes 15%. The soil bacteria in the research area exhibited clustering into two distinct categories, whereas soil fungi displayed minimal differentiation, aligning with the hierarchical clustering analysis of the sample.



3.6 Culturable microorganisms at different altitudes

The composition and quantity of soil bacteria, actinomycetes, and fungi are shown in Supplementary Figure 4. The distribution of the bacteria populations at different altitudes exceeds that of fungi, with average values for bacteria and fungi amounting to 219166.667 and 8027.778, respectively, in the 0–15 cm soil layer. Across the altitude sampling points, the overall count of soil bacteria and fungi in the 0–15 cm soil layer surpassed that in the 15–30 cm soil layer. The count of culturable bacteria in the soil on shady slopes generally declines with increasing altitude (Supplementary Figure 4a). Additionally, the number of bacteria in the 0–15 cm soil layer surpasses that in the 15–30 cm soil layer. While there is an initial increase followed by a decrease in bacterial numbers, the disparity between the two soil layers is not pronounced. As depicted in Supplementary Figure 4b, the total count of fungi diminishes with altitude elevation, with the number of fungi in the 0–15 cm soil layer surpassing that in the 15–30 cm soil layer. Specifically, the fungal count in the 15–30 cm soil layer decreases with increasing altitude. The decline in fungal numbers in the 15–30 cm soil layer is more pronounced that in the 0–15 cm soil layer, with both reaching their lowest point at an altitude of 380 m.



3.7 Soil physical and chemical characteristics at different altitudes

With increasing altitude, the combined levels of ammonium nitrogen and nitrate nitrogen in both shady and sunny slope soils exhibit a pattern of initial increase followed by decrease (Supplementary Table 2). The total nitrogen and total phosphorus contents in the soil vary between shady and sunny slopes. Overall, there is a consistent upward trend in the available phosphorus content, with a gradual increase on shady slopes and an initial increase, followed by a decrease and subsequent increase on sunny slopes. Additionally, with increasing altitude, soil organic matter content demonstrates a gradual increase on shady slopes, while on sunny slopes, it displays an initial increase followed by a decrease.

On shady slopes, RCN and RCP exhibited an increasing-decreasing trend (Supplementary Figures 5a,b), while RCN on sunny slopes displayed a similar increasing-decreasing pattern (Supplementary Figure 5d). In contrast, RCP on sunny slopes demonstrated a decreasing trend with rising altitude (Supplementary Figure 5e). The RNP values for both shady and sunny slopes initially decreased, then increased, and finally decreased again as altitude increased (Supplementary Figures 5c,f).



3.8 Correlation analysis of soil parameters, redundancy analysis and equation structure model of soil nutrients, enzyme activities, and fungi

On shady slopes, various soil indicators show significant correlations. Invertase exhibits a notable negative correlation with available phosphorus, while catalase shows a significant positive correlation with organic matter. Cellulase demonstrates an extremely significant positive correlation with nitrate nitrogen and a significant positive correlation with organic matter. Additionally, there is a significant positive correlation between urease and nitrate nitrogen. An extremely significant positive correlation was observed between catalase and cellulase. Furthermore, an extremely significant positive correlation was found between acid phosphatase and invertase. Bacterial count exhibited an extremely significant positive correlation with organic matter, catalase, and urease, and a significant positive correlation with invertase. Fungi displayed an extremely significant positive correlation with invertase and urease.

The correlation among various indicators of soil on sunny slopes is displayed (Figure 4b). Catalase exhibits a significant positive correlation with organic matter. Soil cellulase demonstrates a highly significant positive correlation with nitrate nitrogen and organic matter. Soil urease shows a significant positive correlation with nitrate nitrogen, organic matter, and peroxidation. Hydrogenase and cellulase showed extremely significant positive correlation. A significant positive correlation was observed with nitrate nitrogen. Additionally, a significant positive correlation existed between acid phosphatase and invertase. A highly significant positive correlation was observed between bacterial count and organic matter, soil catalase, soil urease, and soil cellulase. Fungi displayed extremely significant positive correlations with soil invertase, acid phosphatase, urease, and bacterial count, while exhibiting significant negative correlations with total phosphorus.

In this study, soil bacteria and fungi were selected as response factors, while soil nutrients and enzyme activities served as environmental factors for redundancy analysis, as depicted in Figure 5. The cumulative explanation rate of shady slope redundancy analysis reached 89.79%, with the first axis explaining 71.23% of the response variable and the second axis explaining 18.56%. Fungi are positively correlated with total nitrogen, nitrate nitrogen, organic matter, urease, and sucrase, with the strongest correlation observed with soil total nitrogen. Bacteria show positive correlations with sucrase, cellulase, total nitrogen, nitrate nitrogen, and organic matter, with sucrase exhibiting the most prominent association. The cumulative explanatory rate of the redundancy analysis for the Yang Slope reached 64.39%, with the first axis explaining 36.98% of the response variable and the second axis explaining 27.41%. Fungi exhibit positive correlations with enzyme activity, total nitrogen, available phosphorus, and organic matter, with the strongest correlation observed with organic matter. Bacteria show positive correlations with sucrase, acid phosphatase, total nitrogen, nitrate nitrogen, ammonium nitrogen, and organic matter, with sucrase being the most significant. Both fungi and bacteria in both shady and sunny slopes display positive correlations with sucrase, with the correlation between bacteria and sucrase being higher in shady slopes than in sunny slopes.
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FIGURE 5
 Redundancy analysis of soil nutrients, enzyme activities, and fungi on shady slopes (a) and sunny slopes (b).


In this experiment, soil nutrients, enzyme activities, microbial community composition, ecological stoichiometry, and organic matter were selected for constructing a structural equation model (SEM), as shown in Figure 6. Notably, soil nutrients on shady slopes exhibited a significant negative correlation with fungi, with a correlation coefficient of −0.710. The analysis revealed that soil nutrients had the most substantial negative impact coefficient on microbial community composition, amounting to −0.851. Conversely, organic matter showed a positive correlation with microbial community composition and exerted a positive influence on the total fungal population. The most significant positive influence coefficient observed is 0.357. There is a positive correlation between soil nutrients and ecological stoichiometry, with a correlation coefficient of 0.790. The results show that soil nutrients have a more pronounced impact on ecological stoichiometry compared to organic matter. The cumulative influence coefficient of soil nutrients on enzyme activity is 0.513, and ecological stoichiometry displays a positive correlation with enzyme activity, with a correlation coefficient of 0.822. Among soil nutrients and organic matter, soil nutrients have a greater impact on ecological stoichiometry, underscoring their pivotal role in influencing enzyme activity. On sunny slopes, a positive correlation is observed between soil nutrients and microbial community composition, with a correlation coefficient of 0.502. The findings highlight that ecological stoichiometry yields the highest impact coefficient on microbial community composition, reaching 0.873. Additionally, there is a significant positive correlation between soil nutrients and ecological stoichiometry, with a correlation coefficient of 0.902. The results show that among soil nutrients and organic matter, soil nutrients have a greater impact on ecological stoichiometry. The cumulative influence coefficient of soil nutrients on enzyme activity amounts to 0.593, with ecological stoichiometry displaying a highly significant positive correlation with enzyme activity, represented by a correlation coefficient of 0.633. The influence pattern of soil nutrients and organic matter on ecological stoichiometry aligns with that observed in shady slopes.

[image: Figure 6]

FIGURE 6
 Equation structure model and total influence relationship for shady slopes (a,b) and sunny slopes (c,d).





4 Discussion


4.1 Effects of different altitudes on soil nutrients and ecological stoichiometry

Spatial variations in soil nutrients are evident across different altitudes. On shady slopes, there is an increasing trend in overall soil nutrient content with altitude. This trend aligns with the findings reported by Mbibueh et al. (2021) within a similar altitude range, indicating a consistent pattern. Consistent with studies on alpine meadows on the eastern Qinghai Tibet Plateau (Wang et al., 2023) and high-altitude areas in Yunnan (Wang et al., 2024), both indicate that elevation leads to organic matter accumulation. In contrast to the decreasing trend of soil nutrients with increasing altitude observed in the Loess Plateau (Li et al., 2024), the different rates of organic matter decomposition may be due to climate differences in the study area. The influence of enzyme activity is likely a contributing factor, where organic matter fosters favorable conditions for soil enzymes, thereby enhancing their stability and efficacy in driving the biological cycling of soil elements and organic matter, facilitating the release of essential nutrients. Higher enzyme activity correlates with faster nutrient transformation rates in the soil, ultimately enhancing plant nutrient uptake efficiency. In contrast, the total nitrogen content in soil on sunny slopes decreases with altitude, aligning with the findings of Lopez-Lopez et al. (2023). The excessive accumulation of organic matter causes high C/N, which limits the decomposition of organic matter by microorganisms. Microorganisms require nitrogen for synthesizing their cellular structure and metabolic products during the decomposition of organic matter.

The content and stoichiometric ratios of carbon, nitrogen, and phosphorus in soil play a crucial role in vegetation growth and soil nutrient cycling. This study found that the C/N ratio was high (shaded slope) and the N/P ratio was low (shaded slope), indicating nitrogen limitation, which is consistent with the research results in the Yunnan Karst areas (Wang, 2022). However, the C/N ratio on the sunny slope fluctuates greatly, which is different from the stable C/N trend (Bońska et al., 2025), possibly due to differences in organic matter mineralization rates caused by strong sunlight on the sunny slope. The C/N ratio (RCN) in soil serves as an indicator reflecting the decomposition rate of organic matter, with RCN being inversely related to the organic matter decomposition rate. A lower RCN signifies a faster mineralization rate of organic matter, leading to a higher nitrogen content. Conversely, a higher C/N ratio indicates slower mineralization and decomposition rates of organic matter, resulting in lower nitrogen content (Lorenzo, 2010). The observed trend of total nitrogen content in soil on sunny slopes with altitude contradicts the majority of researchers’ findings (Gelaw et al., 2014). This discrepancy may be attributed to the accumulation of organic matter increasing with higher altitude. Excessive organic matter content relative to total soil nitrogen leads to a high C/N ratio, restricting the release of mineralized nitrogen nutrients. Consequently, total nitrogen content at higher altitudes is lower than at low altitudes. The C/P ratio (RCP) in soil serves as an indicator of phosphorus availability, where a smaller RCP indicates higher phosphorus availability in the soil. This aligns with the observation that the available phosphorus content in soil at higher altitudes on shady slopes in this experiment exceeds that at low altitudes. The N/P ratio (RNP) in soils serves as a diagnostic indicator for nitrogen saturation and a threshold for identifying nutrient limitations. Both shady slopes and sunny slopes exhibit a similar trend in N/P ratios. A low N/P ratio indicates that nitrogen is the main limiting factor for crop growth.



4.2 Effects of different altitudes on soil enzyme activity and microbial population structure

Soil enzymes are important indicators for evaluating soil quality and microbial activity (Kögel-Knabner, 2009). The overall increase in soil acid phosphatase activity and cellulase activity with altitude is similar to the research results of Chang et al. (2016). Previous studies mainly discussed the factors that affect enzyme activity from the perspective of temperature and humidity. In contrast, this study focuses on the influence of organic matter and microbial activity, providing supplementary insights into the impact of altitude on enzyme activity. In the correlation analysis, organic matter content on shady slopes was positively correlated with soil enzyme activity, while the bacteria and fungi on sunny slopes were positively correlated with enzyme activity. The soil enzyme activity increased with altitude elevation. This pattern could be linked to the stimulation of microbial metabolic activity resulting from the rise in organic matter content, thereby indirectly enhancing soil enzyme activity (Zhang et al., 2016). These findings further support the significance of organic matter content and microorganisms as crucial factors affecting enzyme activity.

Alpha diversity analysis revealed that the richness and diversity of soil bacteria and fungi exhibited more pronounced changes at lower altitudes compared to higher altitudes, with distinct altitude-related characteristics observed in the microbial community structure overall. The decrease in bacterial diversity at higher altitudes can be attributed to the heightened sensitivity of bacteria to environmental variations such as temperature, which can limit their survival and reproductive capacities under challenging conditions at higher altitudes. This outcome differs from previous research findings, possibly due to the increase in relative abundance of fungi as altitude rises. Fungi rely on their low temperature tolerance and ability to decompose complex organic matter. While temperature typically serves as the primary controlling factor, this study specifically investigates altitude within the range of 160–380 m. In this context, where temperature variations have minimal impact, substantial changes in soil organic matter content occur, positively influencing fungi. Organic matter emerges as a key determinant influencing the survival, species composition, and metabolic activities of soil microorganisms (Sweeney et al., 2025). This alteration in the microbial community structure not only affects the path and rate of soil material recycling but also has the potential to alter the stability and functionality of the soil ecosystem.

The research subjects selected have a relatively small altitude span (160–380 meters) and lack a broader spectrum of altitude gradients and diverse climate zones. Meanwhile, the study area falls under a subtropical monsoon climate, potentially leading to significant differences in soil characteristics compared to regions like temperate and arid zones, thus constraining the generalizability of the findings. The study relies on single sampling data without accounting for the influences of seasonal fluctuations or long-term dynamics (such as interannual variations) on soil enzyme activity and microbial communities.



4.3 Key nutrients and enzyme factors affecting microbial population structure

In correlation analysis, redundancy analysis and SEM analysis, soil nutrients on shady slopes exhibited a negative correlation with microbial activity, whereas soil nutrients on sunny slopes demonstrated a positive correlation with microbial activity. These findings align with previous studies (Canfora et al., 2023; Bakker et al., 2015), underscoring that soil total nitrogen and organic matter content are the main factors affecting microbial communities. Additionally, available phosphorus plays a critical role in shaping soil microbial communities, driving microorganisms to adapt and optimize their phosphorus utilization efficiency. This evolutionary strategy selects for microorganisms that can efficiently utilize phosphorus, leading to shifts in population structure. Acid phosphatase facilitates the hydrolysis of organophosphorus compounds, converting organic phosphorus into inorganic phosphorus, thereby enhancing the available phosphorus content in the soil (Canfora et al., 2023). This study also revealed that catalase exerts a notable influence on available phosphorus and organic matter. This could be attributed to the bacterial growth environment necessitating soil nutrients for protection, thereby enhancing bacterial abundance and activity. Enzyme activity significantly impacts soil nutrients, contributing to the improvement of soil nutrient content through active participation in soil nutrient cycling (Xiao et al., 2024).




5 Conclusion

This study provides a comprehensive analysis of soil nutrients, soil enzyme activities, soil microbial characteristics, and their intricate interrelationships at low altitudes (160–380 m). The research findings are as follows:

With increasing altitude, soil nutrients on shady slopes tend to rise, while the changes in various indicators on sunny slopes with altitude are less pronounced. Nitrogen levels in the study area are low, with nitrogen being the main influence factor. In response to varying altitudes, the richness of soil bacteria and fungi on shady slopes exhibited higher levels at lower altitudes compared to higher altitudes. As altitude increased, bacterial richness on sunny slopes initially decreased before rising again. Conversely, on shady slopes, bacterial numbers increased with altitude, while fungal numbers displayed an initial increase followed by a decrease, in contrast to the trend observed on sunny slopes. Soil organic matter content emerged as the predominant factor influencing enzyme activity, with key nutrient factors affecting microorganisms encompassing total nitrogen content, organic matter content, and available phosphorus content.

The findings from this study offer a theoretical foundation for enhancing soil fertility and managing soil ecosystem health. Nonetheless, this study was limited to low-altitude conditions. Future research endeavors should broaden the scope to encompass diverse ecological regions, thereby furnishing more comprehensive data to guide crop cultivation, land management, and enhancement strategies in southwestern China.
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