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The biogeographic characteristics of soil microbial biomass stoichiometry homeostasis
and also its mechanisms are commonly thought to be key factors for the survival
strategies and resource utilization of soil microbes under extreme habitat. In this work,
we conducted a 5,000-km transect filed survey in alpine grassland across Qinghai–
Tibet Plateau in 2015 to measure soil microbial biomass carbon (MBC) and nitrogen
(MBN) across alpine steppe and meadow. Based on the differences of climate and soil
conditions between alpine steppe and meadow, the variation coefficient was calculated
to investigate the homeostatic degree of MBC to MBN. Furthermore, the “trade-off”
model was utilized to deeply distinguish the homeostasis degree of MBC/MBN between
alpine steppe and meadow, and the regression analysis was used to explore the
variability of trade-off in response to environmental factors in the alpine grassland. The
results showed that the coefficient of variation (CV) of MBC/MBN in alpine meadow
(CV = 0.4) was lower than alpine steppe (CV = 0.7). According to the trade-off model,
microbial turnover activity of soil N relative to soil C increased rapidly and then decreased
slightly with soil organic carbon (SOC), soil total nitrogen (STN), and soil water content
across alpine meadow. Nevertheless, in alpine steppe, SOC/STN had a positive effect
on microbial turnover of soil N. These results suggested that water, heat, and soil
nutrients availability were the key factors affecting the C:N stoichiometry homeostasis
of soil microbial biomass in Qinghai–Tibet Plateau (QTP)’s alpine grassland. Since the
difference of survival strategy of the trade-off demands between soil C and N resulting
in different patterns and mechanism, the stoichiometry homeostasis of soil microbial
biomass was more stable in alpine meadow than in alpine steppe.
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INTRODUCTION

Ecological stoichiometry focuses on the balance and limitation
of energy and multiple chemical elements in various
ecosystems (Agren and Weih, 2020; Zhang et al., 2020),
involving competition, herbivory, mutualism, food webs, and
biogeochemistry (Sterner and Elser, 2002; Zhou et al., 2021).
This theory can be quantified to research on the relationship
between biology and environment, biological interaction, and
biogeochemical cycle during the process of energy flow and
material cycle (Crous et al., 2019; Wang et al., 2021; Zhou et al.,
2021). The scales ranged from genes to biosphere (Wang et al.,
2015; Cherif et al., 2017; Tian et al., 2018) and can be unified
(Zeng and Chen, 2005) to reveal ecological structure, function,
process, and stability (Fang et al., 2019; Li et al., 2021; Wang et al.,
2021). Numerous studies have demonstrated the stoichiometric
homeostasis among various living organisms (Elser et al., 2000;
Sterner and Elser, 2002), but with large variations among
ecological studies (McGroddy et al., 2004; Elser et al., 2010;
Giordano, 2013).

The homeostasis of biological stoichiometry emphasizes
that living organisms can maintain relatively stable and
balanced state of its multiple elements’ composition in the
changing environment (Sterner and Elser, 2002). The theory
of stoichiometry and its homeostasis reflect the requirements
for constructure and metabolism of organisms (Michaels, 2003;
Allen and Gillooly, 2009). The Redfield ratio, which describes
the proportions of elements equal to 106 atoms of C per 16
atoms of N per 1 atom of P for marine organisms in ocean
water (Redfield, 1958). Nevertheless, the biological characteristics
of stoichiometric homeostasis might change with different
ontogenetic stages (Wang et al., 2021), stoichiometric variation
of their diet (Hood and Sterner, 2010; Wang et al., 2018), and
various types of species (e.g., weak homeostasis of phototrophs
is opposite to strong homeostasis of heterotrophs) (Sterner
and Elser, 2002). Furthermore, stoichiometric homeostasis
reflects biological adaptation by biochemical and physiological
adjustments of multiple elements that respond to living
environment (Elser et al., 2010; Li et al., 2021). It can be an
indicator of ecosystem dynamics (Guo et al., 2017) and the
organism’s ability to maintain consistent or stable state (Meunier
et al., 2014) facing environmental fluctuations. Consequently,
there have existed various geographical scales of its research
including individual (Abail and Whalen, 2018), population
(Andersen et al., 2004), community (Fanin et al., 2017),
ecosystem (Yu et al., 2010; Wang et al., 2021), national (Zhang
et al., 2018), and global (Galbraith and Martiny, 2015) scale, and
it has been also explored in forest (Bai et al., 2019), wetland (Julian
et al., 2020), grassland (Yu et al., 2011; Dijkstra et al., 2012), and
aquatic (Gong et al., 2018) ecosystems.

However, the relationship of stoichiometric homeostasis with
biogeochemical processes in the soil which is the main place for
the life activity (Chapin et al., 2011) and ecosystem exchange of
material and energy (Li et al., 2004) remains limited (Wang et al.,
2014; Feng and Bao, 2017). Particularly, soil microorganism is the
main component of soil biology and the core indicator of material
cycling and energy flow in the soil ecosystem (Pascual et al., 2000;

Rogers and Tate, 2001). Moreover, soil microorganisms are very
sensitive to changes of environmental factors so that it can reflect
the changes of soil quality status and ecosystem function earlier
(Caravaca et al., 2003; Chapin et al., 2011). Previous studies have
focused on the C:N:P atomic ratio of soil microbial biomass
across global scale and found that the ratio is relatively consistent,
with the value of 60:7:1 (Cleveland and Liptzin, 2007) or 42:6:1
(Xu et al., 2013), and C:N ratios of microbes vary from 8:1 to
12:1, which is also relatively consistent (Wright and Coleman,
2000). Further, elementary ratios might vary significantly in
different habitats (McGroddy et al., 2004). Meanwhile, soil
microbes can adjust their stoichiometry of elements when the
supply of multiple resources is imbalanced (Fanin et al., 2017).
These studies improved our understanding about stoichiometric
homeostasis of soil microbes, but the stoichiometry homeostasis
characteristics of soil microbial communities in the extreme
habitat (such as alpine ecosystem), which is extremely sensitive
to environmental changes, or not (Chapin et al., 2008), is
largely unknown.

Qinghai–Tibet Plateau (QTP) is the amplifier to respond
global change (Liu et al., 2019) due to its unique alpine climate
and harsh environment (Sun et al., 2019). QTP’s ecosystem is
dominated by alpine grasslands (alpine meadow and steppe)
which cover more than 60% of QTP area (Wu et al., 2011).
Notably, the spatial distribution of water, nutrient, and heat
availability over the QTP is heterogeneous. For instance, there
is a decreasing gradient of the precipitation and soil nutrient
content from the southeast to the northwest of QTP (Yang et al.,
2008; Tan et al., 2010; Zhou et al., 2020), and alpine meadow
and steppe are separately distributed at the relatively humid and
arid circumstance (Qin et al., 2018; Zhou et al., 2020). All these
characteristics imply that soil microorganisms may take various
strategies to adjust their homeostasis to adapt to sensitive and
heterogeneous habitats of alpine grasslands on QTP.

Here, we conducted a belt-transect survey across alpine
meadow and steppe (5,000 km) across QTP, with measurements
of soil microbial biomass carbon (MBC) and nitrogen (MBN).
These data, together with climatic and edaphic other factors, were
used to test the overarching hypothesis that the stoichiometric
homeostasis of soil microorganisms is moderated by soil nutrient,
availability, and also hydrothermal condition. Furthermore, we
untangle the underlying mechanisms on how water, heat, and
nutrient availability mediate stoichiometric homeostasis of soil
microbes to adapt alpine habitat.

MATERIALS AND METHODS

Study Area
Our sampling sites covered Qinghai–Tibet Plateau, which is
viewed as the “Third Pole” and “Asia’s water tower” (average
elevation is about 4,000 m) (Sun et al., 2019; Xiong et al., 2019),
including the areas of the south of Xinjiang province, the east
of Gansu, the northwest of Sichuan province, Qinghai province,
and Tibet Autonomous Region (Figure 1). Most regions of the
plateau are covered by alpine grasslands, which mainly consist
of alpine meadow and steppe (He et al., 2008; Wu et al., 2011),
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FIGURE 1 | The study area and sample sites. The sample sites (108 sites) were natural zonal grasslands across Qinghai–Tibet Plateau, including alpine meadow and
alpine steppe grasslands.

FIGURE 2 | Illustration of the trade-off between microbial entropy carbon
(MBC/SOC) and microbial entropy nitrogen (MBN/STN), and the trade-off is
calculated as the root mean square error (RMSE) of the individual benefits and
increases with distance from the 1:1 line, in which the benefit of MBC/SOC
equals the benefit of MBN/STN.

and the grassland ecosystem in this area is very sensitive to the
changes of the external environment (Jacobsen et al., 2012). In
the sites, the annual mean precipitation decreased from 1,000 to
100 mm from southeast to northwest of QTP, and the annual
mean temperature ranged from −5◦C in north-western QTP to

20◦C in southern QTP during the study period (Sun et al., 2020).
The natural gradients and unique combination of water and
heat availability across QTP result in various changeable habitats
for soil microbes. Therefore, we aimed to detect the changes of
microbial homeostasis along the 5,000 km belt-transect survey on
the regional scale of QTP.

Soil and Microbial Properties
For this research, 324 plots from 108 sites (three plots from each
site) were sampled from July to August in 2015 the Qinghai–
Tibet Plateau, and the selected sample plots along the transect
must be natural alpine grasslands and as far away as possible
from the interference of human activities. At each site (size of
10 m × 10 m), three paired plots (size of 50 cm × 50 cm) were
sorted to obtain the soil samples after the grass above the ground
was harvested. Soil samples were excavated by a standard 5-cm-
diameter soil auger (at depths of 0–30 cm) in each quadrat. In the
laboratory, soil samples were air-dried and sieved through 2-mm
mesh as well as ground into fine powder with a ball mill (NM200,
Retsch, Haan, Germany).

We used the drying and potentiometric method to measure
soil water content (SWC) and the soil pH value (pH), respectively.
One subsample was oven-dried at 105◦C to a constant weight
for measuring soil bulk density (SBD). A vario MACRO
cube elemental analyzer (Elementar Analysensysteme GmbH,
Germany) was used to measure soil organic carbon (SOC) and
soil total nitrogen (STN) (Lu et al., 2015), and the ratio of SOC
to STN was expressed as SOC/STN. We obtained SOM by the
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potassium dichromate oxidation method determining SOC, with
universal conversion factor 1.724 (Chen et al., 2018). Moreover,
we used the chloroform fumigation method with a universal
conversion factor of 0.45 and 0.54 to obtain (MBC) (Joergensen,
1996) and (MBN) (Joergensen and Mueller, 1996), respectively.
MBC/MBN was the ratio of MBC to MBN. Furthermore,
microbial entropy carbon (MBC/SOC) and microbial entropy
nitrogen (MBN/STN), respectively, represent the biologically
active fraction (MBC and MBN) and turnover activity of soil C
and N pool, reflecting the activity degree of microbial demand
for soil C and N resources to form microbial C and N elements
(Srivastava and Singh, 1991; Wu et al., 2019).

Climate Database
We collected the climatic data (daily precipitation and
temperature) of 2015 through the Meteorology Information
Centre of the Chinese National Bureau of Meteorology1, and
the data from January to December was calculated to obtain the
mean annual temperature (◦C) (MAT) and the mean annual
precipitation (mm) (MAP) by the average method. Moreover,
climatic raster databases were spatially interpolated by the
Anusplin 4.2 (Centre for Resource and Environmental Studies,
Australian National University, Canberra) with 1 km resolution.
The climatic data (MAP and MAT) of our sample sites was
extracted from the raster climatic database by ArcGIS 10.2 (ESRI,
Inc., Redlands, CA, United States). Additionally, aridity index
(AI), an important aridity measure of meteorological factor was
calculated (De Martonne, 1926):

AI =
MAP

MAT + 10

Calculation of the Coefficient of Variation
and Trade-Off Model
We used the coefficient of variation (CV) to indicate the stability
of MBC, MBN, and MBC/MBN in alpine grasslands. CV is the SD
divided by the mean value (MN) for the variable (MBC, MBN, or
MBC/MBN):

CV =
SD

MN
× 100%

Bradford and D’Amato (2012) established the model for
trade-off among individual benefits, which is suitable for living
strategies and choices of soil microbes among multiple demand
goals (MBC/SOC and MBN/STN). The trade-off model was
calculated using the below equations:


Trade− off =

Benefit(MBN/STN)−Benefit(MBC/SOC)
√

2
Benefit(MBC/SOC) =

(MBC/SOC)Obs−(MBC/SOC)Min
(MBC/SOC)Max−(MBC/SOC)Min

Benefit(MBN/STN) =
(MBN/STN)Obs−(MBN/STN)Min
(MBN/STN)Max−(MBN/STN)Min

where (MBC/SOC)Obs and (MBN/STN)Obs are the
observed values of MBC/SOC and MBN/STN, respectively.
(MBC/SOC)Max (maximum) and (MBC/SOC)Min (minimum)

1http://data.cma.cn/

FIGURE 3 | Count distributions of (A) soil microbial biomass carbon (MBC),
(B) soil microbial biomass nitrogen (MBN), and (C) the ratio of soil microbial
biomass carbon to nitrogen (MBC/MBN) across alpine steppe and meadow.
“Mean” and “CV” represent the average values and coefficients of variation of
MBC, MBN, and MBC/MBN, respectively. And P-values indicate level of
significant differences of MBC, MBN, and MBC/MBN between alpine steppe
and alpine meadow.
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FIGURE 4 | Box-and-whisker plots showing changes in the (A) mean annual precipitation (MAP), (B) mean annual temperature (MAT), (C) aridity index (AI), (D) soil
water content (SWC), (E) soil total nitrogen (STN), (F) soil organic carbon (SOC), (G) soil pH (pH), and (H) soil bulk density (SBD) in alpine steppe (AS) and alpine
meadow (AM), P-values indicate level of significant differences between alpine steppe and alpine meadow. (I) The relationships between MAP and MAT across alpine
steppe (AS) and alpine meadow (AM).

TABLE 1 | Correlations between the ratio of soil microbial biomass carbon to nitrogen (MBC/MBN) and environmental factors in alpine steppe and meadow;
environmental factors include mean annual precipitation (MAP), mean annual temperature (MAT), aridity index (AI), soil organic carbon (SOC), soil total nitrogen (STN), the
ratio of SOC to STN (SOC/STN), soil pH (pH), soil bulk density (SBD), soil water content (SWC), and soil organic matter (SOM).

MBC/MBN Items MAP MAT AI SOC STN SOC/STN pH SBD SWC SOM

Alpine steppe Pearson Correlation 0.128 0.046 0.121 −0.019 −0.024 0.004 0.110 −0.057 −0.248 −0.049

Sig. (2-tailed) 0.317 0.719 0.345 0.888 0.860 0.978 0.519 0.658 0.062 0.714

Alpine meadow Pearson Correlation 0.128 −0.072 0.141 0.077 0.107 −0.115 0.009 −0.180 0.207 0.027

Sig. (2-tailed) 0.402 0.638 0.357 0.623 0.495 0.462 0.970 0.243 0.194 0.864
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are calculated from the entire population of MBC/SOC,
the same is also true for MBN/STN. Benefit(MBC/SOC) or
Benefit(MBN/STN) is the magnitude of benefit for individual
management objective (MBC/SOC or MBN/STN), being defined
as the relative deviation from the mean for a given observation.
Moreover, the trade-off between MBC/SOC and MBN/STN
reflects soil microbial trade-off strategies about comprehensive
demands for soil C and N resources. Specifically, the overall
benefit toward MBN/STN is more with higher trade-off value,
which implies that soil microbes tend to the turnover of soil
N more, which indicates that microbes demand more soil N
resource (Chapin et al., 2011). Further, the root mean square
error (RMSE) of the Benefit(MBC/SOC) or Benefit(MBN/STN)

was used to quantify the magnitude of the trade-off between
MBC/SOC and MBN/STN. The RMSE approximates the
average deviation from the mean Benefit(MBC/SOC) or the
mean Benefit(MBN/STN). In two dimensions, the RMSE is the
distance from the “1:1 line” of the “zero trade-off” (Bradford
and D’Amato, 2012), and the trade-off model is expressed as the
conceptual graph (Figure 2).

Statistic Analysis
The figure of our study area and sample sites was created
using ArcGIS 10.2 (ESRI, Inc., Redlands, CA, United States).
The one-way ANOVA was used to detect the differences
in microbial properties (MBC, MBN, and MBC/MBN), soil
properties (SOC, STN, SBD, pH, and SWC), and climatic
characteristics (MAP, MAT, and AI) between alpine meadow
and steppe. The correlation coefficients were calculated to
reveal the relationships between MBC/MBN and environmental
factors (MAP, MAT, AI, SOC, STN, SOC/STN, pH, SBD,
SWC, and SOM) in alpine meadow and steppe. The above
two methods were analyzed by SPSS 19.0 software (SPSS Inc.,
Chicago, IL, United States). Moreover, SigmaPlot for Windows
version 14.0 (Systat Software, Inc., Chicago, IL, United States)
were used to generate the relationships of trade-off with
environmental factors (MAP, MAT, AI, SOC, STN, SOC/STN,
pH, SBD, and SWC) in various grasslands. A linear piecewise
quantile regression (LPQR) was used to evaluate the response
of trade-off to SOC, STN, and SWC across alpine meadow
for the plausible estimation of responses to a given variable
(Ruppert et al., 2012). The segment function is calculated as
follows:

t1 = min (t)

t3 = max (t)

f 1(t) =
y1 ∗ (T1− t)+ y2 ∗ (t − t1)

T1− t1

f 2(t) =
y2 ∗ (T2− t)+ y3 ∗ (t − T1)

T2− T1

f 3(t) =
y3 ∗ (t3− t)+ y4 ∗ (t − T2)

t3− T2

FIGURE 5 | The illustration of overall benefit between microbial entropy
carbon (MBC/SOC) and microbial entropy nitrogen (MBN/STN) in alpine
steppe and alpine meadow.

f = if
(
t ≤ T1, f 1 (t) , if (t ≤ T2, f 2 (t) , regionf (t))

)

RESULTS

Variations of Climatic, Soil, and Microbial
Variations
MBC and MBN were entirely different (P < 0.05, Figures 3A,B),
but MBC/MBN was not significantly different (P > 0.05,
Figure 3C) between alpine meadow and steppe.

The boxplots exhibited significant (P < 0.05) differences of
MAP, AI, SWC, STN, SOC, pH, and SBD between alpine meadow
and steppe (Figure 4). For the mean values of climate (MAP, AI)
and soil (SWC, STN, SOC, SBD) variables, MAP ranged from
295.24 to 480.16 mm (Figure 4A), AI ranged from 25.18 to 41.80
(Figure 4C), SWC ranged from 11.21 to 27.67% (Figure 4D),
STN ranged from 1.08 to 2.38 g/kg (Figure 4E), SOC ranged
from 13.47 to 39.64 g/kg (Figure 4F), and SBD ranged from
1.06 to 0.84 g/cm3 (Figure 4H) from alpine steppe to meadow
based on regional study of QTP. MAP was negatively correlated
with MAT (R2 = 0.05, P = 0.07) in alpine steppe, but was
positively correlated with MAT (R2 = 0.07, P = 0.07) across alpine
meadow (Figure 4I).

Homeostatic Analysis of Soil Microbial
Biomass Carbon and Nitrogen
The variation coefficient of MBC/MBN in alpine meadow
(CV = 0.4) was lower than alpine steppe (CV = 0.7) (Figure 3).
Moreover, MBC/MBN was non-significantly (P > 0.05)
correlated to all environmental factors, and the correlation
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FIGURE 6 | Relationships of the trade-off with (A) mean annual precipitation (MAP), (B) mean annual temperature (MAT), (C) aridity index (AI), (D) soil organic carbon
(SOC), (E) soil total nitrogen (STN), (F) the ratio of SOC to STN (SOC/STN), (G) soil water content (SWC), (H) soil bulk density (SBD), and (I) soil pH (pH) in alpine
steppe (AS) and alpine meadow (AM).

coefficients ranged between −0.248 and 0.207 in alpine steppe
and meadow (Table 1) across regional scale of QTP.

Trade-Off Between Microbial Biomass
Carbon/Soil Organic Carbon and
Microbial Biomass Nitrogen/Soil Total
Nitrogen
Based on the trade-off model, the overall benefit was 0.25 toward
MBN/STN in alpine meadows and 0.07 toward MBC/SOC in
alpine steppes (Figure 5). Moreover, trade-off was positively
correlated with MAP (R2 = 0.18, P < 0.01, Figure 6A), AI
(R2 = 0.12, P < 0.05, Figure 6C), and SOC/STN (R2 = 0.28,
P < 0.01, Figure 6F) in alpine meadows. Trade-off demonstrated
unimodality relationships with SOC (R2 = 0.28, P < 0.01,
Figure 6D), STN (R2 = 0.13, P = 0.14, Figure 6E), and SWC
(R2 = 0.48, P < 0.01, Figure 6G) across alpine meadows
ecosystem scale, and all trends of the trade-off were increased
and then decreased with increasing SOC, STN, and SWC with the

inflection points of 41.08 g/kg (Figure 6D), 1.56 g/kg (Figure 6E),
and 13.25% (Figure 6G), respectively. In terms of alpine steppes,
trade-off was positively correlated with SOC/STN (R2 = 0.09,
P < 0.05, Figure 6F). Trade-off was not significantly (P > 0.05)
correlated with MAT, SBD and soil pH across alpine meadows
and steppes (Figures 6B,H,I).

DISCUSSION

More Stable C:N Homeostasis of
Microbial Biomass in Alpine Meadows
Than Alpine Steppes on the Ecosystem
Scale
MBC/MBN almost had no correlation with climate and soil
factors in alpine grassland ecosystems (Table 1), indicating that
soil microbial biomass stoichiometry was relatively homeostatic
meeting the changing environments (Sterner and Elser, 2002;
Persson et al., 2010) across both types of grassland. Furthermore,
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FIGURE 7 | Conceptual model of soil microbial biomass stoichiometry C:N homeostasis in arid (alpine steppe) and humid (alpine meadow) environments. Soil
microbes tend to be less homeostatic in their C:N stoichiometry under harsh climate (low precipitation and aridity index) and soil (low soil C and N and low soil water
content) condition in alpine steppe. Conversely, soil microbial C:N stoichiometry is more homeostatic under better climate (high precipitation and aridity index) and
soil (high soil C and N and high soil water content) condition in alpine meadow. Furthermore, demanding trade-off of soil microbial strategy between soil C and N
responding to climate and soil factors is different, leading to different homeostasis pattern of soil microbes between alpine meadow and steppe.

the variation coefficient of MBC/MBN in alpine meadow was
lower than steppe (Figure 3C), indicating that stoichiometric
homeostasis of soil microbes in alpine meadow is relatively more
stable than steppe based on ecosystem scale. Indicators related
to water (e.g., MAP, AI, and SWC) and nutrient (SOC and
STN) availability in alpine meadow were significantly higher
than those in alpine steppe (Figures 4A,C–F), which were vital
factors determining different degree of microbial homeostasis.
In arid condition (alpine steppe), it is well documented that
soil microorganisms could not support constant compound
synthesis and their activities of growth, mineralization, and
decomposition are constrained with limited soil nutrient and
water availability in drought–cold terrestrial ecosystem (Chapin
et al., 2011; Kuzyakov and Xu, 2013). Consequently, soil microbes
are flexible in their stoichiometry and it is energetically expensive
for microbes to maintain the stoichiometric homeostasis under
lower water and nutrient availability across alpine steppe
(Sterner and Elser, 2002; Mooshammer et al., 2014b). On the
contrary, in humid environments (alpine meadow), microbial
decomposition and mineralization would be enhanced, and
microbes can promote the turnover of soil nutrient. Then
it is easier for microbes to balance the uptake of multiple
elements under higher water and nutrient availability across
alpine meadow (Vandecar et al., 2009; Delgado-Baquerizo et al.,
2013; Jilling et al., 2018).

Generally, soil microbes consistently display some changes
in body elemental composition in response to variation of soil
resources they depend on (Hood and Sterner, 2010; Wang et al.,
2018) based on regional scale across QTP in our study. It has
been found that the elemental composition between soil resource
and soil microbes would be more imbalanced and the growth and
utilization efficiency of microorganisms are also lower with worse
soil quality. Soil microbes might take non-homeostatic strategy to
adjust their element use efficiencies and elemental composition
to adapt to harsher environment (Mooshammer et al., 2014b).
Given the fact that soil MBC and nitrogen are directly derived
from the conversion of soil organic matter and they are very
sensitive to variable soil condition (Chapin et al., 2011), soil
microbes are likely to be more flexible in their MBC/MBN due
to lower soil nutrient availability and harsher climate condition
in alpine steppe relative to alpine meadow (Figure 7).

Using Trade-Off Model to Distinguish
Microbial C:N Stoichiometry
Homeostasis
Different homeostatic patterns of soil microbial biomass
stoichiometry between alpine meadow and steppe reflected
that soil microbes respond to the resource they require
differently in different habitats (Sterner and Elser, 2002). It
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has been well documented that the strength of stoichiometric
homeostasis is highly relevant to the ecological strategy and
adaptability of the organism (Frost et al., 2005; Jeyasingh
et al., 2009; Yu et al., 2011), and homeostasis has the ability
for consumers (soil microbes) to approach nutritional targets
(such as intake or growth) that maximize the fitness in
a variable environment region (Raubenheimer et al., 2012;
Sperfeld et al., 2017). Therefore, we infer that microbial
survival and adaptation strategy of demanding soil C and N
resources to form their specific elementary composition of C
and N is different in arid (alpine steppe) and humid (alpine
meadow) habitat.

Based on the trade-off model (Figure 2), the overall benefit
was, respectively, toward MBN/STN and MBC/SOC across alpine
meadow and steppe, respectively (Figure 5), indicating that soil
microbes tended to the turnover of soil C and N on the ecosystem
scale of alpine meadow and steppe, respectively. Furthermore,
the trade-off increased with increasing MAP and AI across
alpine meadow (Figures 6A,C), indicating that microbial activity
increases with more water availability (Mooshammer et al.,
2014a) because soil C is richer than soil N for soil microorganisms
in alpine ecosystem (Chen et al., 2016). Nevertheless, the
increasing water availability (MAP and AI) did not enhance
microbial activity in alpine steppe (Figures 6A,C), and that was
because of the negative interaction between MAT and MAP
(Figure 4I). This indicated that water and heat availability were
not synchronous, constraining activities of microbial growth
(Melillo et al., 2002; Fierer et al., 2007; Niu et al., 2008). The
trade-off increased with increasing SOC and SWC across alpine
steppe (Figures 6D,G), which revealed that the limited soil
resource intensified the microbial fight for obtaining SOC and
SWC. Moreover, SOC/STN had a positive effect on the trade-
off across alpine steppe and meadow (Figure 6F) because STN
would become a more restrictive nutrient for soil microbes
with increasing SOC/STN. According to the law of minimum,
organisms respond more strongly to limiting factors, thus soil
microbes tended to require more soil N resources to form their
own N element with relatively less STN (Chapin et al., 2011).

Notably, as for soil microbes in alpine meadow, the trade-off
increased with increasing water and soil properties when SOC,
STN, and SWC were lower than the threshold levels of 41.08 g/kg,
1.56 g/kg, and 13.25%, respectively, but decreased when SOC,
STN, and SWC were higher than these threshold levels
(Figures 6D,E,G), indicating microbial activity for demanding
soil nutrient and moisture had weakened with relatively more
soil available resources. Moreover, such threshold values for the
limitations of water and nutrient availability identified in this
study will become a powerful tool for exploring the physiological
basis about the trade-off of microbial life history and critical
thresholds of alpine ecosystems (Sutherland et al., 2013).

These results suggest that water, heat, and nutrient availability
induce changes in microbial trade-off by mediating microbial
activity and nutrient turnover (Papanikolaou et al., 2010;
Moyano et al., 2013; Serna-Chavez et al., 2013) based on
regional study across QTP’s alpine grasslands. Soil microbial
strategy of demanding trade-off between soil C and N in
response to soil and climate factors was different between

alpine steppe and meadow, leading to different variability of
soil microbial biomass stoichiometry homeostasis (Figure 7).
For soil microbes, stoichiometric homeostatic regulation reflects
underlying biochemical allocations and trade-off when they
respond to surrounding environments (Hessen et al., 2004) on
the QTP’s regional-scale study.

CONCLUSION

The soil microbial biomass stoichiometry homeostasis in alpine
steppe was relatively less stable than alpine meadow across
the regional scale of QTP’s grasslands due to higher water,
heat, and nutrient availability in alpine meadow than that in
steppe. Meanwhile, the quantified trade-off model is an ideal
interpretation to further distinguish stoichiometric homeostasis
of soil microbes between alpine steppe and meadow. Based on
the trade-off model, soil microbes tended to the turnover of
soil C and N across alpine meadow and steppe, respectively.
Furthermore, the trade-off significantly increased with increasing
SOC/STN, MAP, and AI, and had unimodal relationships with
SOC, STN, and SWC across the alpine meadow. In alpine steppe,
water (MAP and AI) and nutrient (STN) availability had no
remarkable effects on the trade-off. Nevertheless, further studies
should be devoted to analyze biogeographic characteristics of
homeostasis of the plant on the QTP-regional scale and reveal the
effect of biological homeostasis to indicate the structure, function,
and stability of alpine ecosystem.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

JF and YY designed the experiment. TL, YL, and YYL sampled
and analyzed the data. JF, TL, and YY were involved in drafting
the original manuscript. JF and XL were involved in editing
and revising the manuscript. All authors read and approved the
final manuscript.

FUNDING

This study was supported by the National Natural Science
Foundation of China (Nos. 41871072, 1871040, and 41877338).

ACKNOWLEDGMENTS

The authors would like to thank the National Qinghai–
Tibet Plateau Data Center (http://data.tpdc.ac.cn) and National
Meteorological Information Centre (http://data.cma.cn/data)
providing the geographic data and meteorological data.

Frontiers in Plant Science | www.frontiersin.org 9 December 2021 | Volume 12 | Article 781695

http://data.tpdc.ac.cn
http://data.cma.cn/data
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-781695 December 1, 2021 Time: 11:18 # 10

Fan et al. Stoichiometric Homeostasis of Alpine Grasslands

REFERENCES
Abail, Z., and Whalen, J. K. (2018). Selective ingestion contributes to the

stoichiometric homeostasis in tissues of the endogeic earthworm Aporrectodea
turgida. Soil Biol. Biochem. 119, 121–127. doi: 10.1016/j.soilbio.2018.01.014

Agren, G. I., and Weih, M. (2020). Multi-dimensional plant element stoichiometry-
looking beyond carbon, nitrogen, and phosphorus. Front. Plant Sci. 11:23.
doi: 10.3389/fpls.2020.00023

Allen, A. P., and Gillooly, J. F. (2009). Towards an integration of ecological
stoichiometry and the metabolic theory of ecology to better understand nutrient
cycling. Ecol. Lett. 12, 369–384. doi: 10.1111/j.1461-0248.2009.01302.x

Andersen, T., Elser, J. J., and Hessen, D. O. (2004). Stoichiometry and population
dynamics. Ecol. Lett. 7, 884–900. doi: 10.1111/j.1461-0248.2004.00646.x

Bai, X. J., Wang, B. R., An, S. S., Zeng, Q. C., and Zhang, H. X. (2019). Response
of forest species to C:N:P in the plant-litter-soil system and stoichiometric
homeostasis of plant tissues during afforestation on the Loess Plateau, China.
Catena 183:104186. doi: 10.1016/j.catena.2019.104186

Bradford, J. B., and D’Amato, A. W. (2012). Recognizing trade-offs in multi-
objective land management. Front. Ecol. Environ. 10, 210–216. doi: 10.1890/
110031

Caravaca, F., Alguacil, M. M., Figueroa, D., Barea, J. M., and Roldan, A. (2003).
Re-establishment of Retama sphaerocarpa as a target species for reclamation of
soil physical and biological properties in a semi-arid Mediterranean area. Forest
Ecol. Manag. 182, 49–58. doi: 10.1016/s0378-1127(03)00067-7

Chapin, F. S., Matson, P. A., and Mooney, H. A. (2011). Principles of Terrestrial
Ecosystem Ecology. New York: Springer.

Chapin, F. S., Randerson, J. T., McGuire, A. D., Foley, J. A., and Field, C. B. (2008).
Changing feedbacks in the climate-biosphere system. Front. Ecol. Environ. 6,
313–320. doi: 10.1890/080005

Chen, L., Liu, L., Mao, C., Qin, S., Wang, J., Liu, F., et al. (2018). Nitrogen
availability regulates topsoil carbon dynamics after permafrost thaw by altering
microbial metabolic efficiency. Nat. Commun. 9:3951. doi: 10.1038/s41467-
018-06232-y

Chen, Y. L., Chen, L. Y., Peng, Y. F., Ding, J. Z., Li, F., Yang, G. B., et al. (2016).
Linking microbial C:N:P stoichiometry to microbial community and abiotic
factors along a 3500-km grassland transect on the Tibetan Plateau. Global Ecol.
Biogeogr. 25, 1416–1427. doi: 10.1111/geb.12500

Cherif, M., Faithfull, C., Guo, J. W., Meunier, C. L., Sitters, J., Uszko, W., et al.
(2017). An operational framework for the advancement of a molecule-to-
biosphere stoichiometry theory. Front. Mar. Sci. 4:286. doi: 10.3389/fmars.
2017.00286

Cleveland, C. C., and Liptzin, D. (2007). C:N:P stoichiometry in soil: is there a
"Redfield ratio" for the microbial biomass? Biogeochemistry 85, 235–252. doi:
10.1007/s10533-007-9132-0

Crous, K. Y., Wujeska-Klause, A., Jiang, M. K., Medlyn, B. E., and Ellsworth, D. S.
(2019). Nitrogen and Phosphorus Retranslocation of Leaves and Stemwood in a
Mature Eucalyptus Forest Exposed to 5 Years of Elevated CO2. Front. Plant Sci.
10:664. doi: 10.3389/fpls.2019.00664

De Martonne, E. (1926). Une nouvelle function climatologique: L’indice d’aridite.
Paris: Gauthier-Villars.

Delgado-Baquerizo, M., Maestre, F. T., Gallardol, A., Bowker, M. A., Wallenstein,
M. D., Luis Quero, J., et al. (2013). Decoupling of soil nutrient cycles as a
function of aridity in global drylands. Nature 502, 672–676. doi: 10.1038/
nature12670

Dijkstra, F. A., Pendall, E., Morgan, J. A., Blumenthal, D. M., Carrillo, Y., Lecain,
D. R., et al. (2012). Climate change alters stoichiometry of phosphorus and
nitrogen in a semiarid grassland. New Phytol. 196, 807–815. doi: 10.1111/j.
1469-8137.2012.04349.x

Elser, J. J., Fagan, W. F., Kerkhoff, A. J., Swenson, N. G., and Enquist, B. J.
(2010). Biological stoichiometry of plant production: metabolism, scaling and
ecological response to global change. New Phytol. 186, 593–608. doi: 10.1111/j.
1469-8137.2010.03214.x

Elser, J. J., Sterner, R. W., Gorokhova, E., Fagan, W. F., Markow, T. A., Cotner, J. B.,
et al. (2000). Biological stoichiometry from genes to ecosystems. Ecol. Lett. 3,
540–550. doi: 10.1046/j.1461-0248.2000.00185.x

Fang, Z., Li, D. D., Jiao, F., Yao, J., and Du, H. T. (2019). The Latitudinal Patterns
of Leaf and Soil C:N:P Stoichiometry in the Loess Plateau of China. Front. Plant
Sci. 10:85. doi: 10.3389/fpls.2019.00085

Fanin, N., Fromin, N., Barantal, S., and Hattenschwiler, S. (2017). Stoichiometric
plasticity of microbial communities is similar between litter and soil in a tropical
rainforest. Sci. Rep. 7:7. doi: 10.1038/s41598-017-12609-8

Feng, D. F., and Bao, W. K. (2017). Review of the temporal and spatial patterns of
soil C:N:P stoichiometry and its driving factors. Chin. J. Appl. Environ. Biol. 23,
400–408. doi: 10.3724/SP.J.1145.2016.04018

Fierer, N., Bradford, M. A., and Jackson, R. B. (2007). Toward an ecological
classification of soil bacteria. Ecology 88, 1354–1364. doi: 10.1890/05-1839

Frost, P. C., Evans-White, M. A., Finkel, Z. V., Jensen, T. C., and Matzek, V. (2005).
Are you what you eat? Physiological constraints on organismal stoichiometry in
an elementally imbalanced world. Oikos 109, 18–28. doi: 10.1111/j.0030-1299.
2005.14049.x

Galbraith, E. D., and Martiny, A. C. (2015). A simple nutrient-dependence
mechanism for predicting the stoichiometry of marine ecosystems. Proc. Natl.
Acad. Sci. U. S. A. 112, 8199–8204. doi: 10.1073/pnas.1423917112

Giordano, M. (2013). Homeostasis: an underestimated focal point of-ecology
and evolution. Plant Sci. 211, 92–101. doi: 10.1016/j.plantsci.2013.
07.008

Gong, X. S., Xu, Z. Y., Lu, W., Tian, Y. Q., Liu, Y. H., Wang, Z. X., et al. (2018).
Spatial patterns of leaf carbon, nitrogen, and phosphorus stoichiometry of
aquatic macrophytes in the arid zone of northwestern China. Front. Plant Sci.
9:1398. doi: 10.3389/fpls.2018.01398

Guo, Y. P., Yang, X., Schob, C., Jiang, Y. X., and Tang, Z. Y. (2017). Legume
shrubs are more nitrogen-homeostatic than non-legume shrubs. Front. Plant
Sci. 8:1662. doi: 10.3389/fpls.2017.01662

He, J. S., Wang, L., Flynn, D. F. B., Wang, X. P., Ma, W. H., and Fang, J. Y. (2008).
Leaf nitrogen : phosphorus stoichiometry across Chinese grassland biomes.
Oecologia 155, 301–310. doi: 10.1007/s00442-007-0912-y

Hessen, D. O., Agren, G. I., Anderson, T. R., Elser, J. J., and De Ruiter, P. C.
(2004). Carbon, sequestration in ecosystems: the role of stoichiometry. Ecology
85, 1179–1192. doi: 10.1890/02-0251

Hood, J. M., and Sterner, R. W. (2010). Diet mixing: do animals integrate growth or
resources across temporal heterogeneity? Am. Nat. 176, 651–663. doi: 10.1086/
656489

Jacobsen, D., Milner, A. M., Brown, L. E., and Dangles, O. (2012). Biodiversity
under threat in glacier-fed river systems. Nat. Clim. Change 2, 361–364. doi:
10.1038/nclimate1435

Jeyasingh, P. D., Weider, L. J., and Sterner, R. W. (2009). Genetically-based trade-
offs in response to stoichiometric food quality influence competition in a
keystone aquatic herbivore. Ecol. Lett. 12, 1229–1237. doi: 10.1111/j.1461-0248.
2009.01368.x

Jilling, A., Keiluweit, M., Contosta, A. R., Frey, S., Schimel, J., Schnecker, J., et al.
(2018). Minerals in the rhizosphere: overlooked mediators of soil nitrogen
availability to plants and microbes. Biogeochemistry 139, 103–122. doi: 10.1007/
s10533-018-0459-5

Joergensen, R. G. (1996). The fumigation-extraction method to estimate soil
microbial biomass: calibration of the k(EC) value. Soil Biol. Biochem. 28, 25–31.
doi: 10.1016/0038-0717(95)00102-6

Joergensen, R. G., and Mueller, T. (1996). The fumigation-extraction method
to estimate soil microbial biomass: calibration of the k(EN) value. Soil Biol.
Biochem. 28, 33–37. doi: 10.1016/0038-0717(95)00101-8

Julian, P., Gerber, S., Bhomia, R. K., King, J., Osborne, T. Z., and Wright, A. L.
(2020). Understanding stoichiometric mechanisms of nutrient retention in
wetland macrophytes: stoichiometric homeostasis along a nutrient gradient
in a subtropical wetland. Oecologia 193, 969–980. doi: 10.1007/s00442-020-0
4722-9

Kuzyakov, Y., and Xu, X. L. (2013). Competition between roots and
microorganisms for nitrogen: mechanisms and ecological relevance. New
Phytol. 198, 656–669. doi: 10.1111/nph.12235

Li, T., Sun, J. K., and Fu, Z. Y. (2021). Halophytes differ in their adaptation to
soil environment in the yellow river delta: effects of water source, soil depth,
and nutrient stoichiometry. Front. Plant Sci. 12:675921. doi: 10.3389/fpls.2021.
675921

Li, Y. M., Hu, J. C., Wang, S. L., and Wang, S. J. (2004). Function and application
of soil microorganisms in forest ecosystem. Chin. J. Appl. Ecol. 15, 1943–1946.

Liu, B. Y., Sun, J., Liu, M., Zeng, T., and Zhu, J. T. (2019). The aridity index governs
the variation of vegetation characteristics in alpine grassland, Northern Tibet
Plateau. Peerj 7, 1–17. doi: 10.7717/peerj.7272

Frontiers in Plant Science | www.frontiersin.org 10 December 2021 | Volume 12 | Article 781695

https://doi.org/10.1016/j.soilbio.2018.01.014
https://doi.org/10.3389/fpls.2020.00023
https://doi.org/10.1111/j.1461-0248.2009.01302.x
https://doi.org/10.1111/j.1461-0248.2004.00646.x
https://doi.org/10.1016/j.catena.2019.104186
https://doi.org/10.1890/110031
https://doi.org/10.1890/110031
https://doi.org/10.1016/s0378-1127(03)00067-7
https://doi.org/10.1890/080005
https://doi.org/10.1038/s41467-018-06232-y
https://doi.org/10.1038/s41467-018-06232-y
https://doi.org/10.1111/geb.12500
https://doi.org/10.3389/fmars.2017.00286
https://doi.org/10.3389/fmars.2017.00286
https://doi.org/10.1007/s10533-007-9132-0
https://doi.org/10.1007/s10533-007-9132-0
https://doi.org/10.3389/fpls.2019.00664
https://doi.org/10.1038/nature12670
https://doi.org/10.1038/nature12670
https://doi.org/10.1111/j.1469-8137.2012.04349.x
https://doi.org/10.1111/j.1469-8137.2012.04349.x
https://doi.org/10.1111/j.1469-8137.2010.03214.x
https://doi.org/10.1111/j.1469-8137.2010.03214.x
https://doi.org/10.1046/j.1461-0248.2000.00185.x
https://doi.org/10.3389/fpls.2019.00085
https://doi.org/10.1038/s41598-017-12609-8
https://doi.org/10.3724/SP.J.1145.2016.04018
https://doi.org/10.1890/05-1839
https://doi.org/10.1111/j.0030-1299.2005.14049.x
https://doi.org/10.1111/j.0030-1299.2005.14049.x
https://doi.org/10.1073/pnas.1423917112
https://doi.org/10.1016/j.plantsci.2013.07.008
https://doi.org/10.1016/j.plantsci.2013.07.008
https://doi.org/10.3389/fpls.2018.01398
https://doi.org/10.3389/fpls.2017.01662
https://doi.org/10.1007/s00442-007-0912-y
https://doi.org/10.1890/02-0251
https://doi.org/10.1086/656489
https://doi.org/10.1086/656489
https://doi.org/10.1038/nclimate1435
https://doi.org/10.1038/nclimate1435
https://doi.org/10.1111/j.1461-0248.2009.01368.x
https://doi.org/10.1111/j.1461-0248.2009.01368.x
https://doi.org/10.1007/s10533-018-0459-5
https://doi.org/10.1007/s10533-018-0459-5
https://doi.org/10.1016/0038-0717(95)00102-6
https://doi.org/10.1016/0038-0717(95)00101-8
https://doi.org/10.1007/s00442-020-04722-9
https://doi.org/10.1007/s00442-020-04722-9
https://doi.org/10.1111/nph.12235
https://doi.org/10.3389/fpls.2021.675921
https://doi.org/10.3389/fpls.2021.675921
https://doi.org/10.7717/peerj.7272
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-781695 December 1, 2021 Time: 11:18 # 11

Fan et al. Stoichiometric Homeostasis of Alpine Grasslands

Lu, X., Yan, Y., Sun, J., Zhang, X., Chen, Y., Wang, X., et al. (2015). Carbon,
nitrogen, and phosphorus storage in alpine grassland ecosystems of Tibet:
effects of grazing exclusion. Ecol. Evol. 5, 4492–4504. doi: 10.1002/ece3.1732

McGroddy, M. E., Daufresne, T., and Hedin, L. O. (2004). Scaling of C:N:P
stoichiometry in forests worldwide: implications of terrestrial redfield-type
ratios. Ecology 85, 2390–2401. doi: 10.1890/03-0351

Melillo, J. M., Steudler, P. A., Aber, J. D., Newkirk, K., Lux, H., Bowles, F. P., et al.
(2002). Soil warming and carbon-cycle feedbacks to the climate system. Science
298, 2173–2176. doi: 10.1126/science.1074153

Meunier, C. L., Malzahn, A. M., and Boersma, M. (2014). A new approach to
homeostatic regulation: towards a unified view of physiological and ecological
concepts. PLoS One 9:e107737. doi: 10.1371/journal.pone.0107737

Michaels, A. F. (2003). The ratios of life. Science 300, 906–907.
Mooshammer, M., Wanek, W., Zechmeister-Boltenstern, S., and Richter,

A. (2014b). Stoichiometric imbalances between terrestrial decomposer
communities and their resources: mechanisms and implications of microbial
adaptations to their resources. Front. Microbiol. 5:22. doi: 10.3389/fmicb.2014.
00022

Mooshammer, M., Wanek, W., Haemmerle, I., Fuchslueger, L., Hofhansl, F.,
Knoltsch, A., et al. (2014a). Adjustment of microbial nitrogen use efficiency to
carbon : nitrogen imbalances regulates soil nitrogen cycling. Nat. Commun. 5,
1–7. doi: 10.1038/ncomms4694

Moyano, F. E., Manzoni, S., and Chenu, C. (2013). Responses of soil heterotrophic
respiration to moisture availability: an exploration of processes and models. Soil
Biol. Biochem. 59, 72–85. doi: 10.1016/j.soilbio.2013.01.002

Niu, S. L., Wu, M. Y., Han, Y., Xia, J. Y., Li, L. H., and Wan, S. Q. (2008).
Water-mediated responses of ecosystem carbon fluxes to climatic change in a
temperate steppe. New Phytol. 177, 209–219. doi: 10.1111/j.1469-8137.2007.
02237.x

Papanikolaou, N., Britton, A. J., Helliwell, R. C., and Johnson, D. (2010). Nitrogen
deposition, vegetation burning and climate warming act independently
on microbial community structure and enzyme activity associated with
decomposing litter in low-alpine heath. Global Change Biol. 16, 3120–3132.
doi: 10.1111/j.1365-2486.2010.02196.x

Pascual, J. A., Garcia, C., Hernandez, T., Moreno, J. L., and Ros, M. (2000). Soil
microbial activity as a biomarker of degradation and remediation processes. Soil
Biol. Biochem. 32, 1877–1883. doi: 10.1016/s0038-0717(00)00161-9

Persson, J., Fink, P., Goto, A., Hood, J. M., Jonas, J., and Kato, S. (2010). To be or not
to be what you eat: regulation of stoichiometric homeostasis among autotrophs
and heterotrophs. Oikos 119, 741–751. doi: 10.1111/j.1600-0706.2009.18545.x

Qin, X. J., Sun, J., and Wang, X. D. (2018). Plant coverage is more sensitive
than species diversity in indicating the dynamics of the above-ground biomass
along a precipitation gradient on the Tibetan Plateau. Ecol. Indic. 84, 507–514.
doi: 10.1016/j.ecolind.2017.09.013

Raubenheimer, D., Simpson, S. J., and Tait, A. H. (2012). Match and mismatch:
conservation physiology, nutritional ecology and the timescales of biological
adaptation. Philos. Trans. R. Soc. Lond. B Biol. Sci. 367, 1628–1646. doi: 10.
1098/rstb.2012.0007

Redfield, A. C. (1958). The biological control of chemical factors in the
environment. Am. Sci. 46, 205–221.

Rogers, B. F., and Tate, R. L. (2001). Temporal analysis of the soil microbial
community along a toposequence in Pineland soils. Soil Biol. Biochem. 33,
1389–1401. doi: 10.1016/s0038-0717(01)00044-x

Ruppert, J. C., Holm, A., Miehe, S., Muldavin, E., Snyman, H. A., Wesche, K., et al.
(2012). Meta-analysis of ANPP and rain-use efficiency confirms indicative value
for degradation and supports non-linear response along precipitation gradients
in drylands. J. Veg. Sci. 23, 1035–1050. doi: 10.1111/j.1654-1103.2012.01420.x

Serna-Chavez, H. M., Fierer, N., and vanBodegom, P. M. (2013). Global drivers and
patterns of microbial abundance in soil. Global Ecol. Biogeogr. 22, 1162–1172.
doi: 10.1111/geb.12070

Sperfeld, E., Wagner, N. D., Halvorson, H. M., Malishev, M., and Raubenheimer,
D. (2017). Bridging ecological stoichiometry and nutritional geometry with
homeostasis concepts and integrative models of organism nutrition. Funct. Ecol.
31, 286–296. doi: 10.1111/1365-2435.12707

Srivastava, S. C., and Singh, J. S. (1991). Microbial-C, microbial-N and microbial-P
in dry tropical forest soils - effects of alternate land-uses and nutrient flux. Soil
Biol. Biochem. 23, 117–124. doi: 10.1016/0038-0717(91)90122-z

Sterner, R. W., and Elser, J. J. (2002). Ecological Stoichiometry: The Biology of
Elements from Molecules to the Biosphere. Princeton: Princeton University Press.

Sun, J., Liu, B. Y., You, Y., Li, W. P., Liu, M., Shang, H., et al. (2019). Solar
radiation regulates the leaf nitrogen and phosphorus stoichiometry across
alpine meadows of the Tibetan Plateau. Agric. Forest Meteorol. 271, 92–101.
doi: 10.1016/j.agrformet.2019.02.041

Sun, J., Zhou, T. C., Liu, M., Chen, Y. C., Liu, G. H., Xu, M., et al. (2020). Water and
heat availability are drivers of the aboveground plant carbon accumulation rate
in alpine grasslands on the Tibetan Plateau. Global Ecol. Biogeogr. 29, 50–64.
doi: 10.1111/geb.13006

Sutherland, W. J., Freckleton, R. P., Godfray, H. C. J., Beissinger, S. R., Benton,
T., Cameron, D. D., et al. (2013). Identification of 100 fundamental ecological
questions. J. Ecol. 101, 58–67. doi: 10.1111/1365-2745.12025

Tan, K., Ciais, P., Piao, S. L., Wu, X. P., Tang, Y. H., Vuichard, N., et al. (2010).
Application of the ORCHIDEE global vegetation model to evaluate biomass and
soil carbon stocks of Qinghai-Tibetan grasslands. Global Biogeochem. Cyc. 24,
1–12. doi: 10.1029/2009GB003530

Tian, D., Yan, Z. B., Niklas, K. J., Han, W. X., Kattge, J., Reich, P. B., et al. (2018).
Global leaf nitrogen and phosphorus stoichiometry and their scaling exponent.
Natl. Sci. Rev. 5, 728–739. doi: 10.1093/nsr/nwx142

Vandecar, K. L., Lawrence, D., Wood, T., Oberbauer, S. F., Das, R., Tully, K.,
et al. (2009). Biotic and abiotic controls on diurnal fluctuations in labile soil
phosphorus of a wet tropical forest. Ecology 90, 2547–2555. doi: 10.1890/08-
1516.1

Wang, H., Li, H., Zhang, Z., Muehlbauer, J. D., He, Q., Xu, X., et al. (2014).
Linking stoichiometric homeostasis of microorganisms with soil phosphorus
dynamics in wetlands subjected to microcosm warming. PLoS One 9:e85575.
doi: 10.1371/journal.pone.0085575

Wang, H., Lu, Z. X., and Raghavan, A. (2018). Weak dynamical threshold for the
"strict homeostasis" assumption in ecological stoichiometry. Ecol. Model 384,
233–240. doi: 10.1016/j.ecolmodel.2018.06.027

Wang, K., Wang, G. G., Song, L. N., Zhang, R. S., Yan, T., and Li, Y. H.
(2021). Linkages between nutrient resorption and ecological stoichiometry and
homeostasis along a chronosequence of mongolian pine plantations. Front.
Plant Sci. 12:692683. doi: 10.3389/fpls.2021.692683

Wang, Z. N., Lu, J. Y., Yang, M., Yang, H. M., and Zhang, Q. P. (2015).
Stoichiometric characteristics of carbon, nitrogen, and phosphorus in leaves of
differently aged lucerne (Medicago sativa) Stands. Front. Plant Sci. 6:692683.
doi: 10.3389/fpls.2015.01062

Wright, C. J., and Coleman, D. C. (2000). Cross-site comparison of soil microbial
biomass, soil nutrient status, and nematode trophic groups. Pedobiologia 44,
2–23. doi: 10.1078/s0031-4056(04)70024-4

Wu, X. Z., Liu, B. R., Yan, X., Liu, R. T., and An, H. (2019). Response of soil
microbial biomass and microbial entropy to desertification in desert grassland.
Chin. J. Appl. Ecol. 30, 2691–2698. doi: 10.13287/j.1001-9332.201908.009

Wu, Y. B., Wu, J., Deng, Y. C., Tan, H. C., Du, Y. G., Gu, S., et al. (2011).
Comprehensive assessments of root biomass and production in a Kobresia
humilis meadow on the Qinghai-Tibetan Plateau. Plant Soil 338, 497–510.
doi: 10.1007/s11104-010-0562-4

Xiong, J., Yong, Z., Wang, Z., Cheng, W., Li, Y., Zhang, H., et al. (2019). Spatial
and Temporal Patterns of the Extreme Precipitation across the Tibetan Plateau
(1986-2015). Water 11, 1–24. doi: 10.3390/w11071453

Xu, X. F., Thornton, P. E., and Post, W. M. (2013). A global analysis of soil
microbial biomass carbon, nitrogen and phosphorus in terrestrial ecosystems.
Global Ecol. Biogeogr. 22, 737–749. doi: 10.1111/geb.12029

Yang, Y. H., Fang, J. Y., Tang, Y. H., Ji, C. J., Zheng, C. Y., He, J. S., et al. (2008).
Storage, patterns and controls of soil organic carbon in the Tibetan grasslands.
Global Change Biol. 14, 1592–1599. doi: 10.1111/j.1365-2486.2008.01591.x

Yu, Q., Chen, Q. S., Elser, J. J., He, N. P., Wu, H. H., Zhang, G. M., et al. (2010).
Linking stoichiometric homoeostasis with ecosystem structure, functioning and
stability. Ecol. Lett. 13, 1390–1399. doi: 10.1111/j.1461-0248.2010.01532.x

Yu, Q., Elser, J. J., He, N., Wu, H., Chen, Q., Zhang, G., et al. (2011). Stoichiometric
homeostasis of vascular plants in the Inner Mongolia grassland. Oecologia 166,
1–10. doi: 10.1007/s00442-010-1902-z

Zeng, D. H., and Chen, G. S. (2005). Ecological stoichiometry: a science to explore
the complexity of living systems. Chin. J. Plant Ecol. 29, 1007–1019. doi:
10.17521/cjpe.2005.0120

Frontiers in Plant Science | www.frontiersin.org 11 December 2021 | Volume 12 | Article 781695

https://doi.org/10.1002/ece3.1732
https://doi.org/10.1890/03-0351
https://doi.org/10.1126/science.1074153
https://doi.org/10.1371/journal.pone.0107737
https://doi.org/10.3389/fmicb.2014.00022
https://doi.org/10.3389/fmicb.2014.00022
https://doi.org/10.1038/ncomms4694
https://doi.org/10.1016/j.soilbio.2013.01.002
https://doi.org/10.1111/j.1469-8137.2007.02237.x
https://doi.org/10.1111/j.1469-8137.2007.02237.x
https://doi.org/10.1111/j.1365-2486.2010.02196.x
https://doi.org/10.1016/s0038-0717(00)00161-9
https://doi.org/10.1111/j.1600-0706.2009.18545.x
https://doi.org/10.1016/j.ecolind.2017.09.013
https://doi.org/10.1098/rstb.2012.0007
https://doi.org/10.1098/rstb.2012.0007
https://doi.org/10.1016/s0038-0717(01)00044-x
https://doi.org/10.1111/j.1654-1103.2012.01420.x
https://doi.org/10.1111/geb.12070
https://doi.org/10.1111/1365-2435.12707
https://doi.org/10.1016/0038-0717(91)90122-z
https://doi.org/10.1016/j.agrformet.2019.02.041
https://doi.org/10.1111/geb.13006
https://doi.org/10.1111/1365-2745.12025
https://doi.org/10.1029/2009GB003530
https://doi.org/10.1093/nsr/nwx142
https://doi.org/10.1890/08-1516.1
https://doi.org/10.1890/08-1516.1
https://doi.org/10.1371/journal.pone.0085575
https://doi.org/10.1016/j.ecolmodel.2018.06.027
https://doi.org/10.3389/fpls.2021.692683
https://doi.org/10.3389/fpls.2015.01062
https://doi.org/10.1078/s0031-4056(04)70024-4
https://doi.org/10.13287/j.1001-9332.201908.009
https://doi.org/10.1007/s11104-010-0562-4
https://doi.org/10.3390/w11071453
https://doi.org/10.1111/geb.12029
https://doi.org/10.1111/j.1365-2486.2008.01591.x
https://doi.org/10.1111/j.1461-0248.2010.01532.x
https://doi.org/10.1007/s00442-010-1902-z
https://doi.org/10.17521/cjpe.2005.0120
https://doi.org/10.17521/cjpe.2005.0120
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-781695 December 1, 2021 Time: 11:18 # 12

Fan et al. Stoichiometric Homeostasis of Alpine Grasslands

Zhang, J., Wang, Y. Z., and Cai, C. T. (2020). Multielemental stoichiometry
in plant organs: a case study with the alpine herb Gentiana rigescens
across southwest China. Front. Plant Sci. 11:441. doi: 10.3389/fpls.2020.
00441

Zhang, J. H., Zhao, N., Liu, C. C., Yang, H., Li, M. L., Yu, G. R., et al. (2018). C:N:P
stoichiometry in China’s forests: from organs to ecosystems. Funct. Ecol. 32,
50–60. doi: 10.1111/1365-2435.12979

Zhou, T. C., Sun, J., Liu, M., Shi, P. L., Zhang, X. B., Sun, W., et al. (2020). Coupling
between plant nitrogen and phosphorus along water and heat gradients in
alpine grassland. Sci. Total Environ. 701, 1–9. doi: 10.1016/j.scitotenv.2019.
13466

Zhou, Y., Jiao, L., Qin, H. J., and Li, F. (2021). Effect of Environmental
Stress on the Nutrient Stoichiometry of the Clonal Plant
Phragmites australis in Inland Riparian Wetlands of Northwest
China. Front. Plant Sci. 12:705319. doi: 10.3389/fpls.2021.7
05319

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Fan, Liu, Liao, Li, Yan and Lu. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 12 December 2021 | Volume 12 | Article 781695

https://doi.org/10.3389/fpls.2020.00441
https://doi.org/10.3389/fpls.2020.00441
https://doi.org/10.1111/1365-2435.12979
https://doi.org/10.1016/j.scitotenv.2019.13466
https://doi.org/10.1016/j.scitotenv.2019.13466
https://doi.org/10.3389/fpls.2021.705319
https://doi.org/10.3389/fpls.2021.705319
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Distinguishing Stoichiometric Homeostasis of Soil Microbial Biomass in Alpine Grassland Ecosystems: Evidence From 5,000 km Belt Transect Across Qinghai–Tibet Plateau
	Introduction
	Materials and Methods
	Study Area
	Soil and Microbial Properties
	Climate Database
	Calculation of the Coefficient of Variation and Trade-Off Model
	Statistic Analysis

	Results
	Variations of Climatic, Soil, and Microbial Variations
	Homeostatic Analysis of Soil Microbial Biomass Carbon and Nitrogen
	Trade-Off Between Microbial Biomass Carbon/Soil Organic Carbon and Microbial Biomass Nitrogen/Soil Total Nitrogen

	Discussion
	More Stable C:N Homeostasis of Microbial Biomass in Alpine Meadows Than Alpine Steppes on the Ecosystem Scale
	Using Trade-Off Model to Distinguish Microbial C:N Stoichiometry Homeostasis

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	References


