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Soil extracellular ecoenzymatic activities (EEA) are major players in the

biogeochemical cycles and are closely related to the metabolic demand and

nutrient supply in microbes. However, their effects on biogeochemistry along

the elevation gradient on mountain ecosystems in arid regions remain unclear. To

address this, we investigated the variations of soil microbial resource limitation and

the relative contributing factors along the elevation gradient of the Helan

Mountains, northwest China. The results showed that the relative abundance of

total microbial, bacterial, fungal, actinomycetes, and N-acquiring enzymatic

activities (N-Acetyl-β-D-glucosaminidase and Leucine- α-aminopeptidase, that

are NAG and LAP, respectively) in the soil first increased and then decreased

with an increase in elevation. This variation pattern could be due to the changes in

soil temperature and moisture along the elevation gradient. Soil enzyme

stoichiometry and resource allocation further revealed that the microbial

metabolism activity in the Helan Mountains was limited by carbon (C) and

phosphorus (P). Furthermore, the two limited elements were significantly higher

at themid andhigh altitudes (2,139–2,438m) than at lowaltitudes (1,380–1,650m).

Additionally, redundancy analysis revealed that the soil water content and bulk

density played a crucial role in microbial community structures, while the soil

pH had the most influence on soil EEA and ecoenzymatic stoichiometry. Our

findings revealed the patterns of soil microbial community structure, extracellular

enzyme activities, andmicrobialmetabolism at various elevations,whichwill help in

understanding the microbial resource limitation and nutrient cycling in mountain

ecosystems in arid regions.
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Introduction

Soil microbes play a significant role in soil elements cycling,

affecting soil development and function (Li et al., 2015; Palomo

et al., 2016). The differences in resource demand, competition,

and adaptation strategies among microbial species influence the

microbial community structure and function (Mooshammer

et al., 2014a; Chen et al., 2018). For example, bacteria and

fungi have different growth strategies, nutrient demands, and

substrate utilization capacities (Clemmensen et al., 2013; Riggs

and Hobbie, 2016). The microbial communities acquire carbon

and nutrients from the soil by secreting ecoenzymes, which

decompose the soil macromolecular substances, promoting

material circulation and energy flow, especially when

resources are limited (Stark et al., 2014). However, research

on soil nutrients and microbial properties, especially the

microbial metabolic limitations (enzymatic stoichiometry) is

limited (Cui et al., 2019b; Chang et al., 2019). Hence, it is

urgent to explore the microbial community composition and

their metabolic constraints for better understanding of long-term

protection conditions and to offer scientific guidance for practical

management of mountain ecosystems.

Extracellular ecoenzymatic activities (EEA) are major players

in the biogeochemical cycles, which are closely related to the

metabolic demand and nutrient supply in microbes (Jones et al.,

2009; Dong et al., 2019). Ecoenzymatic stoichiometry (EES) is a

reliable indicator of microbial resources limitations and denotes

the nutrient demand and supply in soil microorganisms,

revealing the microbial nutritional status and resource

constraints, (Hill et al., 2014; Zhang et al., 2019a). Both EEA

and EES have been extensively applied in various ecosystems and

scales to indicate the limitations of microbial resources.

(Rosinger et al., 2019; Xiao et al., 2020). For example,

previous studies on soil metabolic activity found that Chinese

forest soil microbial metabolism is mainly limited by P (Cui et al.,

2022). Furthermore, Wu et al. (2021a) revealed that an increase

in secondary succession processes increases P limitation but

decreases N limitation on soil microbial metabolism. These

nutrient limitation shifts are caused by changes in vegetation

and environmental factors. Similarly, in mountain ecosystems,

vegetation and environmental factors change dramatically with

elevation, and it has been shown that extracellular enzyme

activity and their ratios vary along elevation gradient (Zuo

et al., 2018). However, our current understanding of microbial

metabolism pattern along elevation gradient is limited due to few

studies and inconsistent results on the variation of EEA and EES

across elevation gradient. Therefore, it is necessary to identify the

spatial patterns of soil EEA and EES, and elucidate the microbial

resource limitations in mountain ecosystems.

Extracellular ecoenzymatic activities and EES are largely

affected by temperature, precipitation, soil physicochemical

parameters, and soil microbial properties (Kivlin and

Treseder, 2014; Zhang et al., 2019b; Xiao et al., 2020; Zheng

et al., 2020; Zhu et al., 2020). The spatial pattern of EEA and EES

across a wide climatic gradient can be affected by various factors.

Studies on latitudinal gradient have shown that EES in temperate

grasslands of northern China is dependent on soil nutrient

stoichiometry (Peng and Wang 2016), whereas in subtropical

forest was controlled by climatic factors (Jian et al., 2021).

Moreover, several studies on elevation gradient have found

that EES in Tibetan Plateau is largely affected by vegetation

type (Cao et al., 2022), while microbial metabolism in the

Qinghai-Tibetan Plateau is mainly influenced by pH and

available nutrients (He et al., 2020). As determined in

previous studies, EEA and EES and their driving factors vary

across climate zones, especially in elevation gradient. However,

few studies have explored the effects of biotic and abiotic factors

on microbial metabolism along elevational gradient in arid

climate zone.

The Helan Mountains is the highest mountain to the east of

Alxa Plateau, blocking the Siberian cold current while protecting

the Yinchuan Plain. The vegetation type, soil physicochemical

properties, aggregate stability, and soil organic carbon chemical

components vary drastically along the elevation gradients of

Helan Mountains (Zeng et al., 2020; Wu et al., 2021b). The

Helan Mountains serves as a National Nature Reserve, providing

a natural laboratory for studying the biogeochemical cycle in an

arid mountainous ecosystem. In this study, we explored the

microbial resource limitations, microbial metabolic processes,

and reveal their underlying mechanisms along elevation

gradients. Specifically, we selected five different vegetation

types: steppe desert, Prunus mongolica shrubs, Chinese pine

forest, mixed forest (coniferous and broad-leaved), and

Qinghai spruce forest to represent the different elevation

gradients. This study aimed to 1) reveal the trends of

microbial resource limitation and metabolism processes along

the elevation gradient; and 2) examine how environmental

variables affect microbial resource limitations and metabolism

processes in soil along the elevation gradient. We hypothesize

that: 1) the microbial resource limitation represented by soil

enzyme stoichiometry would vary in the different altitudinal

gradient, 2) the C limitations could be higher at high altitudes

than at low altitude, which mainly attribute to changes in soil

temperature and moisture along the altitudinal gradient.

Specifically, we expect that this study will highlight the

microbial metabolic patterns, the relationship between the

microbial metabolic restriction and potential drivers along the

altitude gradient of Helan Mountains.

Materials and methods

Study area description and sampling

This study was conducted in July 2020 at the Helan

Mountains located at the border of Ningxia Hui and the
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Inner Mongolia Autonomous Region, northwest China

(38°13′–39°30′N, 105°41′–106°41′E). The mountain’s highest

peak is 3,556 m. The region is a typical continental climate

with a mean annual temperature, precipitation, and

evaporation of −0.8°C, 420 mm, and 2000 mm, respectively,

and 80% of precipitation occurs between May–September

(Jiang et al., 2019; Zeng et al., 2020). Besides, the vegetation

types vary from desert steppe to boreal coniferous forest with

increasing elevation (Wu et al., 2021b).

Soil samples were collected from five elevation points:

1,380, 1,650, 2,139, 2,249, and 2,438 m. The dominant plant

species at these elevation points were Stipa capillata (1,380 m),

Prunus mongolica Maxim (1,650 m), Pinus tabuliformis

(2,139 m), Pinus tabuliformis and Populus davidiana

(2,249 m), and Picea crassifolia (2,438 m). Six plots were

randomly established at each elevation point, measuring

1 m × 1 m in steppe desert, 10 m × 10 m in shrubs, and

20 m × 20 m in forests. Tree, shrubs, and herbs were

measured in each quadrat and the species were identified

(Zhang and Dong, 2010). The litter layer was removed from

each plot, and five soil samples were collected per plot at

0–20 cm of the soil layer using soil auger. Soil samples were

combined per plot and thoroughly mixed to create a composite

sample and sifted using a 2 mm sieve to remove rocks, litters,

and other substances, and then divided into three subsamples.

One subsample was stored at 4°C for the analyses of

extracellular enzyme activity, another was air-dried to

determine the soil physicochemical parameters, and the last

one was stored at −80°C for analyzing the microbial

communities.

Soil physiochemical analysis

The soil samples were air-dried for physicochemical

analyses of the soil organic carbon (SOC), total nitrogen

(TN), total phosphorus (TP), and soil pH. The soil pH was

measured in a soil: water ratio of 1:2.5 using a pH meter

(Zornoza et al., 2007). Soil texture was determined using a

laser particle size analyzer (Master-sizer 2,000, Malvern,

United Kingdom). 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). The SOC and TN concentrations were

determined using the Walkley-Black and Kjeldahl methods

(Zornoza et al., 2007). The TP was measured by the

colorimetric method after wet digestions with H2SO4 and

HClO4, as previously described by Wang et al. (2014). Soil

available nitrogen (AN) and available phosphorus (AP) were

analyzed following the international standard methods as

adopted and published by the Institute of Soil Science,

Chinese Academy of Sciences (1978).

Phospholipid fatty acids analysis

The phospholipid fatty acid (PLFA) was analyzed to assess

the microbial communities in soil samples as described by

Frostegård et al. (1991). The lipids were extracted from 5 g of

freeze-dried soil sample using a buffer containing chloroform,

methanol, and citrate acid (1:2:0.8). Next, the fatty acids in the

lipid extracts were converted into free methyl esters by

alkaline methanolysis and analyzed by gas chromatography

(GC; Hewlett-Packard 5,890). The obtained PLFAs were

assigned into eight microbial taxonomic groups according

to the published biomarker data (Frostegård and Bååth,

1996; Guo et al., 2016; Spaans et al., 2019). These groups

included e nonspecific bacteria (12:0, 14:0, 15:0, 16:0, 17:0, 18:

0, 19:0, 20:0, and 24:0), Gram-positive bacteria (a12:0, i13:0,

a13:0, i14:0, a14:0, i15:0, a15:0, i16:0, a16:0, i17:0, a17:0, i17:

1ω7c), Gram-negative bacteria (16:1ω7c DMA, 17:1ω8c, 17:
0cycloω7c, 19:0cycloω7c, 22: 1ω9c), fungus (18:2ω6c),
actinomycetes (10Me16:0,10Me17:0, 10Me18: 1ω7c,
10Me17: 1ω7c), and protozoan (20: 4ω6c, 20: 5ω3c). Since
PLFA 18:1ω9c is an indicator of Gram-negative bacteria, and

PLFA 16:1ω5c of arbuscular mycorrhizal fungi (AMF) (Orwin

et al., 2014; Helfrich et al., 2015), the bacteria and fungi served

as independent indicators to characterize the number of soil

microorganisms. Finally, the relative abundance of PLFAs in

the soil samples was used to calculate the microbial

community composition using the formula below (Guo

et al., 2016):

Ri(%) � Fi/∑n

i�1Fi × 100 (1)

where Ri is the relative abundance of PLFAs in one of the eight

groups (%), ∑n
i�1Fi is the total abundance of PLFAs in all eight

microbial taxonomic groups, and n = 8.

Extracellular enzyme analysis

The β-glucosidase, cellobiosidase, β-1,4,-N-acetyl-
glucosaminidase, leucine aminopeptidase, and alkaline

phosphatase (BG, CBH, NAG, LAP, AP, respectively)

represent the C-, N- and P- acquisition enzymes were

measured using a 96-well microplate fluorometer. Briefly, 1.5 g

of fresh soil was added into 150 ml of 50 M sodium acetate buffer

to create soil homogenates. 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. After incubation, the enzyme activities were

determined using a microplate fluorometer reader

(SynergyH1M, Biotek, United States ) (Saiya-Cork et al., 2002;

Moorhead et al., 2016).
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Statistical analysis

The plant diversity of the five different vegetation types in

the study area was calculated as described by Zhang and Dong.

(2010). Soil C, N, and P stoichiometric ratios were calculated

on a mass basis of C, N, and P (Pang et al., 2018a). According

to this theory, the relative investments of C vs. nutrient

acquisition or P vs. N acquisition represent the ratio of soil

enzymatic C: N vs. C: P acquisition as a point in Cartesian

coordinate system (Moorhead et al., 2016). Thus, the ratios of

C: NEEA, C: PEEA, and N: PEEA acquisition enzymes were

determined as (BG + CBH): (NAG + LAP), (BG + CBH):

AP, and (NAG + LAP): AP, respectively (Zhao et al., 2020).

The microbial metabolic limitation was calculated as follows

(Chen et al., 2019a):

Vector L �
������������������������������������
(lnBG / ln [NAG + LAP])2 + (lnBG /lnAP)2√

(2)
Vector A � Degrees(ATAN2(

× (lnBG/lnAP), (lnBG/ ln [NAG + LAP]))) (3)

The vector length (L) denotes the microbial C restriction,

while the vector angle (A) denotes the microbial N or P

restriction. The higher the vector length, the higher the C

restriction. A vector angle >45° indicates P restriction,

while <45° indicates N restriction; thus, as the vector angle

increases, the P restriction increases while the N restriction

decreases (Yu et al., 2022).

Homogeneity of the variance test was performed before

executing analysis of variance (ANOVA). The soil

physicochemical parameters, microbial community

components, and enzyme activities at different altitudes

were determined using a one-way analysis of variance

(ANOVA), and using the least significant difference (LSD)

test. All data analysis was conducted in SPSS 24.0 (SPSS Inc.,

IL, United States ). Changes in soil C-, N- and P- acquisition

enzymes activities and stoichiometry due to elevation was

determined by regression analysis, and the relationship

between the two parameters was elucidated using the

standardized major axis (SMA) estimation method. The

distribution and differences in soil microbial community

and enzyme activities along the altitudes were determined

by a non-metric multidimensional scaling ordination

(NMDS). The SMA and NMDS were conducted using the

“smatr” and “vegan” packages, respectively, in R software

(version 3.6.2). The relationship between soil

physicochemical parameters, microbial properties, and

enzyme activities was determined by Redundancy analysis

(RDA). Pearson correlation analysis was performed to

identify the relationships between microorganism

communities, enzyme activities and soil physicochemical

properties, and statistical analyses were performed in the

R (3.6.2 version), using “corrplot” packages. Finally, the

Monte Carlo permutation test was used to explore and

sort factors that significantly influenced microbial

resource limitation. The RDA and Monte Carlo

permutation tests were conducted using Canoco software

(5.0) for Windows.

Results

Soil physicochemical characteristics and
nutrient stoichiometry

The soil physicochemical characteristics at the different elevation

gradients are presented in Table 1. The pH and BD decreased with an

increase in elevation. Specifically, the pH was significantly higher at

1,380m and 1,650m than at 2,139, 2,249, and 2,438m. The BD was

significantly higher at 1,380 m than at 2,438 m, while there were no

significant differences in BD at 1,650, 2,139, and 2,249m (p > 0.05).

Contrarily, SWC, SOC, and TN increased with elevation, and were

significantly higher at high-elevations (2,249 and 2,438m) than the

low-elevations (1,380 and 1,650m). However, the content of NO3
−-N,

NH4
+-N and AP first increased with elevation, reaching the highest

level at 2,139 m, and then decreased. Similarly, the soil C:N and C:P

ratios initially increased and then decreased with an increase in

elevation. The highest C:N and C:P ratios were obtained at the

mid-elevation of 2,139 m.

Soil microbial community components
and structures

There were no significant variances in soil microbial

community components and structures between different

elevations (Figure 1). The total PLFAs, bacterial, fungal,

actinomycetes, F: B, and protozoa content initially increased

and then decreased with an increase in elevation. Besides, GN

and GP: GN were highest at 2,249 m. The trend of total microbial

PLFAs across the different altitudes was: 2,139 m > 2,249 m >
1,650 m > 1,380 m > 2,438 m (Figure 1A). Based on the NMDS

plot, there were no significant variances in the microbial

community structure across the different elevations

(Supplementary Figure S1A; p > 0.05).

The relative abundance of the soil microbial community

varied significantly across different altitudes (p < 0.05;

Supplementary Figure S2). The highest relative abundance of

nonspecific bacteria was observed at 1,650 m, while fungi (18:2ω
6c) were highest at 2,139 m (Supplementary Figure S2A).

Actinomycetes and protozoa exhibited no significant

variations in abundance at the different altitudes (p > 0.05);

however, the abundances of actinomycetes at 1,380 m and

protozoa at 1,650 m were higher than in the other altitudes

(Supplementary Figure S2B). Similarly, 18:1w9c did not vary

significantly across the different altitudes (p > 0.05). The 16:1w5c

values were significantly lower at 2,438 m than in the other
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altitudes (Supplementary Figure S2C). Moreover, the abundance

of GP was highest at 2,438 m, but GN had no significant

differences across the different altitudes (p > 0.05;

Supplementary Figure S2D).

Soil enzyme activities and stoichiometry

The activities of the five selected enzymes were significantly

different at the different altitudes (p < 0.05; Supplementary

Figure S1B). Specifically, CBH and AKP activities increased

drastically with elevation, reaching a maximum value at

2,438 m, while BG, NAG, and LAP had the greatest values at

2,139 m, 2,249 m, and 1,650 m, respectively (Figure 2). Our

findings also indicated that C: NEEA, C: PEEA, and N: PEEA were

significantly different at the various elevations (p < 0.05;

Figure 3). Specifically, C: NEEA increased from 1,380 m to

2,438 m (Figure 3A), while the C: PEEA and N: PEEA values

were highest at 2,249 m and 1,650 m, respectively

(Figures 3B,C).

The five enzyme activities were significantly positively

correlated, and the regression slopes of C: NEEA, C: PEEA, and

N: PEEA activities were 1.88, 1.67, and 1.07, respectively

(Figure 4). The (BG + CBH) enzymes had higher

investments than the (NAG + LAP) and AKP enzymes

(Figures 4A,B), while microbes were inclined to higher

investment in AKP enzyme than in the (NAG + LAP)

enzyme (Figure 4C).

Microbial C restriction was highest at 2,249 m (Figure 5A).

Additionally, the vector angles were >45°, implying that the

microbial metabolisms were limited by soil P (Figure 5B). The

microbial P restriction was highest and lowest at 2,438 m and

2,249 m, respectively. Moreover, the C and P restrictions were

higher at high altitudes (2,139–2,438 m) than at low altitudes

(1,380–1,650 m). Overall, the microbial C restriction and N/P

restriction showed a negative correlation (p < 0.05; Figure 5C).

Soil nutrient, microbes, and enzymes
interactions

Soil nutrient, microbes, and enzyme properties were closely

related (Supplementary Figure S3). Specifically, the soil BD, pH and

AP had a significant negative correlation with SOC, TN, C:P, N:P,

and CBH (p < 0.05). Conversely, the SOC and TN positively

correlated with the soil C:P, N:P, CBH, and AKP (p < 0.05). Soil

C:N, C:P, and N:P also positively correlated with BG, CBH, NAG,

and AKP (Supplementary Figure S3). Similarly, the total microbial,

bacterial, fungal, actinomycetes, protozoa, GP, and GN were

positively correlated. The BG and CBH positively correlated with

AKP, C:NEEA, C:PEEA, and vector length, and C:NEEA positively

correlated with C:PEEA, vector length, and vector angle (p < 0.05,

Supplementary Figure S3).

The first two axes accounted for 81.97% of the soil

physicochemical and microbial properties (Figure 6A).

Specifically, sand and TP were strongly negatively correlated

TABLE 1 Physico-chemical properties of the experimental plots in the study area.

Parameters 1,380 m 1,650 m 2,139 m 2,249 m 2,438 m

pH 8.477 ± 0.143a 8.405 ± 0.093a 7.819 ± 0.122b 7.710 ± 0.042b 7.580 ± 0.045c

SWC (%) 3.904 ± 0.173d 5.552 ± 0.291c 8.973 ± 0.098b 14.169 ± 1.567a 14.880 ± 0.839a

BD (g cm−3) 1.275 ± 0.049a 1.184 ± 0.061ab 1.133 ± 0.137ab 1.077 ± 0.140ab 0.917 ± 0.275b

Clay (%) 4.475 ± 0.722a 2.708 ± 0.539b 2.823 ± 0.784b 2.725 ± 0.519b 1.650 ± 0.393c

Silt (%) 54.867 ± 1.976a 43.822 ± 7.272b 54.852 ± 7.786a 50.667 ± 3.920a 40.380 ± 5.018b

Sand (%) 40.658 ± 2.369b 53.473 ± 7.745ab 42.323 ± 8.563b 46.610 ± 4.350ab 57.970 ± 5.283a

NO3
−-N (mg kg−1) 11.667 ± 4.50b 21.875 ± 6.981a 23.200 ± 2.685a 19.800 ± 4.179ab 12.600 ± 3.223b

NH4
+-N (mg kg−1) 6.300 ± 0.348b 11.280 ± 1.485a 12.283 ± 1.776a 12.083 ± 1.029a 8.573 ± 0.858b

AP (mg kg−1) 9.063 ± 1.924b 18.631 ± 3.009a 19.302 ± 0.841a 9.172 ± 1.244b 7.354 ± 0.576b

SOC (g kg−1) 10.718 ± 2.350c 15.689 ± 3.997c 29.987 ± 9.647b 34.051 ± 5.131b 45.423 ± 5.430a

TN (g kg−1) 1.119 ± 0.209c 1.371 ± 0.336c 2.196 ± 0.617b 2.753 ± 0.831b 3.823 ± 0.937a

TP (g kg−1) 0.450 ± 0.089c 0.587 ± 0.014b 0.418 ± 0.136c 0.465 ± 0.068c 0.702 ± 0.070a

C:N 9.548 ± 0.682c 11.480 ± 1.015b 13.614 ± 1.378a 12.260 ± 1.061b 11.961 ± 1.347b

C:P 25.188 ± 9.016b 26.791 ± 7.053b 75.681 ± 12.680a 71.518 ± 8.306a 64.751 ± 6.576a

N:P 2.639 ± 0.949b 2.338 ± 0.575b 5.541 ± 1.606a 5.802 ± 1.102a 5.415 ± 1.028a

SWC, soil water content; BD, bulk density; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; AP, available phosphorus; NO3
−-N, nitrate nitrogen; NH4

+-N, ammonium

nitrogen; C:N, the ratio of SOC to TN; C:P: the ratio of SOC to TP; N: P: the ratio of TN to TP. Different lower-case letters within the same row indicate significant differences at different

elevations (p < 0.05).

This is the results of one-way analysis of variance(ANOVA), and using the least significant difference (LSD) test, a, b, c, d indicate that there are significant differences between different

altitudes, with a the highest and d the lowest.
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with most microbial properties (p < 0.05), while clay, silt, SOC,

soil nutrients, and stoichiometry correlated positively with most

microbial properties (p < 0.05). Based on the Monte Carlo test,

SWC and BD were the most influential variables on microbial

properties (Table 3).

The RDA analysis further revealed that the soil enzyme

activities and their stoichiometry were shaped by the

variations in soil physicochemical properties, constituting

85.20% of the soil enzymes and their stoichiometry

(Figure 6B). Specifically, pH and BD had a strong negative

correlation with the soil enzyme activities and their

stoichiometry. The SWC, SOC, and soil nutrients

stoichiometry positively correlated with soil enzyme

activities. Additionally, the Monte Carlo test revealed that

the pH was the most influential variable on soil enzyme

activity and stoichiometry (Table 2).

The RDA analysis also revealed a negative and positive

relationship between the soil microbial properties and enzyme

activities and their stoichiometry (Figure 6C). The soil

enzymatic activity and their stoichiometry were responsible

for 89.67% of the soil microbial community components and

structures variation, with N: PEEA as the most significant

contributing 11.6% of the variation (Table 3 and Figure 6C).

Discussion

Variations in the microbial community and
enzyme activities

The difference in vegetation species richness and soil

properties in the mountain ecosystems is a result of the

changes in altitude, which affects the microbial community

(Kaiser et al., 2010; Tang et al., 2020). Forest ecosystems with

different levels of tree species diversity differ significantly in litter

quantity, quality, and root exudate input, which in turn affect soil

FIGURE 1
The soil community components based on PLFA profiling at different altitude gradients. Different small letters indicate significant difference (p <
0.05) among different altitudes (n = 6). The same below. F:B: the ratio of fungi to bacteria; GP: gram-positive bacterial; GN: gram-negative bacterial;
GP: GN: gram-positive bacteria to Gram-negative bacteria ratio. Total PLFAs (A), bacterial PLFAs (B), fungal PLFAs (C), actinomycetes and protozoa
PLFAs (D), GP PLFAs and F:B (E), GN PLFAs and GP:GN (F).
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FIGURE 2
Ecoenzymatic activities at different altitudes. BG: β-1,4-glucosidase (A), CBH: Cellobiohydrolase (B), NAG: β-1,4-N-acetylglucosaminidase (C),
LAP: leucine aminopeptidase (D), AKP: alkaline phosphatase (E).

FIGURE 3
The ecoenzymatic stoichiometry of Ln (BG + CBH): Ln (NAG + LAP) (A), Ln (BG + CBH): Ln (AKP) (B), Ln (NAG + LAP): Ln (AKP) (C) at different
altitudes.
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bacterial diversity and community structure (Zhang et al., 2019a;

Rivest et al., 2019). In the HelanMountains, the abundance of soil

microorganisms from the highest to the lowest across the

different altitudes are bacteria, actinomycetes, fungi, and

protozoa, with the highest abundance recorded at 2,139 m

(Figure 1), attribute to higher plant richness (Supplementary

Table S1) and higher nutrient availability (Table 1) at 2,139 m.

Moreover, previous studies have shown that diverse plant

communities promote high soil microbial diversity (Lange

et al., 2015). Zak et al. (2003) also found that plant

community species are related to the PLFA content of soil

microbial community, with the increase of plant species

richness, the PLFA content of bacteria and actinomycetes in

soil decreases, while the PLFA content of fungi increases. In the

study, the diversity of plant communities was significantly higher

at mid and high elevations. For example, the broad-leaved trees

were distributed between 2,139–2,438 m in Helan Mountains.

Thus, their nutrient-rich litter provides sufficient nutrients to the

microorganisms, hence the high soil microbial diversity and

abundance. Our results are consistent with those of previous

studies, indicating that high plant diversity can increase soil

bacterial biomass (Chen et al., 2019b; Zhang et al., 2019c).

Fungi and bacteria are the two most important microbial

species in soil ecosystems. Previous studies suggests that F: B

ratio reflects the variation in the relative abundance of the two

populations, with F: B ˂ one indicating the dominance of bacteria

biomass (De et al., 2016). In the present study, the abundance of

fungi, bacteria and their ratio were higher at 2,139 m than at the

other altitudes, indicating that mid elevation provides a more

stable ecosystem and suitable growth environment for fungi

(Figure 1). This is parallel with the findings of Liu et al.

(2013), who established that the highest fungal abundance in

Helan Mountains was between 1900–2,100 m, implying that

temperature, water, organic matter, and other soil conditions

at these altitudes are more suitable for fungal growth. The F: B

ratio denotes the variation in the relative abundance of two

populations. The higher the ratio, the more stable the ecosystem.

In this study, relative abundance analysis of eight microbial

FIGURE 4
Regressions analyses of ln (BG + CBH): ln (NAG + LAP) (A), ln (BG + CBH): ln (AKP) (B), and ln (NAG + LAP): ln (AKP) (C). The black line is the
regression line, while the red line is the reference line with slope = 1. The black regression line to the left from the 1:1 line suggests more resources
devoted to the enzyme on the y-axis comparedwith the x-axis [e.g., ln (BG +CBH) compared to ln (NAG+ LAP)]. The regression line to the right from
the 1:1 line suggests more resources devoted to the enzyme on the x-axis compared with the y-axis.
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indicators revealed differences in the number of soil

microorganisms at different altitudes, and altitudes

2,139–2,249 m exhibited the highest abundance

(Supplementary Figure S2). The high biodiversity richness at

this altitude is consistent with the central expansion theory of the

mountain ecosystems, where water is the limiting factor in the

low altitude areas, and heat in the high-altitude areas, hence the

large productivity and high species diversity in the central region

(Jiang et al., 2007).

When the soil nutrients are limited, microorganisms increase

their C, N, and P acquisition to meet their nutrient needs by

increasing their resource input, majorly resource enzymes, which

increases the activity of decomposing enzymes (Mooshammer

et al., 2014b). Soil enzymes are key in SOC decomposition and

nutrient recycling. Microbial demand is influenced by the five

extracellular enzymes, reflected in the C, N, and P availability.

The activities of various enzymes were highest at the middle

altitude (2,139 m) and were significantly increased between

1,650 and 2,139 m (Figure 2). This can be attributed to the

vegetation type in the Helan Mountains, which changes from the

desert-grassland-shrub-forest with an increase in altitude. Liu

et al. (2013) revealed that the highest plant species richness,

developed roots, better litter quality, and higher diversity of plant

root exudates in the Helan Mountains occur at 1700–2,200 m.

Besides, precipitation increases while soil temperature decreases

with an increase in altitude, ensuring good hydrothermal

conditions, which enhance soil enzyme activity at the mid-

altitudes.

Variations in ecoenzymatic stoichiometry
and nutrient limitation

The soil microbial nutrient acquisition is characterized by enzyme

stoichiometry, which reflects the acquisition ability of microbial

nutrients, availability of limited resources, and energy and nutrients

limitations (Li et al., 2020). Understanding the limitation of microbial

resources is key to predicting the microbial metabolic responses

following global climate change and long-term vegetation enclosure

(Zhang et al., 2019a; Zheng et al., 2020). In this study, the soil C: NEEA

and C: PEEA ratios were higher in the mid and higher elevations

(2,139–2,248m) than in lower elevations (1,380–1,650m) (Figure 3).

FIGURE 5
Variations in vector length (A), angles (B), and the relationship between vector length and angles (C) at the different altitudes. Vector length is
represented by soil microbial C limitation, andmicrobial C limitation increases as the values increase. Vector angles are represented by soil microbial
N/P limitation, angles >45° represent P limitation, and angles <45° represent N limitation.
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Moreover, the standard principal axis regression analysis revealed that

soil microbes are more highly dependent on (BG + CBH) enzymes

than (NAG + LAP) and AP enzymes. Additionally, the vector length

was significantly higher at mid and higher altitudes than at lower

altitudes, implying a significant C limitation at the mid and higher

elevations (Fanin et al., 2016; Zhang et al., 2021). All these results

support our first hypothesis. The microbes also had a higher

dependency on the P-acquiring enzyme than (NAG + LAP)

enzyme (Figure 4). This implies that the microbes preferred to

obtain C- and P-cycle enzymes than N-cycle enzymes, indicating

that C and Pwere limited in the study area. The richness and diversity

of plants affect the structure and diversity of soil microbial

community, plants usually dominate in nutrient competition with

soil microorganisms (Regan et al., 2016). Improvement in vegetation

diversity increases the absorption of soil nutrients by plant

communities, resulting in insufficient energy (C) and nutrients

(nitrogen and phosphorus) available to microorganisms (Lemanski

et al., 2019; Yan et al., 2022). This trigger microorganisms to secrete

more energy and nutrients related enzymes to alleviate the restriction

of nutrient metabolism caused by plant competition. Therefore, an

FIGURE 6
Redundancy analysis (RDA) showing the relationships between soil physicochemical properties and microbial components (A), soil
physicochemical properties and enzymatic variables (B), soil physicochemical properties, soil microbial components, and enzymatic variables (C).
SWC: soil water content; BD: bulk density; SOC: soil organic carbon; TN: total nitrogen; TP: total phosphorus; AP: available phosphorus; NO3

−-N:
nitrate nitrogen; NH4

+-N: ammonium nitrogen; C/N: the ratio of SOC to TN; C/P: the ratio of SOC to TP; N/P: the ratio of TN to TP.

FIGURE 7
The conceptual diagram illustrating how enzyme
stoichiometry and microbe nutrient limitation respond to
elevation increas in Helan Mountains. BD: bulk density; SWC: soil
water content; TP: total phosphorus; NO3

−-N: nitrate
nitrogen.
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increase in plant diversity and vegetation coverage makes it more

difficult for the originally insufficient energy and nutrients in Helan

Mountain to be utilized by microorganisms, which are gradually

limited by C and P with the increase of altitude gradient,

microorganisms (Figure 7). Simultaneously, the results reveal that

microorganisms play a better role in obtaining carbon and

phosphorus resources.

The vector angles were significantly higher in mid and high

elevations (2,139–2,248 m) than at the lower elevations

(1,380–1,650 m), implying a greater P limitation in the mid and

higher elevations (Figure 5). These findings partially support our

second hypothesis. In this study, microorganisms at high altitudes

were more restricted by P, which may be due to: 1) soil P mainly

comes from rock weathering (Helfenstein et al., 2018). Low

temperature all year round at high altitude reduces rock

weathering. Soil P becomes the main limiting element because of

its continuous loss and difficulty to be supplemented (Hou et al.,

2020); 2) P is an essential nutrient element for plant growth and

metabolism. In high altitude areas, plant density and growth status

are good (mixed forest and Picea crassifolia), which intensifies the

competition of aboveground and underground ecological processes

for soil P, thus microorganisms can alleviate P limitation by

improving AKP activity. Vegetation enclosure contributes to

increased soil N through plant litter input, fine roots in the soil,

and less human activity (Zhang et al., 2016). In this study, the vector

angle was <45°, implying that the area was subject to N limitation

(Figure 5). This can be explained by the lower (BG +CBH): (NAG+

LAP) ratio (1.04) and higher (NAG + LAP): AP ratio (1.02) than

that of the global and tropical soils (Sinsabaugh et al., 2009; Waring

et al., 2013). Besides, based on the EES theory, microorganisms

experience a certain degree of nitrogen limitation in temperate

forests (Jing et al., 2020). Thus, the limited N availability in areas

with dry climates in our study may be due to the sparse Prunus

mongolica shrubs with low inputs of litter and fine roots biomass

(Delgado-Baquerizo et al., 2015; Wu et al., 2021b).

TABLE 2 Results of redundancy analysis of soil microbial and enzymatic variation using environmental variables, determined by forward selection
procedure with unrestricted permutation tests.

Environment
parameters

PLFA Environment
parameters

Enzyme activity

Explains
(%)

F P Valve Explains
(%)

F P Valve

SWC 17.2 6.9 0.002 pH 44.1 22.1 0.002

BD 15.8 5.3 0.012 NO3
−-N 15.6 10.5 0.002

Sand 8.8 4.6 0.034 Sand 3.6 2.5 0.066

TP 7.7 3.4 0.044 N:P 2.5 1.8 0.124

N:P 3.4 1.5 0.23 C:P 2.1 1.6 0.18

NH4
+-N 3.1 1.4 0.204 SWC 1.9 1.5 0.2

C:N 2.8 1.4 0.26 Clay 1.9 1.4 0.22

Clay 2.3 1.2 0.298 NH4
+-N 1.8 1.4 0.22

SOC 1.7 0.9 0.428 C:N 1.1 0.8 0.494

NO3
−-N 1.1 0.6 0.582 Silt 1 0.7 0.512

AP 1 0.5 0.588 AP 1 0.8 0.516

C:P 0.8 0.4 0.674 TP 0.8 0.6 0.664

pH 0.5 0.2 0.828 SOC 0.8 0.6 0.652

Silt <0.1 <0.1 1 BD 0.5 0.4 0.832

Note: SWC, soil water content; BD, bulk density; SOC, soil organic carbon; TN, total nitrogen; TP, total phosphorus; available phosphorus (AP), nitrate nitrogen (NO3
−-N), and ammonium

nitrogen (NH4
+-N). C: N: the ratio of SOC to TN; C: P: the ratio of SOC to TP; N: P: the ratio of TN to TP.

TABLE 3 Results of redundancy analysis of soil microbial variation and
enzymatic variables, determined by forward selection procedure
with unrestricted permutation tests.

Enzymatic variables Explains (%) F P Valve

N/PEEA 11.6 4 0.044

VA 9.1 2.8 0.088

βG 3.3 1.1 0.31

LAP 3 1 0.292

AKP 2.7 0.9 0.366

CBH 2.2 0.7 0.452

VL 2 0.7 0.476

NAG 1.8 0.6 0.46

C:/NEEA 0.9 0.3 0.784

C/PEEA 0.7 0.2 0.818

Note: BG, β-1,4-glucosidase; CBH, cellobiohydrolase; NAG, β-1,4-N-
acetylglucosaminidase; LAP, leucine aminopeptidase; AKP, alkaline phosphatase; C:

NEEA: Ln (BG + CBH): Ln (NAG+ LAP); C: PEEA: Ln (BG + CBH): Ln (AP); N: PEEA: Ln

(NAG + LAP): Ln (AP); VA, vector angle; VL, vector length.
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4.3 The Relative Contributions of Different
Factors to Microbial and Enzyme

Soil microbial abundance and soil organic matter are closely

related (Deng et al., 2016). Soil TP, TN, and their ratios, which are

indices that effectively measure SOM (Wal et al., 2006), positively or

negatively correlate with soil microorganisms (Figure 6A).

Therefore, indicators of the quantity and quality of SOM may

have led to the change in soil microbial abundance after long-term

vegetation enclosure (Stevenson et al., 2016; Xiao et al., 2020). The

pH positively or negatively impacts the soil PLFA due to the

influence of parent materials, vegetation types, and research sites

(Hu et al., 2020). The negative effect of pH on soil microbial PLFA

may be due to the effect of substrate on the soil microbial

community. Plants indirectly influence underground microbial

community, which maintains its own needs by decomposing the

organic matter released by the plant roots (Massaccesi et al., 2015).

The change in plant diversity also alters the type and quantity of the

corresponding root exudates, the acidity and alkalinity of the

substrate decomposed by microorganisms, as well as the

composition and structure of the microbial community (Chen

and Chen, 2019). Further research is needed to quantitatively

understand the correlation mechanism between plants and soil

microorganisms. Soil enzyme activity is regulated by various factors,

including soil physicochemical properties, which affect extracellular

enzyme activity by altering the substrate concentration and nutrient

availability. Additionally, soil moisture content affects enzyme

activity by inhibiting the diffusion of compounds and altering

the reaction conditions and sites for various enzymatic reactions

(Kivlin and Treseder, 2014). Based on the redundancy analysis,

SWC positively correlated with the soil enzyme activities and their

stoichiometry, implying that high soil moisture content enhances

the soil enzyme activity (Figure 6B). In this study, with the increase

in altitude, an increase in soil water alleviated the restriction of water

on plants, promoting the increase in plant species richness and

diversity. Meanwhile, the low temperature at high altitude limited

the decomposition of organic carbon, and the increase in carbon

content mediated the substrate concentration of enzyme action,

thus promoting the increase in soil carbon-related extracellular

enzyme activity (Weintraub et al., 2013). Besides, soil

pH changes the conformation of enzyme activity sites; thus,

investigating the effect of pH on soil extracellular enzyme

activity is key to understanding plant and microbial communities

(Sinsabaugh et al., 2002; Jing et al., 2016). There was a significant

negative correlation between the soil pH and enzyme activities and

their stoichiometry in our study. Specifically, alkalinity decreased

with an increase in altitude. Usually, as soil alkalinity gradually

decreases, its inhibitory impact on soil enzyme activity gradually

weakens (Peng and Wang, 2016).

Soil nutrient content indirectly affects the soil enzymes by

influencing plants and microbial growth, leading to the

interdependence between the soil enzyme activity and nutrients

(Pang et al., 2018b). When the nutrient utilization rate is low,

microorganisms meet the plant nutrients demand by secreting the

corresponding enzymes (Olander and Vitousek, 2000; Wallenius

et al., 2011). This is because the soil enzyme activity is jointly

regulated by plant nutrient demand and supply, resulting in an

indistinct quantitative relationship between the enzyme activity and

nutrient elements. However, a significant relationship between

enzyme activity and SOC exists due to the higher carbon level

serving as a substrate for microbial growth, indirectly promoting a

higher enzyme activity (Balota et al., 2003; Cui et al., 2019a). In this

study, the SOC, soil nutrients, and their stoichiometry positively

correlated with the soil microorganism and enzyme activities,

attributed to SOC and soil nutrients supplying energy to the soil

microorganisms and enzymes (Sinsabaugh et al., 2009). Therefore,

the relationship between the soil nutrients, microbial, and enzyme

activities implies that the microbial properties in different vegetation

types depend on the nutrient input and hydrothermal variations

along the altitude gradient.

Conclusion

This study illustrates the patterns of soil microbial

community structure, soil enzyme activity, and microbial

resource limitation in the mountain ecosystem in arid

regions. We demonstrated that soil pH and BD decrease

with an increase in elevation, while SWC, SOC, TN, CBH,

and AKP activities increase with an increase in elevation,

reaching the maximum at 2,438 m. Total microbial,

bacterial, fungal, actinomycetes, F: B, BG, NAG, and LAP

first increased and then decreased with the increase in the

elevation. Soil microbial metabolism was limited by C and P

because of higher investment in C- and P-acquiring enzymes

than N-acquiring enzymes. Furthermore, microbial P

limitation increased with elevation, while C limitation was

highest at mid elevation. Overall, edaphic factors, mainly soil

pH, SWC, and BD are the main regulators of the microbial

metabolism processes. These findings will provide new

knowledge that can be implemented to enhance soil

microbial limitations in the mountain ecosystem in arid

regions.
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