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Underwarm climate conditions, permafrost thawing results in the substantial
release of carbon (C) into the atmosphere and potentially triggers strong
positive feedback to global warming. Soil microorganisms play an important
role in decomposing organic C in permafrost, thus potentially regulating
the ecosystem C balance in permafrost-affected regions. Soil microbial
community and biomass are mainly affected by soil organic carbon (SOC)
content and soil texture. Most studies have focused on acidic permafrost
soil (pH<7), whereas few examined alkaline permafrost-affected soil
(pH>7). In this study, we analyzed soil microbial communities and biomass
in the alpine desert and steppe on the Tibetan plateau, where the soil pH
values were approximately 8.7+0.2 and 8.5+0.1, respectively. Our results
revealed that microbial biomass was significantly associated with mean
grain size (MGS) and SOC content in alkaline permafrost-affected soils
(p<0.05). In particular, bacterial and fungal biomasses were affected by
SOC content in the alpine steppe, whereas bacterial and fungal biomasses
were mainly affected by MGS and SOC content, respectively, in the alpine
desert. Combined with the results of the structural equation model, those
findings suggest that SOC content affects soil texture under high pH-value
(pH 8-9) and that soil microbial biomass is indirectly affected. Soils in the
alpine steppe and desert are dominated by plagioclase, which provides
colonization sites for bacterial communities. This study aimed to highlight
the importance of soil texture in managing soil microbial biomass and
demonstrate the differential impacts of soil texture on fungal and bacterial
communities in alkaline permafrost-affected regions.
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Introduction

Permafrost, defined as soil that has been frozen for >2
consecutive years, covers approximately 24% of the exposed land
area in the Northern Hemisphere (Zhang et al., 1999), and stores
approximately 44% of the global soil organic carbon (SOC) at a
depth of 0-3m (Schuur et al, 2008; Hugelius et al.,, 2014).
Permafrost-affected regions are exposed to increasing global
temperatures, and the resulting permafrost thaw can not only
unlock considerable organic carbon (C) but also increase soil
microbial activity in these regions (Jansson and Tas, 2014).
Moreover, it can accelerate the decomposition of exposed organic
C (Schadel et al., 2016). This breakdown of organic C will lead to
the release of substantial amounts of CO, and CH, into the
atmosphere, potentially contributing to global warming (Liu et al,,
2014; Schuur et al., 2015).

As key decomposers of organic C in permafrost (Falkowski
et al., 2008; Jansson and Tas, 2014), soil microorganisms can
regulate the ecosystem C balance in permafrost-affected
regions under warm climate conditions (Graham et al., 2012;
Crowther et al, 2019). Therefore, understanding the
quantitative information regarding soil communities that drive
elemental cycling as well as the environmental conditions that
regulate their activity in permafrost-affected regions is
important for accurately predicting the permafrost C feedback
(Mondav et al., 2014; Monteux et al., 2018; Crowther
et al., 2019).

Soil texture, which refers to the relative percentage of sand
(fine and coarse sand), silt, and clay particles in soils, has been
recognized as a significant factor in controlling the overwhelming
majority of soil processes, including structural development, water
infiltration, nutrient (e.g., N) retention, and C sequestration and
storage (Xia et al., 2020). In particular, soil texture plays a crucial
role in the physical and chemical protection of SOC against
decomposition by microbes (Nichols, 1984; Kravchenko and
Guber, 2017). Considering the microbial resource requirements,
it has been suggested that SOC is the dominant factor affecting
microbial diversity and biomass (Siciliano et al., 2014; Zhang et al.,
2017). However, according to the study by Xia et al. (2020), soil
pH is the most important factor for the development of the soil
microbial community, followed by soil texture (Xia et al., 2020).

Soil pH affects specific microorganisms, as well as overall
microbial biomass, microbial activity, and microbial community
structure (Aciego Pietri and Brookes, 2009). Further, it strongly
influences the protection of SOC by affecting the point of zero
charge of the mineral surface (Mayes et al., 2012; Leinemann et al.,
2018). With the increase in soil pH, the soil's maximum adsorption
capacity of organic matter gradually decreases (Mayes et al., 2012).
However, most relevant studies have focused on acidic soils, and
little attention has been paid to alkaline soils (Chu et al., 2010;
Lipson et al., 2015). Therefore, the relative importance of SOC
context and soil texture with regard to microbial communities and
biomass needs to be further explored for alkaline permafrost-
affected soils.
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The Tibetan plateau, which is the largest high-altitude
permafrost-affected region, contains 15.3 Pg C in the top 3m of
soil (Ding et al., 2016). The permafrost on this plateau is warmer
and thinner than that at the high latitudes of North America and
Russia, making it more sensitive to climate change (Cheng, 1998;
Qin et al., 2021). The distribution areas of the alpine steppe and
desert on the Tibetan plateau are 27.54% and 8.96%, ranking first
and third, respectively (Yu et al, 2015). Furthermore, the
permafrost soil is alkaline (Zhang et al., 2013; Chen et al., 2019),
which is different from the acidic soil found in the Arctic region
(Mannisto et al., 2007; Chu et al., 2010). Thus, an alluvial fan
covered by alpine desert and steppe in the Beilu River Basin on the
Tibetan plateau was selected. We hypothesized that SOC content,
soil pH, and soil texture affect microbial communities and that
SOC is the dominant driving factor for microbial biomass in
both ecosystems.

Materials and methods
Study area

The study area is located in the permafrost region of the Beilu
River Basin on the central Tibetan plateau. The mean annual
temperature measured at a meteorological station varies from
—5.4°Cto —3.6°C (Ni et al., 2021). The area has an arid climate with
a mean annual precipitation of 369.8mm, according to
meteorological records, this is much smaller than the mean annual
evaporation of 1,317mm (Peddle and Franklin, 1993). There are
three main types of ecosystems: alpine meadow, alpine steppe, and
alpine desert (Wu et al, 2015). The alpine meadow site was
dominated by Kobresia pygmaea, Kobresia humilis, Kobresia
capilifolia and Polygonum viviparum. In the alpine steppe area, Stipa
purpurea and Carex rigescens dominated, accounting for
approximately 40% of the site (Zhang et al., 2013). The alpine desert
surface was not covered by vegetation. The region is under
continuous permafrost with an active layer forming in the thawing
season, with a maximum depth of 3 m and an average annual ground
temperature of —0.9°C (Niu et al., 2005; Yu et al., 2015). Human
influence in this area is weak, and the area is largely undisturbed.

Sampling and preparation of soils

Twenty-seven soil samples were collected from nine well-
separated sites (300-400 m apart) with two types of ecosystems at
the Beilu River Long-term Permafrost Research Station
(34°5057.42"N, 92°54'23.96"E, 4694 m) in mid-September 2021.
Five sampling sites were selected from the alpine desert, and four
were selected from the alpine steppe (Figure 1), and soil from each
sampling site was collected in three layers: 0-5 cm, 20-30 cm, and
50-60cm. At each sampling site, three soil replicates (collected
using a soil auger with a diameter of 5cm) were combined as a
single replicating sample. Each collected soil sample was divided

frontiersin.org


https://doi.org/10.3389/fmicb.2022.1007194
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Shao et al.

10.3389/fmicb.2022.1007194

»  Study area
o Alpine desert sampling sites
o Alpine steppe sampling sites

B Permafrost

Unfrozen ground

Seasonally frozen ground

92°54'E

92°55'E

FIGURE 1

Sampling sites and distribution of permafrost on the Tibetan plateau. The map was created by the authors using ArcMap 10.4 (Environmental
Systems Research Institute, Inc., Redlands, CA, USA; Zou et al,, 2017; https://tc.copernicus.org/articles/11/2527/2017/).

into two subsamples after sieving (using a 2mm mesh) to remove
surface vegetation and large particles. The first subsample was
stored at —20°C for phospholipid fatty acid (PLFA) analysis, and
the remaining part was air-dried to determine the physical and
chemical properties of the soil, including pH, SOC content, soil
water content (SWC), soil texture, and mineral composition.

Soil property analyses

Samples were dried for 24h in an oven at 105°C and then
allowed to take up as much moisture, as possible. The SWC of each
soil sample was determined using gravimetric analysis (Treat et al,
2014). A pH meter electrode (PB-10, Sartorius, Germany) was used
to determine the pH of the soil in a 1:2.5 mixture of soil and
deionized water. A DDS-307A conductivity meter (Precision and
Scientific Corp. Shanghai, China) was used to measure soil electrical
conductivity (EC) in a 1:5 mixture of soil and deionized water. After
the samples were acidified with 7% HCI to remove carbonates and
rinsed with deionized water until a neutral pH value was obtained,
a CS-902G analyzer was used to determine total SOC content. Using
a particle size analyzer (Malvern Masterizer 2000, UK) with a
measuring range of 0.02-2000 pm and after removing organic matter
and carbonates with hydrogen peroxide and HCI, respectively, soil
texture (clay/silt/fine sand/coarse sand %) was assessed. Soil particle
size was sometimes used to compute the mean grain size (MGS) as
follows: MGS=1/3 (D16+D50+D84; Folk and Ward, 1957). By
applying Cu—K radiation at 40kV and 40mA and operating at a
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divergence slit and scattering slits of 1° and reception slit of 0.15mm,
mineral composition was determined. The rate was 4°(20)/min, step
interval was 0.02°, and scanning angle ranged from 2° to 52°. Sample
mineral contents and percentages were determined using the MDI
Jade 5 program. SY/T 5163-2010, a Chinese industrial standard, was
used to determine mineral content (Sun et al., 2020).

Phospholipid fatty acid extraction and
analyses

Using the single-phase Bligh and Dyer technique, PLFAs were
isolated from lyophilized soil biomass (Qin et al., 2021). A single-
phase combination of chloroform, methanol, and phosphate buffer
(1:2:0.8, v/v/v; pH 7.4) was used to extract 5g of the mixed soil
sample twice, and the extracted sample was shaken vigorously each
time for at least 2h. To separate the solution into two phases, water
and chloroform were added in equal quantities. On a silica acid
column (Unisil, Clarkson Chemical Co., Williamsport, PA, USA),
the organic phase was recovered and separated into neutral lipids,
glycolipids, and phospholipids via sequential elution with
chloroform, acetone, and methanol, respectively. Fatty acid methyl
esters (FAMESs) were synthesized via moderate alkaline methanolysis
of the phospholipids, and the PLFA samples were then stored at
20°C until analysis. Each test sample contained an identical quantity
of n-tetracosane-D50 (C,,Ds,), which was added as an internal
standard. The isolated PLFAs were subsequently quantified using
GC-MS (Agilent 7890A-5,977N), and the MIDI Sherlock Microbial
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Identification System was used to identify them (MIDI Inc., Newark,
DE, USA). We relied on specific biomarkers to quantify bacteria
(i14:0, a15:0, i15:0, 116:0, 16:107c, al7:0, cy17:0, i17:0, 18:107, and
cy19:0) and fungi (18,206 and 18:2w9¢; Qin et al., 2021).

Statistical analyses

Before conducting statistical analyses, the Kolmogorov-Smirnov
test and Levene’s test were performed to examine data normality and
homogeneity of variance. All factors, except for pH, SWC, EC, MGS,
coarse sand, and fine sand, did not conform to a normal distribution
and were log-transformed. Variance inflation factor (VIF) was
calculated to evaluate the collinearity of the variables (acceptable
collinearity was considered as VIF of <2; Craney and Surles, 2007;
Qin etal,, 2019). The above statistical analyses were conducted using
SPSS 26.0.0.0, with a significance level of 0.05.

Next, the statistical analyses involved the following five steps.
First, we used mixed-effects models (R package: nlme) to examine
differences in soil physicochemical properties and PLFA values
between the two ecosystems, depth, and interactions between
ecosystem and depth (depth x ecosystem). In the model, the fixed
factors were ecosystem and soil depth, and the random factor was
the sampling site. No interaction was noted between the ecosystem
and soil depth. Second, linear regression models were used to
determine the relationships between soil physicochemical
properties and microbial communities.

Third, to explore the relationships between PLFA biomass and
pH, MGS, and SOC content, we used partial correlation analysis,
which is considered a successful strategy to evaluate the critical
indicators of numerous highly correlated variables (Doetterl et al.,
2015). Fourth, the relative importance of different variables for
bacterial PLFAs of two types of ecosystems was further analyzed
using variation partitioning analysis (VPA; R package: vegan).

Finally, we constructed a structural equation model (SEM; R
packages: piecewiseSEM and nlme) to analyze the factors affecting
bacterial PLFAs through direct and indirect effects in the alpine
desert. Plagioclase content affected soil texture through
weathering. The proportion of clay minerals and soil pH had
indirect effects on bacterial PLFAs, whereas SOC content showed
a direct effect. The overall goodness-of-fit of the model was tested
using chi-square test (y?) and root mean the square error of
approximation (RMSEA). Goodness-of-fit was indicated by a low
Chisq value, high probability value (p > 0.05), and RMSEA value
of approximately 0 (Vieira et al., 2020).

Results

Characteristics of soil properties in
different ecosystems

Our study identified four soil texture groups: coarse sand
(200-2,000 pm), fine sand (20-200 pm), silt (2-20 pm), and clay
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(< 2pm). In the alpine desert, coarse sand accounted for 23.2%-
32.7%, fine sand accounted for 44.3%-74.2%, silt accounted for
2.3%-15.0%, and clay accounted for 0.1%-11.8%. In the alpine
steppe, coarse sand accounted for 1.5%-40.9%, fine sand
accounted for 50.0%-87.7%, silt accounted for 2.4%-17.7%, and
clay accounted for 0.2%-1.9%. MGS was calculated for the alpine
desert and steppe, showing average values of 164.1 and 123.2 um,
respectively (Supplementary Table S1).

Mineralogy of the soils was analyzed and all samples showed
a similar mineralogical composition (Figure 2). Quartz was the
dominant mineral in the alpine desert (70.7%-89.2%), and other
minerals included calcite (4.4%-20.4%), plagioclase (2.4%-5.6%),
K-feldspar (0.0%-5.5%), and clay minerals (0.8%-8.3%). Further,
quartz was the dominant mineral in the alpine steppe (55.5%-
88.5%), and other minerals included calcite (3.5%-17.3%),
plagioclase (3.9%-15.2%), K-feldspar (0.0%-10.5%), and clay
minerals (0.0%-12.6%; Supplementary Table S1). The clay mineral
contents of 22 samples were below the detection limit of the
instrument, which was consistent with the results of soil particle
size analysis (Supplementary Table S1).

All 27 soil samples were alkaline in nature, with pH values of
8.3-9.0 and 8.3-8.8 in the alpine desert and steppe, respectively.
The SWC of the alpine desert ranged from 3.5% to 23.4%, whereas
that of the alpine steppe ranged from 6.7% to 29.4%. SOC content
of the alpine desert ranged from 0.4%o to 8.3%o, and that in the
alpine steppe ranged from 1.4%o to 6.8%o (Supplementary Table S1).

There were fundamental differences in the physicochemical
properties of the soil from the two ecosystems. According to the
mixed-effects model, the above soil parameters did not exhibit
significant differences among the three layers, whereas most soil
parameters varied significantly between the ecosystems
(Supplementary Table S2). Soil pH, quartz content, MGS, and
coarse sand content in the alpine desert were significantly higher
than those in the alpine steppe (all p<0.05), whereas SWC, EC,
SOC content, plagioclase content, and fine sand content showed the
opposite results (all p<0.05). There were no significant differences
in the contents of K-feldspar, calcite, clay minerals, silt particles, and
clay particles between the two ecosystems (all p>0.05). In addition,
except for plagioclase content (p <0.05), other soil parameters were
not significantly different in terms of depth x ecosystem interaction
(all p>0.05). Pearson correlation analysis revealed strong
correlations among different environmental variables in the
alpine desert compared with those in the alpine steppe
(Supplementary Table S3). Elevation was negatively correlated with
SWC and EC and positively correlated with pH and coarse sand
content (all p<0.05), in the alpine steppe, elevation was only
significantly correlated with SOC content (Supplementary Table S3).

Variation in microbial biomasses in
different ecosystems

The average content of total PLFA in the alpine steppe was
estimated as 5.2 (pg/g dry soil), which was significantly higher
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FIGURE 2
X-ray diffraction patterns of the typical samples. The 0—5cm layer of the alpine desert (A); the 20—30cm layer of the alpine desert (B); the 50—
60cm layer of the alpine desert (C); the 0—5cm layer of alpine steppe (D); the 20—30cm layer of the alpine steppe (E); and the 50-60cm layer of
the alpine steppe (F). Abbreviations for various minerals: Q-, quartz; C-, calcite; P-, plagioclase; K-, potassium feldspar.

Bacterial PLFAs Fungal PLFAs Total PLFAs

p=0.006

Biomass (ug/g soil)

FIGURE 3

Phospholipid fatty acid (PLFA) contents of bacteria, fungi, and
total microorganisms in the alpine desert (AD) and alpine steppe
(AS). The ends of the boxes in the box plot represent the 25" and
75" percentiles. Horizontal lines and whiskers within each box
indicate the median and standard deviation, respectively (n
[AD]=15, n [AS]=12). p<0.05 indicates a significant difference in
PLFA content between the alpine desert and steppe.

than that in the alpine desert (1.6 pg/g soil; p < 0.05; Figure 3).
No significant interactions were observed between the
ecosystem and depth, suggesting that the effect of the
ecosystem on total PLFA content was independent of the
sampling depth (p=0.41; Table 1). To further explore the
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PLFA characteristics of various microbial communities,
bacterial and fungal PLFA contents were analyzed. Similarly,
the bacterial and fungal PLFA contents in the alpine steppe
were significantly higher than those in the alpine desert
(p<0.05; Figure 3) without any interaction effect (p =0.40 and
0.37, respectively; Table 1). In addition, the biomass of bacteria
was higher than that of fungi in different ecosystems
(Figure 3).

Drivers of microbial biomasses in
different ecosystems

We established relationships between microbial properties
and soil physicochemical factors. Total, bacterial, and fungal PLFA
contents were significantly associated with pH, MGS, and SOC
content in the alpine desert (Figure 4). In particular, microbial
PLFA content in the alpine desert was negatively correlated with
soil texture characterized by MGS (all p <0.05; Figures 4D—F).
Higher microbial biomass was observed when the soil pH values
were closer to the neutral pH value (all pH>7; all p<0.05;
Figures 4A—C), and microbial biomass increased with the SOC
content (all p<0.01; Figures 4G—I).

Next, the partial correlation analysis between microbial
properties and pH, SOC content, and MGS was performed for the
alpine desert (Figure 5). Despite the significant correlations of
microbial properties with these three factors (Figure 5), the
correlation coefficients of bacterial PLFA content with pH and
MGS decreased by 78.0% and 51.9%, respectively, after
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TABLE 1 Variance analysis of phospholipid fatty acid (PLFA) contents for different ecosystems and depths.

Bacterial PLFAs (pg/g soil)  Fungal PLFAs (ng/g soil) Total PLFAs (pg/g soil)

NumDF DenDF F p F p F p
Intercept 1 24 31277 <0.001 17.607 <0.001 32,984 <0.001
Depth 2 23 2.375 0.115 2302 0.123 2.299 0.123
Ecosystem 1 24 7.164 0.012 5.104 0.031 7.734 0.006
Depth x ecosystem 5 20 0.991 0.389 1.039 0.372 0.923 0.413

NumDF: numerator degrees of freedom, DenDF: denominator degrees of freedom. The bold values indicate significant differences (p <0.05).
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FIGURE 4

Relationships between environmental factors and microbial properties in the alpine desert. (A—C) pH with total PLFAs, bacterial PLFAs and fungal
PLFAs. (D—F) mean grain size (MGS) with total PLFAs, bacterial PLFAs and fungal PLFAs. (G-1) soil organic carbon (SOC) with total PLFAs, bacterial
PLFAs and fungal PLFAs. R squared (r?) represents the fit degree of linear regression, p < 0.05 indicates significant correlation.

controlling for the role of SOC. In contrast, SOC content was
always significantly associated with bacterial PLFA content (all
p<0.01) even after controlling for the other two factors.
Moreover, after controlling for the role of soil pH or MGS, the
correlation coefficients between bacterial PLFA content and
another factor decreased significantly. Consistently, total and
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fungal PLFA contents showed patterns similar to that of bacterial
PLFA content in the partial correlation analysis. This
demonstrated that SOC content had a direct positive effect on
microbial properties, whereas soil pH and MGS showed an
indirect effect by negatively affecting microbial properties. In the
alpine steppe, microbial biomasses were significantly positively
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FIGURE 5

Partial correlations between microbial properties and environmental factors in the alpine desert. Pearson correlation coefficients between the
environmental factors (pH, soil organic carbon [SOC] and mean grain size [MGS]) and microbial properties (total phospholipid fatty acids [PLFAs;
T], bacterial PLFAs [B], fungal PLFAs [F]) are displayed at the intersection of the same environmental factors in the matrix. The colors of the points
indicate the strength and sign of the correlation, and the black frame line indicates the significant correlation at the significance level of 0.05. The
color differences observed between the correlations (matrix) and controlled factors indicate the extent to which the correlation between microbial
properties and the examined factors is influenced by the control variables (no change in point color between the partial correlations and
correlations=no dependency; a decrease/increase in point color intensity=loss/gain of correlation).

correlated with SOC content (Table 2). There were no significant
correlations between other soil environmental factors and
microbial biomass, except for a significant positive correlation
between fungal biomass and EC. This demonstrates that SOC is
the dominant factor affecting microbial biomass in the
alpine steppe.

Dominant factors influencing microbial
biomasses in different ecosystems

The dominant factor affecting bacterial biomass was different
in the two ecosystems. To further explore the relative importance
of soil pH, SOC content, and MGS, VPA was performed to
determine their relative effects on microbial biomass. Soil pH,
SOC content, and MGS accounted for 67.0% of total effects in the
alpine desert, with 10.4% and 11.4% of unique effects presented
by pH and MGS, respectively. The results showed that soil MGS
had an important influence on bacterial biomass (Figure 6A). In
the alpine steppe, bacterial biomass was only significantly affected
by SOC content (R*=0.61, p<0.01, Supplementary Table S2).
Moreover, VPA revealed that SOC content was the dominant
factor affecting bacterial biomass (Figure 6B). Furthermore,
SOC content was the dominant factor affecting total
microbial and fungal biomasses in both ecosystems (Figure 4;
Supplementary Figures S1, S2).

Soil texture effects on bacterial biomass
We assessed the potential drivers of bacterial biomass in

further detail by constructing SEMs for all samples of the two
ecosystems. The model with the best goodness-of-fit showed that
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a change in SOC content was the strongest direct driver among all
variables affecting bacterial biomass (Figure 6). Owing to their
effect on SOC content, soil MGS and pH have additional indirect
effects on bacterial PLFA content. Notably, the content of
plagioclase in the soil not only had a direct effect on bacterial
biomass but also had indirect effects via MGS. In contrast, no
direct link between soil pH and bacterial biomass could
be identified (Figure 7).

The nutritive properties of SOC determined its importance
in controlling the number of microbial players (Siciliano et al.,
2014). Soil pH affected bacterial communities in different ways.
Soil pH had a strong direct effect on bacterial community
structure and diversity (Fierer and Jackson, 2006; Lauber et al.,
2009; Chong et al., 2010; Zinger et al., 2011) and had an
indirect effect on the bacterial biomass through organic matter
content. The unstable light fraction of organic C content
increased at an exponential rate as soil pH changed from
alkaline to neutral (Wang et al., 2006; Zhang et al., 2014). This
may explain why soil pH was significantly negatively correlated
with bacterial PLFA content in the Pearson correlation analysis
but no direct effect was observed between the two in the SEM
results. Soil texture can indirectly affect bacteria biomass by
affecting pH because soil texture is formed through the physical
weathering of soil particles (e.g., plagioclase), which results in
the chemical weathering of smaller particles and the release of
ions that alter the soil pH (Siciliano et al., 2014). Interestingly,
the plagioclase content not only controlled soil texture but also
affected bacterial biomass. Previous studies have reported that
the presence of limiting nutrients in minerals in nutrient-
limited environments can allow preferential colonization by
differently structured microbial communities (Carson et al.,
2009). In soils with limited phosphorus and iron content,
diverse microbial communities preferentially colonize silicate
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sand

minerals

—0.238

—0.169

—0.345 0.402

0.383 —0.209 —0.346 —0.210

—0.296

0.544 0.773%%* 0.111

—0.011

—0.560

Total PLFAs (pg/g soil)

—0.207

0.357 —0.205 —0.349 —0.208 —0.331 0.377 —0.145

—0.285

0.542 0.778%* 0.116

—0.021

—0.546

Bacterial PLFAs (pg/g soil)

-0.271

—0.184

—0.376 0.439

0.047 -0.319 0.466 —0.159 —0.330 —0.230

0.577* 0.727%%*

0.090

—0.528

Fungal PLFAs (pug/g soil)

Asterisks indicate significant influence (**indicates p <0.01; *indicates p <0.05).

The bold values indicate significant differences (p <0.05).
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minerals that contain these nutrients compared with minerals
without these elements (Roberts, 2004; Mauck and Roberts,
2007). This suggests that plagioclase provides colonization sites
for bacterial communities in soils.

Discussion

Soil texture impacts microbial biomass in
the alpine desert

Our results revealed that soil pH and MGS were significantly
negatively correlated with total microbial, bacterial, and fungal
biomasses. With the increase in soil pH and particle size, the bacteria
and fungi biomasses significantly decreased. These changes in
microbial biomass may be associated with the double protection of
SOC induced by soil texture. Finer textured soils are inherently more
aggregated and have finer pore sizes, resulting in increasing physical
retention of organic matter in micro aggregates (50-250 im); this
also hinders the entry of microbial enzymes into soils, thus an
increase in retention time of organic matter (Hassink, 1992; Six et al.,
2002). However, as clay content increases, most of the organic matter
binds to fine mineral particles, slowing down the rate of organic
matter decomposition (Krull et al., 2003). In addition, our results
showed a significant negative correlation between MGS and SOC in
the alpine desert (Table 2). The soil texture controlled the availability
of organic matter in the soil, which indirectly affected the soil
microbial biomass. There was no significant correlation between
MGS and microbial biomass in the alpine steppe
(Supplementary Table S2). This may be because of the destabilizing
effect of plant C input on C stocks in the alpine steppe through
priming effects (Fontaine et al., 2007; Shahzad et al., 2018; Chen
etal, 2019). Plant C input accelerated the turnover of organic C by
promoting microbial growth and nitrogen demand and disrupting
the protective mineral-organic associations, resulting in the
destabilization of soil organic matter (Craine et al., 2007; Keiluweit
etal, 2015; Jiang et al., 2021).

Differences in dominant factors
influencing microbial biomass in the
alpine desert

The correlation between soil physicochemical factors and
microbial biomass was supported by the significant change in
microbial biomass when compared to soil pH, MGS, and SOC
content in the alpine desert (Table 2; Figure 4). VPA analysis
revealed that SOC was the dominant driver of bacterial biomass
in the alpine steppe and of fungal biomass in both ecosystems
(Figure 6B; Supplementary Figure S2). SOC played a pivotal role
in soil fertility, potentially providing the nutritional properties that
make a community more suitable for adaptive microbial taxa to
grow, dominate, and repel other members of the community
(Hardin, 1960; Siciliano et al., 2014). As an important intermediate
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Variation partitioning analysis (VPA) for bacterial PLFAs in the alpine desert (A) and in the alpine steppe (B). The numbers between the circles
indicate the intersections between the two types of variables on either side.
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FIGURE 7

Structural equation models (SEM) showing the multivariate
effects on soil bacterial PLFA content. Red solid arrows represent
positive significant relationships, and blue solid arrows indicate
negative significant relationships. The widths of the red and blue
arrows are proportional to the strength of the relationship. The
numbers adjacent to the arrows are the standardized path
coefficients. *p<0.05, **p<0.01.

between plants and microorganisms, SOC is also the dominant
factor affecting microbial diversity and activity (Benizri and
Amiaud, 2005; Eilers et al., 2010). Several studies have confirmed

Frontiers in Microbiology

that the SOC content can directly influence the dynamics of
microbial community structure and growth (Liu et al., 2014;
Zhang et al., 2014). Finally, SOC could also indirectly influence
microbial communities through its effect on plant diversity as
microorganisms depend upon plant litter and root exudates
(Millard and Singh, 2010).

In contrast with our hypothesis, soil MGS, but not SOC, was
the primary driver affecting bacterial biomass in the alpine
desert. Soil texture exerted tandem effects on microbial
communities by aﬁecting resources, moisture, and pore size
(Bronick and Lal, 2005). Our results showed that the soil texture
in the alpine desert was coarser than that in the alpine steppe
(Table 1). Coarse soils hold less water than finer soils owing to
a greater proportion of macropores in coarse soils, resulting in
lower rates of resource diffusion and bacterial migration
through pores (Mtambanengwe et al., 2004). However, fungi
can acquire and redistribute nutrients from great distances
through hyphal elongation and branching in macropores (Otten
et al, 2001; Cairney, 2005; Guhr et al., 2015). Therefore,
macropores confined bacteria more than fungi due to being
exposed to drought and more frequent resource loss. In
addition, bacteria, alleged r-strategy organisms, prefer nutrient-
rich environments and may therefore be sensitive to nutrient
changes in nutrient-restricted environments (Xia et al., 2020).
These factors might explain why in the resource-poor alpine
desert, MGS was the dominant factor affecting bacterial PLFAs,
and SOC was the dominant factor affecting fungal PLFAs.
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Conclusion

This study showed that there were significant differences in
the physicochemical and microbial properties of soils from the
two ecosystems (p <0.01). Plant C input could mask the effects of
soil texture on microbes. SOC was the dominant factor affecting
bacterial biomass in the alpine steppe and fungal biomass in both
ecosystems, whereas soil texture had a significant influence on
bacterial biomass in the alpine desert. Our results provide
evidence that finer soil particles are more conducive to the
development of soil microorganisms. It was also speculated that
plagioclase provides colonization sites for bacterial communities.
Therefore, further model development should incorporate the
effects of soil texture on SOC content and soil microorganisms to
accurately predict permafrost C dynamics and its associated
climate feedback.

Although our study demonstrated the influence of soil texture
on soil bacterial biomass in the alpine steppe, there are still some
limitations that need to be addressed in future studies. In
particular, despite being a frequently used approach in microbial
experiments, the PLFA extraction method could not accurately
determine the functional expression of microorganisms.
Metagenomic sequencing should be used to further evaluate the
effect of soil texture on soil microorganisms. In addition,
we selected an alluvial fan associated with single provenance to
examine the influence of soil texture on microbial biomass in this
study, without considering the influence of different mineral
compositions on microbial communities under different bedrock
backgrounds. More empirical studies with diverse provenances
and bedrock backgrounds are warranted to further advance our
understanding of this issue.
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