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Insights into what limits the growth of soil microorganisms in mountain ecosystems increase our understanding of microbial functions and processes. Although the distribution pattern of soil microorganisms in mountain ecosystems has been widely studied, their role in biogeochemical cycles along elevation gradients of mountain ecosystems in arid regions is poorly understood. In this study we analyzed the soil physicochemical properties, soil microbial community structure, extracellular enzymatic activities, ecoenzymatic stoichiometry, microbial metabolism, and their relationships along the 1,300–2,500 m elevational gradient of the Helan Mountains, northwest China. The results showed that the total microbial biomass and its components did not significantly vary with elevation. The GP:GN (gram-positive: gram-negative bacteria) ratios at low elevations were higher than those at the mid and high elevations, indicating enrichment of oligotrophic bacteria at low elevations. The five extracellular enzymes significantly differed with elevation gradient, while the levels of carbon (C)- and nitrogen (N)- acquiring enzymes first increased and then decreased with increasing elevations. Ecoenzymatic stoichiometry indicated that significant limitation of microbial growth by carbon (C) and phosphorus (P) levels occurred at high and medium elevations. Soil physicochemical characteristics, microbial community composition, and ecoenzymatic activities accounted for 43.94 and 22.21% of the microbial C and P restriction, respectively. Our study suggests that mountain ecosystems with high organic C storage possess abundant microbial populations limited by relative C and P. The study also provides important insights linking microbial metabolisms to the environmental gradients in arid mountain ecosystems.
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Introduction

Mountain ecosystems, especially in arid and semiarid areas, are vulnerable to global climate change (Zeng et al., 2020; Wu et al., 2021). Unlike fertilized agroecosystems (Carbonetto et al., 2014), mountain ecosystems endure cumulations of organic substances characterized by continuous depletion of soil nutrients, particularly nitrogen (N) and phosphorus (P) (Cui et al., 2018). Since most microbial growth is limited by carbon (C), N, or P levels (Moorhead et al., 2016), low nutrient conditions lead to nutrient competition between microorganisms and plants (Ouyang et al., 2016), which may alter the functions of natural ecosystems and accelerate vegetation degeneration (Huang et al., 2016). Although previous studies have shown that microorganisms respond to elevation-induced temperature change, directly affected by their soil nutrient uptake (Cui et al., 2019a; Nottingham et al., 2019), the mechanisms by which elevation gradients affect microbial nutrient limitation and metabolism are still unclear. Thus, understanding how microbial processes respond to elevation-induced temperature change is important for predicting the impact of climate change on microbial nutrient acquisition. In this sense, it is pivotal to explore the nutrient limitations of microbial communities and elucidate the mechanisms of nutrient (C, N, and P) cycling in elevations of mountain ecosystems.

Microbes enzymatically break down organic substances (Cui et al., 2019a) for growth and respiration (Manzoni, 2017). Since different microbes have different energy and growth requirements, they are susceptible to soil nutrient status (Lamb et al., 2011; Li et al., 2019). Soil extracellular enzymes are essential for organic matter decomposition (Peng and Wang, 2016), and their activities (EEA) are critical in microbial metabolism (Duan et al., 2018). Hence, β-glucosidase (βG), cellobiosidase (CBH), β-N-acetylglucosaminidase (NAG), L-leucine aminopeptidase (LAP), and alkaline phosphatase (AP) activities are widely used to assess the acquisition and allocation of C, N, and P by microorganisms (Deng et al., 2019). When nutrient availability changes, microbes typically acquire energy and nutrients from the soil by altering the allocation of these enzyme activities. Assessing the responses of soil extracellular enzymes to elevation change may improve future predictions of resource availability and climate change in mountain ecosystems (Nottingham et al., 2016). Previous studies showed that vegetation and environmental factors change drastically with elevation and that EEA and their ratios vary along elevation gradients (Zuo et al., 2018; Zhang et al., 2022). CBH, BG, and NAG activities decreased, while LAP increased with the increasing mean annual temperature (Feyissa et al., 2022). These studies suggest that the metabolic activities of soil microbes may be strictly regulated by temperature and nutrient availability; however, few studies have explored the EEA pattern along elevational gradients in arid climate zone. Therefore, investigating the altitudinal pattern of EEA would help identify the key drivers of the dynamics of microbial metabolic activities.

Extracellular enzyme stoichiometry (EES) represents the biogeochemical equilibrium between the metabolism and nutrition demands of microbial assemblages (Hill et al., 2012). EES determines the associations between microbial nutrition requirements and nutrient supply (Sinsabaugh and Shah, 2012), making it an index of microbial nutrition acquisition capacity (Cui et al., 2021). EES has also been employed in evaluating the factors limiting soil microbial metabolism, as reflected by C, N, and P levels (Chen et al., 2018; Jiang et al., 2019; Li et al., 2020). For example, previous studies showed that soil microbes experienced N limitation in Qinling Mountains, which significantly increased with elevation (Zhang et al., 2022). Furthermore, Yu et al. (2022) observed that C and P significantly limited microbial metabolism with increasing elevation in the alpine grassland ecosystem, eastern Tibetan Plateau, under simulated warming. Moreover, EES and soil microbial metabolism are largely governed by temperature, precipitation, soil physiochemical parameters, and soil microbial properties (Burns et al., 2013; Zhang et al., 2019b). Zuo et al. (2018) found that soil nutrient alters EES indirectly through microbial biomass at low elevation, while soil moisture influences soil EES via pH at the mid-elevation. Ren et al. (2021) found that the elevation-dependent differences in the microbial community and enzyme activity between the rhizosphere and bulk soil were affected mainly by climatic factors and soil properties. However, our current understanding of microbial metabolism patterns and drivers along elevation gradients in mountain ecosystems is limited due to few studies and inconsistent results. Therefore, it is necessary to explore the microbial resource limitations and metabolic processes to reveal their underlying mechanisms along elevation gradients.

The Helan Mountains, located in northwest China, lie at the boundary between desert and temperate grassland regions. The soil characteristics of the Helan Mountains change greatly along the elevation gradient because of the diverse soil evolution and regional climates. Depending on elevation, these mountains have five vegetation types: desert grassland, sparse mountainous shrubs, mountainous warm temperate coniferous forests, mountainous mixed forests, and mountainous cold temperate coniferous forests (Wu et al., 2021). The vegetation diversity and chemical structure of organic carbon over certain elevations in the Helan Mountains have been studied (Zhu et al., 2009; Wu et al., 2021), yet little is known about the soil ecoenzymatic stoichiometry along its elevation gradient. Therefore, we determined the nutrient (N and P) constraints facing microbial communities in the five vegetation types along an elevation gradient on the eastern slope of the Helan Mountains. Microbial metabolism limitations in the Helan Mountains were investigated via ecoenzymatic stoichiometry analysis. Since temperature decreases with increasing altitude (Baldos et al., 2015), we hypothesized that (1) microbial community structure and enzyme activities in the soil differ under different elevation gradients; and (2) microbial metabolic limitation would increase with altitude, especially microbial C metabolism which is more significantly limited at high elevations than at lower ones. The main objectives of this study were (1) to identify the patterns of microbial metabolism constraints along elevation gradients on the Helan Mountains, and (2) to reveal the driving factors of microbial metabolism constraints on the Helan Mountains. Our findings highlighted the impact of elevation on microbial metabolic limitation and provided insights for soil nutrient management in mountain ecosystems in arid regions.



Materials and methods


Study site and soil sampling

The study sites were located in the Helan Mountains (38°27′–39°30′N, 105°41′–106°41′E). Mean annual temperature and precipitation were −0.8°C and 420 mm, respectively (60–80% of the rainfall occurred between June and August) (Wu et al., 2021). The vegetation varied from desert steppe to boreal coniferous forests with increasing elevation (Zeng et al., 2020; Wu et al., 2021).

In July 2020, we established six representative standard plots for each vegetation type along an elevation gradient of 1,300–2,500 m on the eastern slope of the Helan Mountains, which covered desert steppe (1,380 m), Prunus mongolica shrubs (1,650 m), Pinus tabuliformis (2,139 m), Pinus tabuliformis and Picea crassifolia (2,249 m), and Picea crassifolia (2,438 m). Plots of the same vegetation type were more than 20 m apart from the forest edge. Six plots were randomly established at each elevation gradient, measuring 1 m × 1 m in steppe desert, 10 m × 10 m in shrubs, and 20 m × 20 m in forests. The plot sizes were determined by considering the minimum community area of each vegetation type (Zhang, 2005; Zhang and Dong, 2010). Tree species, shrubs, and herbs were measured in each plot, and the species were identified (Zhang and Dong, 2010). After removing the litter layer, topsoil samples (0–20 cm) were collected from each plot. Five soil cores were randomly collected from each plot using soil anger (5 cm diameter) and mixed to obtain six composite samples. Soil samples were screened through a 2-mm mesh sieve to remove roots, stones, and other debris. Each composite sample was divided into three parts and immediately transported to the laboratory. One subsample was stored at 4°C for the analysis of extracellular enzyme activity, another one was stored at −80°C to determine phospholipid fatty acid (PLFA), and the remaining one was air-dried for the analysis of soil physicochemical properties.



Soil physicochemical properties analysis

Soil water content (SWC) was measured by mass loss after drying at 105°C for 24 h. The soil bulk density (BD) (g cm–3) was measured using a soil bulk sampler with a stainless steel cutting ring at points adjacent to the soil sampling quadrats (Deng et al., 2019). Soil pH was determined via water: soil ratios of 2.5:1 (PHSJ-4A, Leici, China), and the soil texture was determined using a laser particle size analyzer (Master-sizer 2000, Malvern, UK). SOC was determined by dichromate oxidation via titration with ferrous ammonium sulfate. The dry combustion method was used for Total N analysis using an elemental analyzer (Elementar, Vario Max CN, Germany), while Total P was measured spectrophotometrically with a continuous flow auto-analyzer (Bran Luebbe, AA3, Germany) after digestion with H2SO4–HClO4. The soil physicochemical properties are shown in Table 1.


TABLE 1    Selected soil physicochemical properties along an elevational gradient in the Helan Mountains.
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Soil microbial community properties analysis

Phospholipid fatty acids (PLFAs) were used to infer the soil microbial community structure using the modified Bligh-Dyer method (Frostegård et al., 2011). Briefly, 8 g of fresh freeze-dried soil was taken from each sample and mixed with extraction solution (chloroform, methanol, and phosphate buffer, 1:2:0.8 v/v/v). The mixture was shaken for 30 s, subjected to ultrasonic treatment for 10 min (100 Hz, 37°C), and incubated in a water bath for 30 min (37°C). The supernatant was transferred to a conical flask, and 6 mL of CHCl3 and potassium phosphate buffer was added, followed by overnight incubation. Thereafter, phospholipids in the sample were transformed into free methyl esters by alkaline methanolysis and analyzed using a gas chromatography system (GC; Hewlett-Packard 5890) with a flame ionization detector (19091B-102, Agilent, USA). The internal standard (19:0 non-adecanoic methyl ester) was used to convert the peak area into nanomoles per gram of dry soil (nmol g–1 DM). The abundance of each fatty acid was expressed as nmol g–1 dry soil and classified according to standard nomenclature (Frostegård and Bååth, 1996).

The fatty acids used to represent bacteria were 12:0, 13:0, 14:0, 15:0, 16:0, 22:0, and 24:0. The fatty acids selected to represent gram-positive (GP) bacteria were i13:0, a13:0, i14:0, a14:0, i15:0, a15:0, i17:1ω9c, and i15:1ω6c, while those representing gram-negative (GN) bacteria were 14:1ω5c, 16:1ω7cDMA, 17:1ω8c, 17:0cyclo ω7c, 19:0cyclo ω7c, 10:0 2OH, and 16:02OH. Moreover, the fatty acids 18:1ω9c, 21:0, 23:0, and 18:2w6c represented fungi, whereas 10Me17:0, 10Me 18:1ω7c, 10Me 19:1ω7c, 10Me 17:1ω7c, and 10Me 18:0 represented actinomycetes. Protozoa were represented by the fatty acids 20:4ω6c, 20:3ω6c, 20:5ω3c, and 19:3ω6c. The 16:1ω5c fatty acids represented the arbuscular mycorrhizal fungi (AMF) (Frostegård et al., 2011; Brockett et al., 2012; Liu et al., 2012).



Soil potential enzymatic activities analysis

The C- and N- acquisition enzymes of β-1,4-glucosidase (BG), β-D-cellobiosidase (CBH), β-1,4-N-acetylglucosaminidase (NAG), and L-leucine aminopeptidase (LAP) were measured using a 96-well microplate fluorometer. Briefly, for ecoenzyme extraction, 1.5 g of fresh soil was homogenized in a blender with 150 mL of sodium acetate buffer (50 mM, pH 5.0) for 1 min. Subsequently, 200 μL of the soil homogenates and 50 μL of 200 μM enzyme-substrate were added into the 96-well plates and incubated in the dark at 25°C for 2.5 h. The plates were shaken each hour during incubation to ensure the homogenization of the reaction mixtures. After incubation, 10 μL of 1 mol L–1 NaOH was added to terminate the enzyme activity. The fluorescence was measured at an excitation wavelength of 365 nm and an emission wavelength of 450 nm in the 96 well microplates to calculate enzyme activity (SynergyH1M, Biotek, USA) (Saiya-Cork et al., 2002; Sinsabaugh et al., 2008, 2009; Steinweg et al., 2012; Moorhead et al., 2016). Soil enzymatic activity was then expressed as nmol h–1 g–1 dry soil after correcting for quenching and negative controls. The alkaline phosphatase (AP) activity was measured using the method by Guan et al. (1991). The potential activities of the five enzymes are related to microbial metabolism and nutrient limitation (Table 2).


TABLE 2    Soil enzymes and corresponding abbreviations, substrates, and enzyme commission (EC) numbers.
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Calculation of soil microbial diversity indices and resource limitation

The Shannon-Wiener (H), Brillouin diversity (B), Pielou uniformity (J), Simpson dominance (D), and Mcintosh diversity (M) indices were used to infer the microbial diversity (Magurran, 1988; Ge, 2002; Li et al., 2014).

(1) Shannon-Wiener diversity index (H)

[image: image]

Pi = Ni/N, where Ni represents the number of treatments, i denotes the characteristic fatty acids, and N represents the total number of characteristic fatty acids in the experiment.

(2) Brillouin diversity index (B)
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where ni represents the number of individuals with the first PLFA biomarker, n2 denotes the number of individuals with the second PLFA biomarker, ni designates the number of individuals with the i-th PLFA biomarker, and N is the total number of individuals with PLFA biomarkers in all treatments.

(3) Pielou uniformity index (J)
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where S represents the total PLFAs in the microbial community.

(4) Simpson dominance Index (D)
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where Pi represents the proportion of i characteristic PLFAs in the total number of characteristic fatty acids in the experiment.

(5) Mcintosh diversity index (M)
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where N is the total number of characteristic PLFAs.

The geometric means of soil enzyme activities (GME) for each vegetation type were calculated according to a previous study (Ma et al., 2020). The nutrient limitation was quantified by calculating the vector length and angle; using the following equations:
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where H, B, J, D, and M are the five soil microbial community diversity indices. Vector length was used to describe C limitation, where x represents the relative amount of C vs. P enzymes, and y represents the relative amounts of C vs. N enzymes (Moorhead et al., 2016). Meanwhile, vector angle represented N/P limitation, while values >45° and <45° represented P and N limitation, respectively. The P limitation increases, while the N limitation decreases with the increasing vector angle (Cui et al., 2021).



Statistical analysis

Prior to statistical analyses, all dependent variables were tested for normal distribution. One-way analysis of variance (ANOVAs) with LSD (least significant difference) was used to determine the significance of differences in plant diversity index, soil physicochemical properties, PLFA biomarkers, enzyme activities, and microbial metabolic limitation at different elevations (P < 0.05). Statistical analyses were performed using SPSS 25.0 (SPSS Inc., Chicago. IL, USA). The plant diversity index of the five different vegetation types was calculated using a method by Zhang and Dong (2010). Soil C, N, and P stoichiometric ratios were calculated based on the mass of C, N, and P (Pang et al., 2018), and NMDS (non-metric multidimensional scaling) analysis of the enzyme activities was conducted at different elevations. Pearson correlation analysis was performed to identify the relationships between microorganism communities, enzyme activities, and soil physicochemical properties. The statistical analyses were performed in R (3.6.2 version), using “corrplot” packages. Moreover, linear regressions and Pearson’s tests were used to explore the relationships between soil enzymatic activity and enzymatic stoichiometry, random forest analysis was used to identify the critical factors that affected soil microbial C and N/P limitations. Graphs were generated using Origin 2018 (Origin Lab., Hampton, MA, USA).




Results


Microbial biomass and community composition

The total soil microbial biomass and its components, bacteria, fungi, actinomycetes, GP, GN, and AMF biomass did not differ with elevation (P > 0.05; Figure 1). The bacterial, fungal, and protozoa biomass first increased and then decreased with increasing elevation, whereas total microbial, actinomycetes, GP, GN, and AMF biomass decreased at low elevations (1,380–1,650 m), followed by an increase at 2,249 m, and then decrease at 2,438 m (Figure 1). Furthermore, the diversity indices of the soil microbial communities did not differ with elevation, although the GMM was higher at 2,249 m than at other elevations (Table 3). The characteristic community structure of F:B did not differ significantly with elevation (P > 0.05; Figure 2A). Conversely, the GP:GN was highest and lowest at 1,650 and 2,249 m, respectively (P < 0.05; Figure 2B), and the distribution of PLFA biomarkers differed with elevation (Figure 3). Generally, the PLFA biomarkers were more abundant at 2,249 m than at other elevations, and the dominant biomarkers were bacterial, GP, and GN PLFAs (Figure 4).
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FIGURE 1
Concentrations of soil microbial phospholipid fatty acids (PLFAs) and biomarker ratios at different elevations. Different lowercase letters indicate statistically significant differences among the different altitude gradients (P < 0.05) based on one-way ANOVA and LSD test (n = 6). Bact, bacteria; Fun, fungi; Act, actinomycetes; GP, gram-positive bacteria; GN, gram-negative bacteria; AMF, arbuscular mycorrhizal fungi; Pro, protozoa.



TABLE 3    Soil microbial community diversity indices at different elevations.
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FIGURE 2
Structural ratios of the microbial phospholipid fatty acid (PLFA) biomarkers in soils at different elevations. The small letters show significant differences (P < 0.05) among different altitudes. GP:GN, represent the ratio of gram-positive bacteria to that of gram-negative bacteria, while F:B, denotes the ratio between fungi and bacteria.



[image: image]

FIGURE 3
Mean abundance of the microbial phospholipid fatty acid (PLFA) biomarkers at different elevations.
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FIGURE 4
Relative abundance of the microbial phospholipid fatty acid (PLFA) biomarkers in the soil at different elevations.




Soil ecoenzymatic activities and stoichiometry

The five extracellular enzymes significantly differed with elevation (P < 0.05; Figures 5, 6). The (BG + CBH) were highest (150.98 n mol g SOM–1 h–1) at the 2,249 m (Figure 5A), whereas the (NAG + LAP) values were highest and lowest (80.82 and 50.62 n mol g SOM–1 h–1) at the 2,139 and 1,380 m, respectively (Figure 5B). Similarly, the AP was highest and lowest (95.73 and 62.95 n mol g SOM–1 h–1) at the 2,139 and 1,380 m, respectively (Figure 5C), and the activities of BG + CBH and NAG + LAP first increased and then decreased with increasing elevation (Figures 5A, B).


[image: image]

FIGURE 5
Variations in soil enzymatic activity and enzymatic stoichiometry at different elevations. (A) C acquiring enzymes: (BG + CBH); (B) N-acquiring enzymes: (NAG + LAP); (C) P-acquiring enzymes: AP; (D) (BG + CBH)/(NAG + LAP); (E) (BG + CBH)/AP; (F) (NAG + LAP)/AP.
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FIGURE 6
Non-metric multidimensional scaling (NMDS) analysis the composition of the enzyme activity at different elevations. Bray-Curtis similarity was used for the resemblance distance measure. The NMDS plots show the clustering of enzyme activities at different altitude gradients.


The ratios of BG + CBH: NAG + LAP, BG + CBH: AP, and NAG + LAP: AP did not differ significantly among the different elevations (P > 0.05; Figures 5D–F). However, the ratio between (BG + CBH): (NAG + LAP) increased with increasing elevation, peaking (1.18) at 2,438 m. The (BG + CBH): AP and (NAG + LAP): AP ratios first increased and then decreased with increasing elevation, with the highest levels (1.13 and 1.012) being observed at 2,249 and 1,650 m, respectively (Figures 5E, F).



Characteristics limitation of microbial resources

The limitation of microbial resources differed with elevation (Figure 7). All data points, except those obtained at 1,650 m, were above the line (1:1) and had vector angles > 45°, indicating P rather than N limitation (Figures 7A, C).
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FIGURE 7
Extracellular enzyme stoichiometry of the relative proportions of C to N acquisition versus C to P acquisition (A), variation in soil microbial C limitation (B), soil microbial N/P limitation (C), and the linear regression relationship between soil microbial C limitation and microbial N/P limitation (D) at different elevations. BG, β-1,4-glucosidase; CBH, β-D-cellobiosidase; NAG, β-1,4-N-acetylglucosaminidase; LAP, L-leucine aminopeptidase; AP, alkaline phosphatase. Soil microbial C limitation is represented by vector length, while soil microbial N/P limitation is represented by vector angles whereby angles < 45° represent N limitation, and angles > 45° represent P limitation.


The maximum vector length at 2,249 m indicated the highest limitation of C (Figure 7B), while the maximum vector angle at 2,438 m indicated the highest limitation of P (Figure 7C). Furthermore, microbial C limitation negatively correlated with microbial N/P limitation (P < 0.05; Figure 7D).



Relationships among soil nutrients, microbial activity, and ecoenzymatic stoichiometry

The C-, N-, and P-acquiring enzymes (BG, CBH, NAG, LAP, and AP) and their stoichiometry were significantly related to soil physicochemical properties. There were significant correlations between BG and SWC, pH, and soil nutrient stoichiometry (C/N, C/P, N/P) (r = 0.483, −0.592, 0.532, 0.528, and 0.471, respectively, P < 0.05; Table 4). The CBH and AP positively correlated with SWC, SOC, TN, and soil nutrient stoichiometry (C/N, C/P, N/P) (P < 0.05; Table 4), whereas NAG positively correlated with soil nutrient stoichiometry (C/N, C/P, N/P) (r = 0.367, 0.565, and 0.557, respectively, P < 0.05; Table 4). Additionally, LAP positively correlated with C/N (r = 0.475, P < 0.05; Table 4), while the ratio between (BG + CBH) and (NAG + LAP) positively correlated with SWC, SOC, TN, C/P, and N/P (r = 0.697, 0.453, 0.418, 0.419, and 0.409, respectively, P < 0.05; Table 4).


TABLE 4    Pearson correlation analysis showing the relationships between soil properties, soil enzyme activities, and enzymatic stoichiometry.
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Soil physicochemical properties, the composition of the microbial community, and ecoenzymatic activities accounted for 43.94 and 22.21% of the microbial C and N/P limitation, respectively (Figure 8). The most significant effects of the selected properties on soil microbial C limitation followed the order BG > NAG > CBH > pH > silt > TP, whereas those on microbial N/P limitation followed the order NAG > pH > LAP > AP > TP > AMF (Figure 8).
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FIGURE 8
Effects of soil physico-chemical properties and microbial properties on soil microbial C limitation (A) and soil microbial N/P limitation (B). SWC, soil water content; BD, bulk density; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; CN, the ratio of SOC to TN; CP, the ratio of SOC to TP; NP, the ratio of TN to TP; Total, total PLFAs; Bact, bacteria; Fun, fungi; Act, actinomycetes; AMF, arbuscular mycorrhizal fungi; Pro, protozoa; GP, gram-positive bacteria; GN, gram-negative bacteria; FB, the ratio of fungi to bacteria; GPGN, the ratio of gram-positive bacteria to gram-negative bacteria; BG, β-1,4-glucosidase; CBH, cellobiohydrolase; NAG, β-1,4-N-acetylglucosaminidase; LAP, leucine aminopeptidase; AP, alkaline phosphatase.





Discussion


Variations in the composition of microbial communities and enzyme activities

Microorganisms play a pivotal role in maintaining ecological stability. The composition and diversity of the soil microbial community reflect both the biological activity and mechanisms of ecological stress in soil (Looby and Martin, 2020; Zhou et al., 2021). In this study, we used PLFAs to quantitatively assess the structure and diversity of soil microbial communities along an elevation gradient on the eastern slope of the Helan Mountains. Bacteria were the most abundant, followed by fungi and actinomycetes, and the least were protozoans at all elevations (Figures 1, 4). Total microbial biomass, including bacteria, fungi, GP, and AMF, first increased and then decreased with increasing elevation. The microbial abundance was the highest at mid-high elevations, mainly because of the thick litter layer (Supplementary Tables 1, 2), which provides a substrate for microbial growth and increases the synergy between soil and microorganisms. Moreover, the suitable temperature and water conditions at mid-high elevation also facilitate microbial growth and development (Liu et al., 2013, 2018; Lange et al., 2015). GMMs were the highest at 2,249 m, possibly because (1) at 2,249 m, the plant community is highly diverse, impacting the structure and diversity of the soil microbial community (Supplementary Table 2), and (2) the rich litter layer at this elevation provides abundant nutrients for microbial growth.

The F:B reflects the characteristics of the bacterial and fungal biomass in a microbial community, with higher F:B values indicating higher soil C mineralization rates and consequently a more stable soil ecosystem (Vries et al., 2006; Camenzind et al., 2020). Our results indicate that the fungal and bacteria abundances were the highest at an elevation of 2,249 m, consistent with the findings of previous studies (Liu et al., 2013; Ma et al., 2022). The GP:GN ratio reflects the diverse characteristics of bacterial communities, facilitating the understanding of soil fertility (Hammesfahr et al., 2008). High GP:GN values indicate the microbial community dominance by gram-positive bacteria, suggesting a eutrophic to oligotrophic transformation (Saetre and Baath, 2000; Wang and Wang, 2008; Nicolas et al., 2019). In our study, the GP: GN was higher at low (1,380–1,650 m) than at medium elevations (2,139–2,438 m) (Figure 2B), indicating enrichment of oligotrophic bacteria at low elevations.

Soil microorganisms can regulate the production of extracellular enzyme activities when either the substrate or other resources become limited or saturated (Stark et al., 2014; Dong et al., 2021). Our results show that (BG + CBH) and (NAG + LAP) first increased and then decreased with increasing elevation, with the highest level at medium elevations (2,139–2,249 m) (Figures 5A, B). In combination with the NMDS analysis, we found that the activities of the five selected enzymes significantly differed along the elevation gradient (Figure 6). This may be due to vegetation type, high plant species richness, well-developed root system, high litter quality, and high diversity of plant root exudates found at 1,700–2,300 m in the Helan Mountains (Liu et al., 2013; Wu et al., 2021). Previous research also reported that vegetation coverage and nutrient availability affect EEA (Qiu et al., 2021), which might also explain the high EEA levels at medium elevations. In general, these results support our first hypothesis that a difference exists between the structure of the soil microbial community and enzyme activities along the elevation gradient of the Helan Mountains.



Ecoenzymatic stoichiometry and microbial metabolism

The ecological stoichiometry theory (EST) is applied when determining biogeochemical relationships between microbial metabolic demand and nutrient limitation in soil ecosystems (Di and Fornara, 2017). Both the soil ecoenzymatic C:P and C:N ratios and vector length were higher at medium and high elevations (2,139–2,248 m) than at low elevations (1,380–1,650 m), indicating a relative C requirement of soil microbial communities at mid and high elevations. One possible explanation is that as secondary succession progresses, plant communities succession change from being dominated by annual herbs to perennial species (Mooshammer et al., 2014; Zhong et al., 2020), thus altering the organic matter input and limiting the available carbon for microorganisms. Another possible explanation is that high elevations are characterized by low temperature, high radiation, and strong winds (Mccain, 2007; Zhou et al., 2016), which may lead to insufficient nutrient circulation and inhibit microbial metabolic activities.

It has been proposed that the vector length and angle could denote relative C vs. nutrient limitation (N and P) and relative P vs. N limitation for soil microbes (Moorhead et al., 2016). In our study, the (NAG + LAP): AP activity ratios were the highest at 1,650 m, and their respective vector angles were <45, indicating N rather than P limitation. Moreover, numerous long-term vegetation restoration projects have shown that P is also a limiting element in various ecosystems (Rode et al., 2017; Zhang et al., 2019a). The present study showed that vector angles were significantly higher at medium and high elevations (2,139–2,248 m) compared to low elevations (1,380–1,650 m), indicating a more severe P limitation at medium and high elevations (Figure 6). There are two possible reasons for this; first, plant litter and organic matter inputs increase with vegetation succession, resulting in nutrient accumulation. However, because of the low temperatures at high elevations, nutrient circulation is suppressed, impeding the metabolic activity and nutrient acquisition of microbes (Jansson and Taş, 2014; McIntosh et al., 2016; Zhou et al., 2016). Second, low temperature and precipitation can suppress soil weathering, leading to a slow release of P from the parent material, which may further decrease the P levels in soils (Jansson and Taş, 2014; Zhou et al., 2016). The ecoenzymatic stoichiometry indicated that microbial growth limitation by C and P in the Helan Mountains is more significant at higher and medium elevations, consistent with our first hypothesis. Furthermore, the (NAG + LAP): AP ratio was close to 1:1, indicating possible homeostatic microbial N/P cycles in the Helan Mountains (Sinsabaugh et al., 2008).



Factors affecting enzyme activities and stoichiometry

Soil nutrients can regulate EEA and EES by influencing the available substrates and nutrient stoichiometry (Dong et al., 2019). In arid areas, water is the main limiting factor for plant growth, precipitation increases with elevation in the Helan Mountains, changing the vegetation from desert steppe to mountain sparse and pure forests. These vegetation changes are accompanied by increased plant biomass (Ji, 2015), which also increases the organic matter input. Moreover, the low temperature of high elevations limits microbial growth and activity (Figures 1–3), thereby reducing SOM decomposition and leading to more accumulation of SOC and TN at high altitudes. Our results on the SOC and TN accumulations along the elevation gradient in arid areas were consistent with the previous studies (Bi et al., 2018; Kong et al., 2020). Moreover, previous studies indicated that SWC significantly affects EEA and EES, especially in water-limited regions (Zuo et al., 2018; Cui et al., 2019b). High SWC generally stimulates the diffusion rate of microbial substrates and enzymes, promoting microbial activity and functioning (Steinweg et al., 2012). In our study, BG, CBH, AP, and (BG + CBH): (NAG + LAP) positively correlated with SWC, similar to the results reported in Larix principis-rupprechtii plantations (Qiu et al., 2021). We also observed a negative correlation between pH and enzyme activities and their stoichiometry, consistent with previous findings (Zhang et al., 2021), thus confirming the assumption that soil pH strongly controls enzymatic activities (Cenini et al., 2016).

Soil C-, N-, and P-acquiring extracellular enzymes and their stoichiometry varied with elevation in the Helan Mountains. Large amounts of soil nutrients provide sufficient substrate for microbial and enzyme activities (Cenini et al., 2016; Qiu et al., 2021), and variations in vegetation type, soil nutrient availability, and microbial-mediated factors change the EEA and EES (Luo et al., 2020; Zhao et al., 2021). SOC, TN, TP, BG, CBH, NAG, LAP, AP, and (BG + CBH): (NAG + LAP) exhibited positive correlations among themselves (Table 4); however, negative correlations existed between soil nutrients and EEA and EES in different ecosystems (Zheng et al., 2020). Our results also agreed with the previous findings (Bowles et al., 2014; Wang et al., 2020; Qin et al., 2021). We found that soil nutrient stoichiometry (C/N, C/P, and N/P) influenced EEA and EES, contrary to the previous findings (Wu et al., 2020). Furthermore, soil nutrients greatly affected EEA and EES, microbial biomass, and soil particle composition, possibly because the production of soil enzymes is directly regulated by soil nutrients and microorganisms (Yang et al., 2020). In summary, nutrient availability strongly influences microbial community composition, enzymatic activity, and stoichiometry.




Conclusion

We investigated the soil physicochemical properties, microbial community composition, and enzyme activities and determined their correlations along an elevation gradient in the Helan Mountains. Total microbial biomass and its microbial components, including bacteria, fungi, actinomycetes, and AMF, did not vary with elevation, whereas the PLFA biomarkers showed significant differences along the elevation gradient, with the highest levels occurring at 2,249 m. The selected five extracellular enzymes were significantly affected by elevation, and the microbial C and P limitations were more severe at high elevations. Moreover, soil physicochemical properties, microbial community composition, and ecoenzymatic activities accounted for 43.94 and 22.21% of the microbial C and P limitations, respectively. This study provides insights into the pattern and driving factors of microbial metabolic limitation along elevation gradients in the Helan Mountains. Metagenomics studies should be conducted on the structure and function of soil microbial communities at different elevations in the future to obtain a deeper understanding of microbial participation in biogeochemical cycles and their underlying mechanisms.
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Parameters 1,380 m

Clay (%) 4.702 + 0.230a 2.682 £ 0.268b 2.812 +0.392b 2.792 4 0.246b 1.626 = 0.195¢ 16.671 P < 0.001
Silt (%) 55.498 + 0.615a 43.632 + 3.629b 54.840 + 3.893a 50.446 + 1.942a 39.066 = 1.925b 8.191 P < 0.001
Sand (%) 39.798 4 0.541b 53.690 & 3.864ab 42.348 + 4.281b 46.764 £2.167ab | 59.308 & 2.072a 8.770 P < 0.001
SWC (%) 3.947 + 0.068¢ 5.520 =+ 0.140d 8.995 4 0.041c 13.810 =+ 0.648b 15.096 + 0.325a 223.771 P < 0.001
BD (gcm™?) 1.276 £ 0.025a 1.162 £ 0.016ab 1.105 = 0.059ab 1.059 =+ 0.067ab 0.881 = 0.130b 4.457 P <0.001
pH 8.436 +0.051a 8.412 % 0.046a 7.825 4 0.061b 7.695 4 0.010c 7.580 = 0.022¢ 107.679 P < 0.001
SOC (gkg™) 11.445 + 0.767c¢ 16.247 + 1.878¢ 31.711 + 4.337b 34.092 & 5.565b 46.376 & 5.083a 17.083 P < 0.001
TN (gkg™") 1.184 £ 0.068¢ 1.431 £0.151¢ 2.266 +0.297b 2.789 4+ 0.413b 3.892 4 0.461a 17.024 P < 0.001
TP (gkg™") 0.431 % 0.039b 0.588 + 0.007a 0.422 % 0.068b 0.460 % 0.033b 0.702 4 0.035a 11.554 P < 0.001
N 9.672 4 0.305¢ 11.374 £ 0.491b 14.022 + 0.475a 12.082 + 0.484b 12.016 + 0.670b 10.295 P < 0.001
CP 27.607 + 3.398b 27.716 + 3.340b 80.080 & 10.543a 72.120 + 8.120a 66.134 =+ 6.573a 16.128 P < 0.001
NP 2.873 +0.378b 2.437 +0.261b 5722 +0.772a 5.921 +0.532a 5.507 & 0.501a 14.349 P < 0.001

Different letters in the same row indicate significant differences (P < 0.05) among the different altitudes based on one-way ANOVA and the LSD test. The results are shown as the
mean = standard errors (n = 6) (the same below). SWC, soil water content; BD, bulk density; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; C:N, the mass ratio of
SOC to TN; C:P, the mass ratio of SOC to TP; N: P, the mass ratio of TN to TP.
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Variable

Enzyme activity

Enzymatic stoichiometry

CBH NAG LAP AP (BG + CBH)/(NAG + | (BG + CBH)/AP | (NAG + LAP)/AP
LAP)

Clay —0.225 —0.584** —0.119 —0.394* —0.579** —0.283 —0.079 0.233
Silt 0.206 —0.19 0.222 —0.242 —0.132 0.037 0.196 0.1
Sand —0.158 0.244 —0.186 0.267 0.191 0.001 —0.168 —0.119
SWC 0.483** 0.848** 0.296 0.009 0.727** 0.697** 0.352 —0.469**
BD —0.07 —0.483** —0.201 —0.165 —0.459** —0.121 0.037 0.182
pH —0.592%* —0.837%* —0.393* —0.095 —0.785** —0.697** —0.415* 0.416*
sOC 0.318 0.702** 0.241 0.136 0.710** 0.453* 0.125 —0.405*
N 0.222 0.667** 0.186 0.056 0.625** 0.418* 0.083 —0.401
TP —0.261 0.129 -0.399* 0.022 0.108 0.095 —0.246 —0.294
C/N 0.532** 0.498** 0.367* 0.475%* 0.674** 0.324 0.264 —0.134
C/p 0.528** 0.719** 0.565** 0.233 0.745%* 0.419* 0.31 —0.216
N/P 0.471** 0.728** 0.557** 0.147 0.683** 0.409* 0.307 —0.21
Total 0.03 —0.283 —0.051 0.1 —0.064 —0.126 —0.112 0.042
Bact 0.037 —0.278 —0.048 —0.116 —0.062 —0.126 —0.102 0.051
Fun 0.094 —0.22 0.014 0.188 0.008 —0.107 —0.059 0.065
Act —0.199 —0.441* —0.215 —0.116 —0.252 —0.219 —0.27 0.007
AMF 0.073 —0.269 0.012 0.048 —0.044 —0.105 —0.092 0.022
Pro —0.062 —0.324 —0.212 0.257 —0.235 —0.231 —0.093 0.198
GP —0.006 —0.347 —0.084 0.089 —0.111 —0.171 —0.157 0.058
GN 0.081 —0.195 —0.004 0.072 0.01 —0.048 —0.067 —0.009
GP/GN —0.234 —0.16 —0.161 0.006 —0.21 —0.205 —0.149 0.113
F/B 0.295 0.142 0.253 0.33 0.299 0.069 0.149 0.044

SWC, soil water content; BD, bulk density; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; C/N, the ratio of SOC to TN; C/P, the ratio of SOC to TP; N/P, the ratio of TN
to TP; Total, total PLFAs; Bact, bacteria; Fun, fungi; Act, actinomycetes; AME, arbuscular mycorrhizal fungi; Pro, protozoa; GP, gram-positive bacteria; GN, gram-negative bacteria; F/B,

the ratio of fungi to bacteria; GP/GN, the ratio of gram-positive bacteria to gram-negative bacteria; BG, -1,4-glucosidase; CBH, cellobiohydrolase; NAG, -1,4-N-acetylglucosaminidase;

LAP, leucine aminopeptidase; AP, alkaline phosphatase.
Bold values indicate significant effects at P < 0.05.

The asteris|

o

show significant correlations at the 0.01 level, while

wxn

show significant correlations at the 0.05 level.
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Parameters

1,380 m

1,650 m

2,139 m

2,249 m

2438 m

Shannon-Wiener 1.281 0.029a 1.264 £ 0.024a 1.273 £ 0.022a 1.309 4 0.021a 1.267 £ 0.011a 0.665 0.622
Brillouin 1.278 4 0.009a 1.282 £0.013a 1.291 4 0.007a 1.300 £ 0.009a 1.285+0.011a 0.759 0.562
Pielou 0.588 £ 0.009a 0.596 + 0.007a 0.584 £ 0.007a 0.602 =+ 0.006a 0.593 £ 0.005a 0.923 0.466
Simpson 0.545 £+ 0.011a 0.548 4 0.008a 0.542 £ 0.008a 0.560 =+ 0.006a 0.547 £ 0.004a 0.733 0.578
Mcintosh 0.381 £ 0.009a 0.382 4 0.006a 0.377 £ 0.008a 0.392 £ 0.006a 0.381 £ 0.004a 0.655 0.629
GMM 0.725 £ 0.004a 0.727 £ 0.023a 0.722 £ 0.017a 0.742 £ 0.015a 0.726 £ 0.020a 0.825 0.734

The soil microbial diversity: Shannon-Wiener (H), Brillouin diversity (B), Pielou uniformity (J), Simpson dominance (D), Mcintosh diversity (M), and the geometric means.
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Enzyme Abbreviation Substrate EC

B— Glucosidase BG 4-MUB-B-D-glucopyranoside 3.2.1.21
Cellobiohydrolase CBH 4-MUB-B-D-cellobioside 32.191
N-Acetyl-B-d-glucosaminidase NAG 4-MUB-N-acetyl-B-D-glucosaminide 3.2.1.52
Leucine-a-aminopeptidase LAP I-Leucine-7-amido-4-methylcoumarin hydrochloride 34.11.1






