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Abstract

Alpine grassland is an important carbon (C) reservoir in terrestrial ecosystems.
The response of microbial metabolism to global warming is essential to ecosystem C
sequestration, yet the patterns and drivers of microbial metabolism activities in the soils
of alpine grassland under warming remain poorly understood. Here, according to soil
enzymatic stoichiometry, we observed that microbial metabolism was limited by C and
phosphorus (P) in the alpine grassland ecosystem, eastern Tibetan Plateau, and
microbial C limitation increased with elevation from 3800 to 4200 m despite the topsoil
(0-5 cm) or subsoil (5-10 cm). Experimental warming significantly decreased microbial
C limitation in the topsoil, but not the subsoil. The significantly negative correlation
between microbial C and P limitation in both topsoil and subsoil suggests that the
alleviation of C limitation after warming may aggravate the microbial P limitation.
Furthermore, the content and ratio of nutrients and microbial biomass mainly affected
microbial C and P limitation in the alpine grassland, respectively. Our results indicated
that climate warming could modulate microbial metabolic limitation in alpine grassland
soils and thus soil C sequestration by regulating nutrient availability and microbial
biomass. This study provides an insight into the microbial regulation of nutrient cycles
global warming, which is helpful for ecosystem C cycling in alpine grassland.
Key words: Warming; Microbial nutrient limitation; Ecoenzymatic stoichiometry;

Altitudinal gradient; Alpine grassland
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1. Introduction

Alpine ecosystems with the large amounts of carbon (C) reserves are especially
vulnerable to climate warming and have a profound impact on the C cycle of terrestrial
ecosystems (Chen et al., 2016; Lv et al., 2020). The environmental changes caused by
global warming will directly or indirectly affect the growth and metabolic process of
soil microorganisms, which eventually regulate terrestrial C feedback to climate
warming (Lu et al., 2013; Zhou et al., 2013). Numerous studies have shown that
increasing temperature may accelerate the microbial decomposition efficiency and
amplify C release from soils to the atmosphere (Bardgett et al., 2008; Crowther et al.,
2016). In contrast, the increased C input from vegetation and the change of soil moisture
after warming would promote negative C-climate feedback by affecting microbial
growth and metabolism (Lu et al., 2013). Therefore, the uncertainties regarding the
responses of microbial nutrient acquisition and metabolic characteristics after climate
warming remain to be addressed.

Microbial decomposers are the dominant drivers of C cycle and nutrient
transformation through the production of soil extracellular enzymes (Burns et al., 2013;
Manzoni, 2017; Sinsabaugh et al., 2009; Zuccarini et al., 2020). The effect of global
warming on soil organic matter (SOM) decomposition depends on the response of soil
extracellular enzymes activities (EEAs) to temperature changes (Zheng et al., 2020), as
temperature can alter soil EEAs and accelerate nutrient mineralization processes (Guan
et al., 2020; Zuccarini et al., 2020). Increased soil nutrient availability after warming

decreases the production of extracellular enzymes for acquiring nutrient, thus
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enhancing biomass growth (Dove et al., 2021). The balance between nutrient demands
of microbe and nutrient availability is regulated by metabolic activities, which can be
well indicated by soil extracellular enzyme stoichiometry (Sinsabaugh and Shah, 2012;
Tapia-Torres et al., 2015). Soil microbial activities at high altitudes and latitudes may
be highly sensitive to global warming (Zhang et al., 2015). Several studies have
indicated that EEAs in colder regions are more sensitive to temperature increase than
those in warmer regions (Koch et al., 2007; Wallenstein et al., 2009). A 19-year
warming experiment showed that warming significantly altered the stoichiometric
nutrient demand of soil microorganisms and the enzyme ratio of N: P in subarctic tundra
(Stark et al., 2018). However, it has also been shown that a temperature increase has no
significant effect on EEAs in a warming manipulation experiment on the Tibetan
Plateau (Jing et al., 2014). In addition, the changes of soil water availability due to
warming can also affect EEAs by influencing the substrate diffusion rate of
extracellular enzyme into the surrounding environment (Geisseler et al., 2011; Gomez
et al., 2020). Therefore, it is necessary to understand how soil microbial metabolic
activities respond to climate warming by examining changes in EEAs and ecoenzymatic
stoichiometry, which can help to predict the effect of global warming on soil nutrient
cycling.

Given that soil nutrients are generally concentrated at the surface of the soil,
previous studies concerning patterns of soil EEAs under warming were most focused
to surface soil (Hofmann et al., 2016; Zuo et al., 2018). Owing to the long turnover time

and good insulation at depth, subsoil C is conventionally assumed to be relatively stable
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to global warming (Harrison et al., 2011). However, subsoil in high-altitude ecosystem
is increasingly concerned under global warming because of the huge amounts of
organic C pool (Yang et al., 2008). Climate warming will affect soils initially at the
topsoil, and then gradually to subsoil through downward heat flow and changes in plant
and microbial residues inputs (Ding et al., 2019; Fierer et al., 2003; Zhou et al., 2020).
The change of resource availability caused by warming may have exacerbated effects
on subsoil microbial communities, where microorganisms have strong resource
demands due to the decrease in nutrient availabilities with depth (Dove et al., 2021).
The emerging study showed substantial changes in C dynamics of the subsoil but not
topsoil in the Qinghai-Tibetan alpine grasslands over 5 years of warming (Jia et al.,
2019). Plant roots will grow deeper under warming-induced nutrient limitation or
moisture, which may potentially increase root inputs and enhance C accumulation in
the subsoil (Cotrufo et al., 2015; Liu et al., 2018). As EEAs is very sensitive to the
changes of the soil environment, the effect of warming on the C pools of the topsoil and
subsoil can be explored by using ecoenzymatic stoichiometry. Hence, investigation of
microbial metabolic activity in different soil layers is essential to reveal nutrient cycling
patterns and identify organic C pools that are sensitive to climate warming.

Altitudinal gradients can test the long-term effects of global warming on soil
nutrient cycling via the changes in climatic and soil properties (Cao et al., 2021; Zhang
etal., 2019). The effects of dramatic changes in the soil environment (e.g., temperature)
over a short spatial distance may influence SOM decomposition, and then soil nutrient

and microbial metabolic activity (Burns et al., 2013; Zuo et al., 2021). Numerous
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studies have shown that climatic factors and geographical variations may affect soil
EEAs and their responses to climate warming (German et al., 2012; Meng et al., 2020).
Cui et al. (2019a) revealed that the microbial C and P limitations were higher at the
high elevation than the low elevation in alpine Abies fabri forest. Zuo et al. (2019)
found that soil nutrient altering soil EEAs indirectly through affecting microbial
biomass at low elevation, and soil moisture influenced soil EEAs via pH at the mid-
elevation. Consequently, investigating the altitudinal pattern of EEAs will be helpful
for identifying the key drivers on the dynamics of EEAs and microbial metabolic
activities.

Here we set out a warming experiment in the Yajiageng alpine grassland from the
eastern Tibetan Plateau to determine the effects of warming on soil microbial activity
along the altitudinal gradients. We investigated microbial metabolic limitation in the
topsoil and subsoil of alpine grassland in response to the experimental warming along
an altitudinal gradient from 3800 to 4200 m. The main objectives of this study are to
(1) determine the effect of warming on microbial metabolic limitation characteristics in
topsoil and subsoil along the altitudinal gradient; (2) illuminate the dominant factor that
affects microbial metabolic limitation in topsoil and subsoil of alpine grassland. We
hypothesized that (1) microbial nutrient metabolic limitation increaseed with elevation,
yet it might be alleviated under warming; and (2) microbial metabolic limitation in

topsoil was more sensitive to warming than that in subsoil.

2. Materials and methods

2.1. Study area and experimental design
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The study area is located at the Yajiageng (29°51'36"-29°52'48" N, 102°1'12"-
102°1'48" E) on the eastern slope of Gongga Mountain (Fig. S1), which is located on
the transition zone between the eastern subtropical humid monsoon zone and the cold
climate of the Tibetan plateau, with a mean annual temperature of 4.1 °C and the mean
annual precipitation of 1691 mm (Wang et al., 2012). The digital elevation model data
on the Tibetan Plateau were obtained from Farr et al. (2007). This warming experiment
was established in the alpine grassland in 2016 along four altitudinal gradients (3800,
4000, 4100 and 4200 m). The open-top chambers (OTCs; Fig. S1) were used to rise the
temperature averaged by 1.5-2 °C at the four sites. The experiment plots were designed
with no-warming (CK), and warming (W) with three replications.

2.2. Soil sampling and physicochemical analysis

We collected topsoil (0-5 cm) and subsoil (5-10 cm) samples (Fig. S1) from four
altitudes at CK and W treatments in August 2018. The soils were passed through a 2-
mm sieve in field after the visible roots were removed. Then each soil sample was
divided into two subsamples. One subsample was immediately stored at 4 °C for the
analysis of extracellular enzyme activities and microbial biomass. The other subsample
was oven-dried with gentle air flow for physicochemical properties analysis.

Soil water content (SWC) was determined gravimetrically by over-drying 20 g of
fresh soil at 105 °C overnight. Soil pH was estimated in a 1: 2.5 soil: water (w/v) mixture
using a glass electrode meter (InsMark™ [S126, Shanghai, China). Soil organic C
(SOC) was determined by a titration method based on the oxidation of organic

substances with potassium dichromate external heating. The total nitrogen (TN) was
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measured using the Kjeldahl method using the Kjeltec 8400 (FOSS, Denmark). The
total phosphorus (TP) was measured by an ultraviolet spectrophotometer (UV3200,
Shimadu Corporation, Japan) after wet digestion with H,SO4 and HCIO,. Dissolved
organic C (DOC) was extracted with 0.5 M K;S0O4 and shaken for 60 min, and then the
extracts were measured using a Liqui TOCII analyzer (Elementar, Germany) after
filtered through a Millipore 0.45-um filter (Jones and Willett, 2006). Soil NH4"-N and
NO;™-N were determined the colorimetric method using an using an Auto Analyzer
(SEAL Analytical Ltd., Norderstedt, Germany) after being extracted with 2 mol/L KCI.
Olsen-P was measured using the 0.5 M NaHCO; extraction-ammonium molybdate-
antimony potassium tartrate and ascorbic acid spectrophotometric method. Microbial
biomass C (MBC), microbial biomass N (MBN) and microbial biomass P (MBP) were
determined using the chloroform fumigation-extraction method (Brookes et al., 1985;
Vance et al., 1987), and the derived conversion factors were 0.45, 0.54 and 0.4 for MBC,
MBN and MBP, respectively (Joergensen, 1996). The ratios of SOC to TN (C: N), SOC
to TP (C: P) and TN to TP (N: P) were calculated.
2.3. Analyses of soil potential extracellular enzyme activities

The EEAs of two C-acquiring enzymes (p-1,4-glucosidase (BG) and B-D-
cellobiosidase (CBH)), two N-acquiring enzymes (B-1,4-N-acetylglucosaminidase
(NAG) and L-leucine aminopeptidase (LAP)), and one P-acquiring enzyme (acid
phosphatase (AP)) were assayed by the method of Saiya-Cork et al. (2002). We
conducted assays using 96-well plates per sample per assay. The potential EEAs were

measured fluorometrically using a 200-uM solution of substrates labelled with 4-
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methylumbelliferone (MUB). The samples of each assay included a blank, a negative
control, and a quench standard. 1 g of fresh soil was homogenized in 125 mL 50mM
buffer on a shaker at 25 °C for 2 h. Then, the microplates were incubated in the dark at
25 °C for 4 h. After incubation, 1 mL aliquot of IM NaOH was added to each well to
stop the reaction. Finally, the fluorescence was then measured using a microplate
fluorometer with 365 nm excitation and 450 nm emission filters (German et al., 2011).
Following correction of the fluorescence measurements of the assay wells for the
negative controls, blanks, and quench standard wells, EEAs were expressed as
nanomoles of substrate released per hour per gram of SOM (nmol g SOM-! h'!).
2.4. Microbial nutrient limitations

Equations (1-3) were used to calculate the stoichiometric of the EEAs. C: Ngga
represents the ratio of C- and N-acquiring enzymes; C: Pgga represents the ratio of C-

and P-acquiring enzymes; N: Pgg, represents the ratio of N- and P-acquiring enzymes.

C: Ngga = Ln (BG+CBH)/Ln (LAP + NAG)
(1

C: Pgga =Ln (BG+CBH)/Ln AP (2)
N: Prea = Ln (LAP + NAG)/Ln AP
3)

We quantified microbial nutrient limitation by calculating the vector lengths and
angles based on EEAs. Vector length and angle were calculated based on the equation
proposed by Moorhead et al. (2016). Vector length, representing relative C or nutrient

limitation, was calculated as the square root of the sum of x? and y?, where x represents

]
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the relative activities of C- or P-acquiring enzymes and y represents the relative
activities of C- or N-acquiring enzymes (Eq. 4). Vector angle, representing relative P
or N limitation, was calculated as the arctangent of the line extending from the plot
origin to point (x, y) (Eq. 5). Vector angle < 45° represents microbial N limitation, and
vector angle > 45° represents P limitation. Microbial N limitation decreases with the
vector angle, and microbial P limitation increases with the vector angle.
Length = SORT (x2+ )?) (4)
Angle (°) = DEGREES (ATAN2 (x, y)) (5)
2.5. Statistical analysis

All statistical calculations (i.e., correlations and significant differences) were
conducted using the SPSS 20.0 statistical software package (SPSS Inc, Chicago, USA).
Two-way analysis of variance (ANOVA) and least significant difference (LSD)
multiple comparison (P < 0.05) were used to assess the significance of differences
among the different sampling sites. The liner regression analysis and graphs were
created using Origin 2021. A redundancy analysis (RDA) was used to examine vectors
changed in relation to the soil factors using Canoco 5.0 software (Microcomputer
Power, Inc., Ithaca, NY), and the significance of the factors was measured using Monte
Carlo permutations test with 499 permutations. Partial least squares path modeling
(PLS-PM) was used to further identify the possible pathways of various factors
affecting microbial metabolic limitation. The models were constructed using the
“innerplot” function of the R package “plspm”.

3. Results
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3.1. Soil characteristics along the altitudinal gradient

The soil properties under warming along the elevation gradient are shown in Table
1. The lowest and highest values of SWC in topsoil were observed respectively at 4,200
m a.s.l and 4,000 m a.s.l, and it was significantly higher at 4,000 m a.s.l and 4,100 m
a.s.l in subsoil. The SOC content was significantly lower at high altitude than that low
altitude, and warming significantly increased SOC content at 4000m a.s.l (P < 0.05).
Neither TN nor TP was significantly altered according to the elevation gradients or the
warming treatment. DOC content in topsoil decreased progressively with altitude and
increased significantly at 4100 m a.s.l due to warming (P < 0.05). Olsen-P in topsoil
was significantly higher at lower altitudes than at higher altitudes, and warming resulted
in significant increases in Olsen-P at 3800 and 4000 m a.s.] (P < 0.05). Warming
significantly increased soil MBP content at 4000 m a.s.l in both topsoil and subsoil (P
<0.05).
3.2. Variation of soil extracellular enzyme activities and stoichiometry

Regardless of experimental warming, elevation had significant effects on EEAs in
topsoil and subsoil (P < 0.05, Fig. S2). C-acquiring enzymes increased significantly
with altitude gradient in both topsoil and subsoil. N-acquiring enzymes were
significantly higher at 4000 m a.s.l than 3800 m a.s.] in both topsoil and subsoil (P <
0.05).The activities of P-acquiring enzymes were significantly higher at 4200 m a.s.l
than those at other altitudes in topsoil,which were significantly lower at 3800 m a.s.l
than those at other altitudes in subsoil (P < 0.05). Compared with altitude gradient, the

effect of warming treatment on soil EEAs was limited. Warming had only a significant
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effect on C- and N-acquiring in topsoil, and elevation and warming had a significant
interactive effect on EEAs in topsoil (P <0.05, Fig. S2). Stoichiometric ratios of C-, N-
and P-acquiring enzymes in warmed plots (W) and non-warmed plots (CK) along an
altitudinal gradient were shown in Fig. 1. C: Ngga increased with elevation both in
topsoil and subsoil, and warming significantly decreased the C: Ngga at 3800 and 4200
m a.s.l (P <0.05). C: Pgga is highest at 4100 m a.s.l in topsoil and at 4200 m in subsoil,
and it was significantly reduced under the effect of warming at 4100 m a.s.l in both the
topsoil and subsoil (P < 0.05). N: Pgga was significantly lower at higher altitudes than
at lower altitudes (P < 0.05). Warming significantly increased soil N: Pgga at 3800 and
4200 m a.s.l, whereas it decreased soil N:Pgga at 4100 and 4200 m a.s.l in topsoil (P <
0.05).

Altitude had a significant effect on the vector angles in both topsoil and subsoil (P
< 0.001, Fig. 2). Altitude and warming had significant interactive effect on the vector
lengths and angles in the topsoil. Vector lengths gradually increased with the altitude
gradient in both topsoil and subsoil, and got the highest value at 4200 m a.s.l. Warming
treatment had a significant effect on the vector length and significantly decreased the
microbial C limitation of soil at 4100 m a.s.l in the topsoil (P < 0.05, Fig. 2A and B).
All vector angles in both topsoil and subsoil indicate P limitation relative to N in the
microbial community (Fig. 2C and D). Because of warming, microbial P limitation
significantly increased at 4000 m a.s.l and 4100 m a.s.] in topsoil, and decreased at 3800
m a.s.l and 4200 m a.s.] in topsoil and 4200 m a.s.l in subsoil. In addition, the linear

regression analysis showed a significantly negative correlation between vector length
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and angle in topsoil and subsoil along an altitudinal gradient (P < 0.001, P < 0.05,
respectively, Fig. 3).

3.3. Relationships between extracellular enzyme activities and stoichiometry with soil
variables

The results of linear regression analysis showed that microbial C limitation in
topsoil was negatively correlated with SWC, SOC, TN, C: N ratio, DOC, NO;™-N and
NH,™-N, Olsen-P, and MBP, and positively with Mc:p; in subsoil, microbial C
limitation was negatively correlated with C: P ratio and MBP, and positively with TP,
DOC and Mc:p (Fig. S3). The microbial P limitation in topsoil was negatively
correlated with C: P ratio and MBP, and positively with MBN; in subsoil, microbial P
limitation was significantly correlated negatively with TP and Olsen-P, and positively
with SWC, C: P ratio, MBC and MBN (Fig. S4).

Redundancy analysis (RDA) revealed that abiotic and biotic factors together
accounted for 85% (RDA1, 59.5%; RDAZ2, 25.5%) of the total variation in microbial C
and P limitation in topsoil, and explaining 93% (RDA1, 74.9%; RDA2, 16.4%) of these
in subsoil (Fig. 4). To minimize the confounding interactions among causal factors,
PLS-PM was implemented to further identify direct and indirect effects of soil physical
properties, total and available nutrient contents, nutrient ratios, microbial biomass and
their ratios on the microbial C and P limitations. The model indicated one of the best
fit to the topsoil and subsoil data with goodness-of-fit of 61.3% and 53.9%, respectively
(Fig. 5). In topsoil, total nutrient (-0.66), SWC (-0.45) and available nutrient (-0.4) had

negative total effects on the microbial C limitations, whereas the nutrient ratios (0.53)
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and microbial biomass (0.36) induced positive total effects (Fig. 5SA). Meanwhile,
microbial biomass ratios (0.53), available nutrient (0.24) and total nutrient (0.14) had
positive total effects on the microbial P limitations, whereas the microbial biomass (-1)
induced the highest negative total effects. In subsoil, SWC (0.37), nutrient ratios (0.2)
and microbial biomass ratios (0.2) had positive total effects on the microbial C
limitations, whereas the microbial biomass (-0.5), available nutrient (-0.39) and total
nutrient (-0.37) had negative total effects. Furthermore, the negative total effects of
microbial biomass ratios (-0.66) were the highest for microbial P limitations in subsoil,
whereas the available nutrient (0.12) induced the highest positive total effects (Fig. 5B).
4. Discussion
4.1. The patterns of nutrient limitation with warming along elevation gradient in alpine
grasslands

Our results showed the patterns of microbial metabolic limitation warming-
induced along elevation gradient in alpine grasslands. Firstly, microbial metabolism
underwent relative C and P limitation in alpine grassland ecosystem, and C limitation
increased significantly with the altitude gradient (Figs. 1 and 2). Soil environment, such
as soil moisture and nutrient availability, plays a critical role in soil microbial activity.
In general, soil temperatures decrease steadily with altitude increasing, but soil moisture
and substrate do not always follow this specific trend (Cao et al., 2021; Tan et al., 2021).
In this study, the low soil water content and nutrient availability are relatively low in
high altitude area (Table 1), which suppress microbial metabolic activity and nutrient

acquisition of microorganisms. Meanwhile, the lowest values of MBC and MBP were
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observed in high altitude, which could be due to microorganisms devoting more
resources to enzyme production to obtain more nutrients based on resource allocation
theory. Secondly, warming would alleviate microbial C metabolic limitation, especially
at 4100 m a.s.l (Fig. 2). Zuccarini et al. (2020) indicated that warming could lead to
faster mineralization of soil organic matter and water consumption in colder climates.
The alleviation of microbial metabolic limitation might be due to the increase of EEAs
catalytic ability and microbial metabolic activity for warming promoting the
decomposition of organic matter. In this study, a significant increase in DOC content
at 4100 and 4200 m a.s.] in the warming treatment confirmed this explanation (Table
1). Thirdly, compared with the topsoil, there were non-significant variations of EEAs
and stoichiometry between warmed and control plots in subsoil (Figs. 1 and 2), meaning
that nutrients cycling process in subsoil could not be greatly changed by warming in
alpine grasslands. Due to good insulation at depth, the state of subsoil is generally
considered to be relatively stable and insensitive to warming-induced (Harrison et al.,
2011), which may explain that the EEAs and stoichiometry in subsoil had no obvious
response to warming-induced.
4.2. Key factors drivering microbial metabolic characteristics of topsoil and subsoil in
the alpine grassland

Nutrient content and nutrient ratio (SOC, Olsen-P, C: P) are the key factors
affecting C limitation in alpine grassland. Concretely, the microbial C limitation was
negatively correlated with SOC, TN, DOC, NO5;™-N and NH,*-N and Olsen-P in topsoil

(Fig. S3), and the PLS-PM further identified that the total nutrient and available nutrient
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344

had the greater negative total effects than others (Fig. 5). The relative low nutrient
contents such as DOC and Olsen-P may aggravate the relative C limitation of
microorganisms, indicating that enzyme activities are limited by the availability of C
and P. Previous studies have also demonstrated that the availability of nutrients is
powerful controller of microbial processes including the metabolic activity of
microorganisms (Cui et al., 2019b; Xiao et al., 2020). Meanwhile, it is interesting to
note that C: P ratios was negatively correlated with the microbial C limitation in both
the topsoil and subsoil, but positively correlated with the microbial P limitation in
subsoil (Figs. S3 and S4). The result of PLS-PM further confirmed that nutrient ratio
induced the greatest positive total effect on microbial C limitation. Specifically, relative
high C: P ratios were observed at the low altitude corresponding to lower microbial C
limitation, which is conductive to soil C sequestration. Our studies have pointed out
that the variation of nutrient ratios due to the imbalance supply of soil nutrients can
induce soil microbial metabolic limitation, even although the alpine ecosystem has
relatively sufficient nutrient availability (Cui et al., 2019a). Differences in microbial
abilities to acquisition C, N and P vary in soils with different nutrient states in order to
maintain microbial homeostasis (Peng and Wang, 2016; Sinsabaugh and Shah, 2012).
For instance, lower P: Ngga ratios were related to the higher soil P availability compared
with N availability in the drylands of northern China (Feng et al., 2019), and He et al.
(2020) also found that the microbial nutrient status is the main factor modulating

enzyme stoichiometry in subalpine forests. In our study, soil nutrients and their

16



345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

stoichiometric ratios are still important factors influencing the C metabolic limitation
of soil microorganisms, even in alpine grasslands with high C and N content.

Our results also showed that the microbial biomass and its ratio are the pivotal
factors to regulate the microbial P limitation in the alpine grassland ecosystem. The
PLS-PM confirmed that microbial biomass had the greatest direct impact on microbial
P limitations in both topsoil and subsoil (Fig. 5). As a big recharge source and reserve
of soil available nutrient, MBP reflects the rate of P turnover in soil with the
involvement of microorganisms and has been an important indicator for soil P
availability (Ding et al., 2019). To cope with P deficiency in alpine grasslands, soil
microorganisms invest relatively more P-acquiring enzymes than C- and N-acquiring
enzymes. Interestingly, we found that the microbial C limitation was correlated
negatively with MBP and positively with Mc:p in both topsoil and subsoil, but MBP
and Mc:p didn’t no significantly correlated with microbial P limitation (Fig. S3). It can
be explained that microbial biomass and its ratio can affect the P limitation by
influencing the microbial C limitation. Warming can increase the demand for C to meet
the growth requirement of microorganisms and the demand for P correspondingly,
which aggravate the relative P limitation of microorganisms. The PLS-PM further
confirmed that microbial biomass ratio has the greatest total effect on the microbial P
limitations (Figs. 4 and 5).

4.3. The potential implications of microbial metabolic limitations for soil C turnover in

alpine grassland ecosystems
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The ecological stoichiometric ratios of soil enzymes have been increasingly used
to predict ecosystem stability and C cycle (Xu et al., 2017). Soil microbial metabolism
related to soil enzyme production is regulated by soil biotic and abiotic factors, which
in turn plays a vital role in soil C turnover in terrestrial ecosystems. The EEAs excreted
by soil microorganisms are directly involved in SOM decomposition and nutrient
turnover. Our study showed that decreased SOC and increased microbial C limitation
with the altitude in topsoil (Figs. 4 and S3), and warming could relieve microbial C
limitation (Fig. 2). Soil nutrients in our study decreased significantly with altitude,
indicating that soil may provide more available nutrients with higher SOC content to
meet microbial nutrient requirements, thereby relieving microbial C limitation.
Warming may accelerate C decomposition and thus allocating more resources to soil
microbial growth. As microbial C limitation decreasing, soil microbial communities
may shift from maintenance respiration to growth and decrease investment in the
production of enzymes to maintain homeostasis as organic matter decomposition
progresses. Recent studies from regional to global scales have shown that C use
efficiency increases with mean annual temperature (Sinsabaugh et al., 2017; Takriti et
al., 2018), although rising soil temperatures are generally expected to reduce C use
efficiency (Steinweg et al., 2008; Tucker et al., 2013). Microbial respiration rates may
increase more with temperature than the rates of microbial growth. In addition,
warming may be beneficial to increase the accumulation of microbial residues in SOC,

which is of great ecological implications for the storage of soil C.
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Simultaneously, it is worthy to note that there are intrinsic linkages of biological
C and P acquisitions and turnover. P sources required by microorganisms mostly come
from soil organic matter decomposition, hence microbial demand for P will strongly
affect soil C stability (Cui et al., 2020). There was a significant negative correlation
between C and P limitation in topsoil and subsoil (Fig. 3), implying the coupling
between microbial C and P limitations. Specifically, our results observed that warming
resulted in not only a decrease in the C: Ngga ratio but also an increase in the N: Pgga
ratios at 3800 and 4200 m a.s.l. This phenomenon can be explained by the growth rate
hypothesis that microbial growth rates are controlled by the cellular P quota (Allen and
Gillooly, 2009; Frost et al., 2006). As a rock-derived element, P is released mainly
through geochemical weathering and is difficult to obtain from atmosphere. In the
alpine grassland ecosystem, unfortunately, high precipitation and soil moisture
accelerate the leaching of soil P (He et al., 2018; Manzoni et al., 2010), making soil P
more deficient for plant growth and soil microorganism decomposition. The increase
of soil microbial P demand will accelerate the decomposition of SOM to obtain P,
which will have an important impact on the soil C pool. Consequently, the incorporation
of microbial metabolic limitations into global C cycle models will improve the accuracy
of soil C sequestration estimation in the context of global climate change.
5. Conclusions
Our results revealed that microbial C limitation increased with elevation in both
topsoil and subsoil in alpine grassland. Warming relieved microbial C limitation in

topsoil, suggesting that global warming may be beneficial to soil C sequestration in the
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alpine ecosystems. Furthermore, the key factors affecting C limitation were nutrients
content and nutrient stoichiometry, and the microbial P limitation was mainly regulated
by microbial biomass and their ratios. The study provides insight into the mechanisms
understanding of microbial metabolism mediation of C cycles, which is crucial for
predicting future changes in nutrient cycling in alpine grassland ecosystem.
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Figure captions:

Fig. 1 Stoichiometric ratios of C-, N- and P-acquiring enzymes in warmed plots (W)
and non-warmed plots (CK) along an altitudinal gradient.

Fig. 2 The variation of vector length and angle in warmed plots (W) and non-warmed
plots (CK) in different elevation gradients.

Fig. 3 Linear-regression analysis of microbial C limitation with microbial P limitation.
Fig. 4 Redundancy analysis (RDA) on soil enzymes activities and stoichiometry with
climatic and soil factors as constraints in topsoil (A) and subsoil (B).

Fig. 5 Cascading relationships between microbial nutrient limitation with the soil

properties, microbial biomass and their ratio.
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650 Table 1 Topsoil and subsoil properties with warming in the alpine grassland along the elevation gradient.
Altitade Treats SWC oH SOC TN TP DOC NO;™-N NH4"-N Olsen-P
(%) (gkg™ (gkg™) (gkg™) (mgkg ™) (mgkg ™) (mgkg ) (mgkg )
3800 W 0.44 £ 0.03 Aa 5.60+0.16 Aa  148.31 £3.7 Ab 11.92+1.25Aa 1.01+0.07 Aab 200.12+12.7 Ab 203.75+39.19 Aa 3131+42Ab 6.58+0.47 Aa
CK 0.46 £0.03 Aab 5.12+0.07 Aa  141.89+5.15Aa 10.6+0.85 Aa 1.06 + 0.04 Aa 186.71 £ 12.35 Aa  137.56+£10.12 Aa 44.89+531 Aa 4.26+0.32Ba
4000 W 0.52+£0.03 Aa 4.67+0.2 Ab 174.6 £ 11.41 Aa  8.87+0.67 Ab 0.81+0.05 Ab  228.75+6.72 Aa 151.09 + 14.6 Aab 57.98+3.09 Aa 4.17+£0.28 Ab
é CK 0.54 £ 0.06 Aa 4.60+£0.05Ab 11037+1.58Bb 8.91+1.65Aa 0.73 £0.07 Aa 180.95+19.17 Aa  89.64 + 3.0 Bb 32.09+6.1 Bab 2.59+0.2 Bbc
2 4100 W 0.45+0.01 Aa 523+0.03Aa 103.08+£1.62Ac 7.59+0.15 Ab 0.78 £ 0.1 Ab 211.81+3.73 Aab 103.0 +6.33 Ab 17.8+2.26 Be 1.99+0.1 Ac
CK 0.42+£0.01 Ab 5.12+0.02 Ba 101.8 £2.23 Ab 7.5+0.32 Aa 0.86+0.02 Aa 158.09 + 7.7 Bab 65.28 £ 8.22 Bb 28.13+£2.57Ab 2.21+0.23 Ac
4200 W 0.32+0.03 Ab 5.29+£0.02 Aa 10293 +725Ac 7.91+£0.73 Ab 1.11+0.08 Aa 194.79 + 8.29 Ab 122.09 + 13.6 Ab 32.184+2.43 Ab 3.82+0.23 Ab
CK 0.35+0.03 Ab 526+0.06 Aa  108.71+5.2 Ab 8.25+0.36 Aa 1.03 +£0.06 Aa 130.54 +7.18 Bb 107.19 £ 12.9 Aab 23.61+£2.66 Ab 3.34+0.34 Ab
3800 W 0.21+0.01 Bb 549+0.12 Aa  48.78£2.81 Ab 521+1.11 Aa 0.83+0.14 Aab 67.97£3.31 Ac 38.94+£1.71 Aa 6.77£0.79 Bbc  1.66+0.01 Ab
CK 0.27+0.02 Aa 5.08+0.05Ba  66.82+6.75 Aa 4.81+0.42 Aa 0.72+0.02 Abc  61.08 £3.92 Ac 36.13£1.4 Aa 10.15£09 Aab 2.36+0.4 Aab
4000 W 0.4+0.03 Aa 4.51+0.12Ac  73.03+£5.41 Aa 6.45+2.33 Aa 0.62+0.08 Ab  85.58+£4.76 Ab 21.09 £1.25 Ac 1445+1.08Aa 1.84+0.3 Aab
g CK 0.38 £0.04 Aa 4.51+0.03 Ab  68.72 +8.69 Aa 4.65+0.45 Aa 0.62+0.01 Ac 70.37 £2.37 Bc 20.03£4.3 Ab 11.14+ 144 Aa  1.81+0.14 Ab
E 4100 W 0.39+£0.01 Aa 5.1+£0.03 Ab 64.94 +2.76 Aa 4.86+0.24 Aa 0.75+£0.07 Aab 142.46+4.3 Aa 29.64 £3.01 Ab 10.85+2.5Aab 1.544+0.07 Ab
CK 0.39+0.01 Aa 4.99 +0.03 Ba 67.47+1.87 Aa 5.0+ 0.07 Aa 0.75+£0.01 Ab 125.86 + 0.85 Ba 30.49 £ 3.76 Aab 14.61+1.79 Aa  1.82+0.13 Ab
4200 W 0.25+0.02 Ab 5.11£0.06 Ab 6435+ 1.06 Aa 495+0.3 Aa 0.99 £ 0.02 Aa 81.96 + 7.14 Abc 29.31+0.68 Ab 421+1.19Ac 232+0.2Aa
CK 0.25+0.03 Aa 5.07+0.08 Aa  58.96 +2.58 Aa 5.14+0.27 Aa 0.89+£0.07Aa  92.04+7.12 Ab 36.56 £5.86 Aa 6.49+13 Ab 3.12+0.31 Aa
651  Note: Different uppercase letters indicate significant differences (P < 0.05) between the W and CK treatments at each altitude, and different lowercase letters indicate
652  significant differences (P < 0.05) amongst the altitudes in the W or CK treatment. SWC, soil water content; SOC, soil organic C; TN, soil total N; TP, soil total P;
653  DOC, soil dissolved organic C. Data are presented as mean + standard error (n = 3).
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654  Fig. 1 Stoichiometric ratios of C-, N- and P-acquiring enzymes in warmed plots (W)
655 and non-warmed plots (CK) along an altitudinal gradient. Error bars indicate standard
656 error of the treatment mean (n=3). Different uppercase letters indicate significant
657 differences (P < 0.05) between the W and CK treatments at each altitude, and different
658 lowercase letters indicate significant differences (P < 0.05) amongst the altitudes in the
659 W or CK treatment. C-acquiring enzymes, PB-1,4-glucosidase (BG) and B-D-
660 cellobiosidase (CBH); N-acquiring enzymes, B-1,4-N-acetylglucosaminidase (NAG)
661 and L-leucine aminopeptidase (LAP); P-acquiring enzyme, acid phosphatase (AP). C:
662  Ngga: the ratio of C-acquiring enzymes to N-acquiring enzymes; C: Pgga: the ratio of
663  C-acquiring enzymes to P-acquiring enzymes; N: Pgga: the ratio of N-acquiring
664  enzymes to P-acquiring enzymes; Two-way ANOVA was used to test the effects of
665  warming experiment, elevation gradient and their interactions.
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Fig. 2 The variation of vector length and angle in warmed plots (W) and non-warmed

plots (CK) in different elevation gradients. Different letters indicate significant

differences (P < 0.05) amongst the altitudes in the W and CK treatments. Vector length

represents soil C limitation for microbes, vector angle represents soil N/P limitation for

microbes.
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673  Fig. 3 Linear-regression analysis of microbial C limitation with microbial N/P

674  limitation. Solid lines indicate the model fits between the vector lengths and the

675  properties, and grey areas are the 95% confidence intervals of the models.
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Fig. 4 Redundancy analysis (RDA) on soil enzymes activities and stoichiometry with
climatic and soil factors as constraints in topsoil (A) and subsoil (B). A type III scaling
(correlation) plot is shown, including all the constraining variables. The constraining
variables explained 85.0 % and 91.3 % of the total variance of microbial metabolism
limitations in the topsoil and subsoil, respectively. A taxonomic group arrow pointing
in the same direction means a stronger positive correlation, and a longer arrow

represents a stronger relationship.
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Fig. 5 Cascading relationships between microbial nutrient limitation with the soil

properties, microbial biomass and their ratio. Partial least squares path modeling (PLS-

PM) disentangling major pathways of the influences of soil water content (SWC), soil

total nutrient (SOC, TN, TP), nutrient ratios (C: N, C: P), available nutrient (DOC,

NO;™-N, NH4*-N, Olsen-P), microbial biomass (MBC, MBN, MBP), microbial

biomass ratios (Mc. p, M ¢.v ) on microbial C limitation (represented by vector length),

microbial P limitation (represented by vector angle) in topsoil soil (A and a) and subsoil

(B and b). Blue and Green arrows indicate positive and negative flows of causality (P

<0.05), respectively.
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Supporting information

Table S1 Topsoil and subsoil microbial biomass with warming in the alpine grassland
along the elevation gradient.

Fig. S1 Study areaand photos of the OTC (open-top chamber) warming experiment in
an alpine grassland at the eastern edge of the Tibetan Plateau.

Fig. S2 Extracellular enzyme activity for C-, N- and P-acquiring enzymes in warmed
plots (W) and non-warmed plots (CK) along an altitudinal gradient.

Fig. S3 Vector length in relation to soil physical properties, total nutrient contents,
nutrient ratios, available nutrient contents, microbial biomass, and microbial biomass
ratios.

Fig. S4 Vector angle in relation to in relation to soil physical properties, total nutrient
contents, nutrient ratios, available nutrient contents, microbial biomass, and microbial

biomass ratios.
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706  Table S1 Topsoil and subsoil microbial biomass with warming in the alpine grassland
707  along the elevation gradient.
Altitude Treats (ml\gll?gc" ) (ml\;]li:};") (ml\g/lﬁg )
3800 w 1498.66 = 87.35 Ab  54.99+4.61 Ab 58.47+8.98 Ab
CK 1377.92 +£33.48 Ab 53.78 £2.89 Aa 44.88 +3.51 Ab
4000 w 2223.75+77.15Aa  44.71+£342Ab  108.54%10.51 Aa
= CK 2123.52+£67.09 Aa  48.12+ 1.81 Aa 66.2+9.83 Ba
i 4100 w 2089.83 £ 101.59 Aa  82.96+2.21 Aa 30.89 +3.47 Ac
CK 2050.65+48.19 Aa  58.86+5.37 Ba 20.71+2.12 Ac
4200 w 1499.73 £ 84.27 Ab 48.19+ 1.8 Ab 13.92+£1.09 Ac
CK 1264.45+27.96 Ab  57.84+11.11 Aa 22.18+3.16 Ac
3800 W 445.04 + 15.34 Ab 23.45+1.58 Ab 4.02 £ 0.39 Bc
CK 519.65+51.82 Ab 20.78 £4.35 Ac 9.24 £ 0.41 Ab
4000 W 1108.31 £ 68.01 Aa 50.6 £ 12.64 Aa 28.8 £2.81 Aa
g CK 1048.34 + 69.08 Aa 3592 +£3.17 Ab 16.56 +2.87 Ba
E 4100 \ 1103.13 £54.29 Aa 49.56 + 6.6 Aa 11.91 £2.52 Ab
CK 1146.87 +89.25 Aa 51.4+3.63 Aa 7.2+1.91 Abc
4200 \ 465.18 +25.34 Ab 23.86 +£1.21 Ab 8.75 £ 1.54 Abc
CK 455.86 + 59.42 Ab 21.09+2.13 Ac 29+0.18 Be
708

709  Note: Different uppercase letters indicate significant differences (P < 0.05) between
710 the W and CK treatments at each altitude, and different lowercase letters indicate
711 significant differences (P < 0.05) amongst the altitudes in the W or CK treatment. MBC,
712  microbial biomass C; MBN, microbial biomass N; MBP, microbial biomass P. Data are

713  presented as mean + standard error (n = 3).
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715  Fig. S1 Study area (A) and photos of the OTC (open-top chamber) warming experiment

716  (B) in an alpine grassland at the eastern edge of the Tibetan Plateau.
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Fig. S2 Extracellular enzyme activity for C-, N- and P-acquiring enzymes in warmed
plots (W) and non-warmed plots (CK) along an altitudinal gradient. Error bars indicate
standard error of the treatment mean (n=3). Different uppercase letters indicate
significant differences (P < 0.05) between the W and CK treatments at each altitude,
and different lowercase letters indicate significant differences (P < 0.05) amongst the
altitudes in the W or CK treatment. C-acquiring enzymes, -1,4-glucosidase (BG) and
B-D-cellobiosidase (CBH); N-acquiring enzymes, [-1,4-N-acetylglucosaminidase
(NAG) and L-leucine aminopeptidase (LAP); P-acquiring enzyme, acid phosphatase

(AP).
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729
730  Fig. S3 Vector length in relation to soil physical properties, total nutrient contents,

731  nutrient ratios, available nutrient contents, microbial biomass, and microbial biomass
732  ratios. Solid lines indicate the model fits between the vector lengths and the properties,

733  and grey areas are the 95% confidence intervals of the models.
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736  Fig. S4 Vector angle in relation to in relation to soil physical properties, total nutrient
737  contents, nutrient ratios, available nutrient contents, microbial biomass, and microbial

738  Dbiomass ratios. Solid lines indicate the model fits between the vector lengths and the

739  properties, and grey areas are the 95% confidence intervals of the models.
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