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Abstract

Climate warming is causing rapid permafrost degradation, including thaw-induced subsidence, potentially resulting in heightened carbon
release. Nevertheless, our understanding of the levels and variations of carbon components in permafrost, particularly during the degradation
process, remains limited. The uncertainties arising from this process lead to inaccurate assessments of the climate effects during permafrost
degradation. With vast expanses of permafrost in the Tibetan Plateau, there is limited research available on SOC components, particularly in the
central Tibetan Plateau. Given remarkable variations in hydrothermal conditions across different areas of the Tibetan Plateau, the existing limited
studies make it challenging to assess the overall SOC components in the permafrost across the Tibetan Plateau and simulate their future changes. In
this study, we examined the properties of soil organic carbon (SOC) and microbial necromass carbon (MicrobialNC) in a representative permafrost
thaw-subsidence area at the southern edge of continuous permafrost in the central Tibetan Plateau. The results indicate that prior to the thaw-
subsidence, the permafrost had a SOC content of 72.68 + 18.53 mg g !, with MicrobialNC accounting for 49.6%. The thaw-subsidence of
permafrost led to a 56.4% reduction in SOC, with MicrobiaNC accounting for 70.0% of the lost SOC. MicrobialNC constitutes the primary
component of permafrost SOC, and it is the main component that is lost during thaw-subsidence formation. Changes in MicrobialNC are primarily
correlated with factors pH, plant input, and microbial properties. The present study holds crucial implications for both the ecological and
biogeochemical processes associated with carbon release from permafrost, and it furnishes essential data necessary for modeling the global response
of permafrost to climate warming. Based on this study and previous research, permafrost thawing in the Tibetan Plateau causes substantial loss of
SOC. However, there's remarkable heterogeneity in SOC component changes across different regions, warranting further in-depth investigation.
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1. Introduction

Global surface temperature increased by 1.1 °C between
2011 and 2020, compared to 1850—1900 (IPCC, 2021). The
increase in surface temperature has resulted in the thawing of
permafrost soils, which are typically frozen year-round
(Brown and Romanovsky, 2008). However, it is still unclear
how much the effects of warming climates will impact the
degradation of permafrost soils. Permafrost stores around
1.5 Mt of organic carbon in the Northern Hemisphere, twice of
total amount of carbon present in the atmosphere (Lindgren
et al., 2018). The rapid degradation of permafrost results in
the formation of thermokarst landforms and leads to the
release of carbon, which accelerates global warming then
further exacerbates permafrost degradation (Schuur and
Abbott, 2011; Natali et al., 2021). Therefore, the carbon
release resulting from permafrost degradation plays a positive
feedback role in the process of global warming (Matthews
et al., 2009).

Carbon present in permafrost soils consists of different
carbon components (e.g., microbial necromass carbon and
plant-derived carbon), each with distinct properties (Chang
et al., 2021; Zhou et al., 2023). These components exhibit
variations in loss rates during the process of permafrost carbon
loss (Zhou et al., 2023). Assessing the proportions of carbon
from different components in permafrost, as well as under-
standing their characteristics during rapid degradation, is of
crucial importance for accurately predicting future changes in
permafrost carbon (Mu et al., 2020; Miner et al., 2022). Mi-
crobial necromass carbon, due to their high proportion of SOC
(soil organic carbon), serve not only as remarkable soil carbon
reservoirs but also exert a substantial influence on soil carbon
stock dynamics (Wang et al., 2021; Cao et al., 2023).

The Tibetan Plateau is the largest region of permafrost
distribution (1.06 million km” out of 2.50 million km?®) at mid-
low latitudes over the world (Zou et al., 2017) and is highly
sensitive to climate change. The SOC pool in upper 2-m
permafrost in the Tibetan Plateau is estimated as big as
17.1—-19.0 Pg (Mu et al., 2015, 2020). Permafrost degradation
in this region is occurring at a rapid pace (Luo et al., 2019) and
thaw-subsidence is one of the important forms of rapid
permafrost degradation in the Tibetan Plateau, leading to the
substantial release of soil organic carbon (Chen et al., 2016;
Wang et al., 2020; Zhou et al., 2023).

The permafrost regions of the Tibetan Plateau cover a vast
area, exhibiting remarkable variations in soil moisture and
thermal conditions across different regions (Wang et al., 2012;
Zhao et al., 2021). This is potentially to result in different
structures of SOC components in permafrost in various re-
gions, and to undergo distinct components changes after
permafrost degradation. Currently, research on the SOC
components in the Tibetan Plateau is primarily focused on its
northern region (Zhou et al., 2023). We still lack in systematic
research on the loss of carbon components, such as microbial
necromass carbon, during the rapid degradation of permafrost,
especially in the central and southern Tibetan Plateau. Due to

the lack of relevant research, there is noticeable uncertainty in
understanding the mechanisms and predictions of carbon
release from rapid permafrost degradation. This study focuses
on the loss of SOC and microbial necromass carbon in a
typical permafrost thaw-subsidence at the southern edge of
continuous permafrost in the central Tibetan Plateau. It
quantifies the contribution of microbial necromass carbon to
SOC loss and elucidates the relationship between microbial
necromass carbon and environmental factors. Furthermore,
this study compares the variations in SOC components and
their changes during the rapid degradation between the
northern and southern regions of continuous permafrost dis-
tribution in the Tibetan Plateau. The results of this study can
provide new perspectives and foundational data for better
predicting the changes in permafrost carbon trends in the
context of global change.

2. Materials and methods
2.1. Study area

A typical permafrost thaw-subsidence (91.77°E, 32.01°N,
and 4672 m a.s.l.) at the southern edge of continuous perma-
frost over the Tibetan Plateau (Zou et al., 2017) at Amdo was
selected as the study area (Fig. 1). The ice-rich permafrost,
with average active layer thickness of ~2.5 m, in this region
led to massive thaw-subsidence (Wu et al., 2018). The annual
precipitation in this area is ~350 mm (Wu et al., 2018). The
primary soil category consists of colluvial deposits. The land
cover corresponds to alpine meadow. The sampling site ex-
hibits a slope of 1° and faces the aspect of 270°.

2.2. Experimental design and soil sampling

We conducted our experiment in August 2021, during
which soil samples were systematically collected. The thaw-
subsidence selected is consists of two adjacent units (subsi-
dence S and subsidence N in Fig. 1). Subsidence S is an oval
terrain with a major axis of 13 m and a minor axis of 9 m.
Subsidence N is a striped terrain measuring 80 m in length and
6 m in width. The thaw-subsidence is actively developing in a
depth of approximately 1 m. Similar thaw-subsidences are
widely distributed in this area.

The sampling process was conducted in three sampling
stages: control, collapsing, and subsided. The control stage
refers to the soil that has not been affected by permafrost
thaw-subsidence occurs. The collapsing stage represents the
location where thaw-subsidence are currently occurring, and it
is still situated on the most recently formed vertical profile of
the original soil. The subsided stage refers to the completed
thaw-subsidence, where the entire thaw-subsidence mass has
detached from the original soil and is currently situated below
the original soil level. The sample collection includes two
areas, subsidence S (subsided-S, collapsing-S, and control-S)
and subsidence N (collapsing-N1, subsided-N, collapsing-
N2, and control-N), conducted from south to north (Fig. 1). In
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Fig. 1. Study area and sampling sites at Amdo in the central Tibetan Plateau (Permafrost distribution was obtained from Zou et al. (2017)).

each thaw-subsidence, sampling sites in the control stage were
situated approximately 5 m away from the corresponding sites
in the collapsing stage, positioned at the natural profiles along
the periphery of the subsidence unit. Sampling sites in the
subsided stage were located centrally within the subsidence
unit, approximately 3—5 m away from the corresponding
collapsing stage sampling sites. In each stage, three parallel
pits were excavated within 1 m x 1 m plots. Soil samples were
collected from 20 cm X 20 cm areas at depths of 0—10,
10—20, and 20—40 cm for each pit, along with measurements
of aboveground and belowground biomass.

2.3. Soil physical and chemical parameters, microbial
community composition and microbial biomass

We tested following physical and chemical parameters:
SOC, total nitrogen (TN), soil texture, soil moisture (SM),
bulk density (BD), pH, aboveground biomass (AGB), below-
ground biomass (BGB), dithionite-extractable iron (Fey), and
dithionite-extractable aluminum (Aly). After field sampling,
roots in all samples were filtered out by passing through a 2-
mm mesh before analysis to measure belowground biomass.
After removal of inorganic carbon from samples we analysed
total SOC and nitrogen through elemental analyzer instrument
(Vario Isotope Select, Elementar, Germany) equipped with
Thermal Conductivity Detector and the instrument precision
<0.1% (external precision, 1c). Furthermore, SOC stock (C
stock), soil texture, soil moisture, pH, Fey, Aly, AGB, BGB
were measured according to the processes described in Zhou

et al. (2023), Ma et al. (2018), and Mckeague et al. (1966).
Each sample is tested three times in replicates for the above
parameters as well as microbial community composition,
microbial biomass, and amino sugars.

To assess both microbial biomass and microbial community
composition, total PLFAs (phospholipid fatty acids) (Bossio
and Scow, 1998; Frostegard and Baath E, 1996) were exam-
ined. Total PLFAs were categorized into Gram-negative bac-
teria (G—), Gram-positive bacteria (G+), fungi, and unspecified
PLFA through measurements (Zelles, 1999). The composition
of the microbial community was evaluated using the ratios of
fungal phospholipid fatty acids (F) to bacterial phospholipid
fatty acids (B) and G—/G+. PLFAs were classified following
the standard PLFA nomenclature (Guckert et al., 1985). Various
peaks in the measurements were distinguished and attributed to
G+, G— and fungi. The total PLFAs were calculated as the sum
of all peaks identified in a given sample.

2.4. Analysis of amino sugars and calculation of
microbial necromass carbon

The quantification of biomarkers was performed using in-
ternal standards on a gas chromatograph (Trace ITQ1100,
Thermo Fisher Scientific, USA). Amino sugars pretreatment
and heating scheme were carried out according to the pro-
cesses described in Zhou et al. (2023) and Ma et al. (2018).
Soil samples were hydrolyzed with 6 M HCI at 105 °C for 8 h.
Myo-inositol (100 pg) was added as a surrogate standard and
then filtered, followed by evaporation and re-dissolution in
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5 mL of MilliQ water with pH adjusted to 6.6—6.8 using 1 M
potassium hydroxide. After centrifugation and freeze-drying,
the supernatant was dissolved in methanol to separate amino
sugars from salts. Derivatization involved heating the samples
with a reagent at 75 °C for 30 min, followed by acetylation at
75—80 °C for 20 min. After removing excess reagents, the
derivatives were dried under nitrogen for quantification.
Quantification was achieved by comparing surrogate standards
with compound loss during extraction procedures. External
quantification standards were employed to normalize the
response factor for individual amino sugars, including man-
nosamine (ManN), muramic acid (MurA), glucosamine
(GluN) and galactosamine (GalN).

Amino sugars serve as reliable indicators for assessing the
proportion of microbial necromass carbon within SOC (Li
et al., 2020; Deng et al., 2022; Zhou et al., 2023). The deter-
mination of MicrobialNC (microbial necromass carbon, MNC)
in this study involved the computation using amino sugars,
employing the approach outlined in Liang et al. (2019) and
Appuhn and Joergensen (2006). The cumulative MicrobialNC
comprises fungal necromass carbon (FungalNC) and bacterial
necromass carbon (BacterialNC). FungalNC is calculated as
(GluN/179.17 — 2 x MurA/251.23) x 179.17 x 9, while
BacterialNC is determined by MurA multiplied by the factor .
To control errors in amino sugar analysis (Whalen et al.,
2022), we calculated a bacterial conversion factor (n) indi-
vidually for each sample (Appuhn and Joergensen, 2006; Cao
et al., 2023). The bacterial conversion factor varies from 45 to
52 (with an average of 49), and each sample utilizes its
uniquely calculated conversion factor.

2.5. Statistical analyses

We explored the distinctions in SOC, amino sugars, and
various soil physicochemical characteristics across different
stages using one-way ANOVAs coupled with the least sig-
nificant difference test. The investigation of connections be-
tween parameters involved the use of the Pearson correlation
coefficient with a two-tailed test. Statistical significance was
determined at a threshold of 0.05. The statistical analyses was
performed using IBM SPSS Statistics 25.

Utilizing SmartPLS 3, we employed partial least squares
path modeling (PLS-PM) to explore the impact of soil vari-
ables on MicrobialNC in permafrost thaw-subsidence. The
model path underwent 5000 bootstraps for the validation of
path coefficients and estimates of explained variability (R?).
Goodness-of-fit (GOF) statistics were employed to assess the
models. For PLS-PM calculations, each parameter encom-
passes 63 data points.

3. Results

3.1. Thaw-subsidence induced soil environment
variation

The collapse of soil mass along the boundaries of thaw-
subsidence results in the exposure of soil profiles, leading to

structural deformation in these soils. Environmental factors are
varied during the formation of thaw-subsidence (Table 1). The
soils in the subsided stage have the lowest TN concentration,
SOC/TN, soil moisture, aboveground biomass, and below-
ground biomass, but with the highest bulk density and pH.

The calculated TN values indicate an approximately 28.5%
decline from the control stage to the subsided stage. Addi-
tionally, there is a remarkable reduction in SOC/TN, dropping
from 15.39 + 3.76 in the control stage to 10.65 + 6.01 in the
subsided stage. Similarly, SM content has notably decreased
from 55.11% + 18.74% in the control stage to
25.72% =+ 6.70% in the subsided stage. Contrary to soil
moisture, bulk density has increased during the formation of
thaw-subsidence and found to be 82.8% higher from the
subsided stage than the control stage. The subsided and the
collapsing areas exhibited significantly lower soil moisture
content as well as higher bulk density, which could be
attributed to the exposure of natural soil profiles and the
deformation of soil structure. This, in turn, contributed to
increased evaporation and improved drainage conditions
(Jensen et al., 2014). We have also observed an increase in pH
values from 7.37 in the control stage to 7.88 in the subsided
stage. The aboveground biomass and belowground biomass
are lower in the subsided stage than in the other two stages.

The stage-mean Fey decreases sequentially from the control
stage to the collapsing stage and further to the subsided stage.
Interestingly, Fey exhibits divergent depth-related trends. It
increases from the control stage to the subsided stage in the
0—10 cm layer but decreases in the 20—40 cm layer. On the
other hand, Aly shows a consistent increase from the control
stage to the subsided stage. The overall mean percentages of
clay, silt, and sand are 8.39% + 2.83%, 33.7% + 13.83%, and
58.54% + 15.65%, respectively, indicating intricate variations
across different depths.

3.2. Variations of soil microbial characteristics

The results from total PLFAs show an increase from the
control stage (0.62 + 0.19 mg g~' SOC) to the collapsing
stage (0.78 + 0.28 mg g~ ' SOC), followed by a decrease in the
subsided stage (0.66 + 0.35 mg g*1 SOC) (Fig. 2). Total
PLFAs in the 0—10 cm depth are found to be higher than those
in the 10—20 and 20—40 cm depths for all three stages. The
overall mean concentration of bacterial PLFAs is more than
four times higher than that of fungal PLFAs. Similar trends are
observed in bacterial and fungal PLFAs with total PLFAs, with
low concentrations of both observed in the subsided stage. The
stage-mean of F/B varies between 0.17 and 0.19 in the three
stages and is higher in the surface layer (0—10 cm) than in the
other two depths (10—20 and 20—40 cm). G—/G+ in the
0—10 cm layer increases from the control stage (0.70 + 0.06)
to the collapsing stage (0.79 + 0.06), and then further to the
subsided stage (0.89 + 0.03). In the 20—40 cm depth, G—/G+
in the subsided stage is much lower than in the other two
stages, with a smaller variation ranging from 0.75 to 0.80.

By comparing the results from present study of variation in
total PLFAs, bacterial PLFAs, and fungal PLFAs, F/B, and
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Mean concentrations of parameters at different depths (0—10, 10—20, and 20—40 cm) during different stages (control, collapsing, and subsided) of permafrost

thaw-subsidence.

Parameter Control Collapsing Subsided Overall
Mean 0—10 cm 10—20 cm 20—40 cm Mean 0—10 cm 10—20 cm 20—40 cm Mean 0—10 cm 10—20 cm 20—40 cm Mean
SOC (mg g™ ") 72.68 61.35 65.98 90.72 62.06 52.63 58.26 75.28 31.67 32.06 34.39 28.55 56.41
SOC Stock (kg m™2) 4.14 321 2.66 6.56 395 294 2.09 6.80 324 252 2.60 4.60 3.78
Amino sugars (mg 7472  85.55 80.59 58.01 65.61 80.00 66.25 50.59 39.36  47.57 40.70 29.79 60.71
¢! s0C)
Fungal NC (% SOC) 42.27 48.98 46.34 31.49 37.30 46.55 38.27 27.08 19.49 2640 18.46 13.60 33.63
Bacterial NC (% 7.33  8.81 7.96 5.23 6.01 7.72 5.34 4.96 375  5.07 3.14 3.05 5.74
SOC)
MNC (% SOC) 49.61 57.79 54.30 36.73 43.31 54.27 43.61 32.04 23.24 3147 21.60 16.64 39.37
TN (mg g~ ") 492 434 4.37 6.06 556  5.08 5.49 6.10 352  3.89 3.59 3.08 4.79
SOC/TN 15.39 14.58 15.77 15.80 11.15 10.42 10.62 12.42 10.65 9.85 11.19 10.90 12.22
Soil moisture (%) 55.11 35.48 63.00 66.84 44.00 33.24 59.04 39.71 25.72  20.12 29.89 27.15 41.95
Bulk density (kg m—>) 429.84 528.61  401.63 359.27 462.13 557.76  359.95 468.68 785.67 785.73  755.05 816.24 545.34
pH 737 1.35 7.22 7.54 7.67 1.55 7.64 7.83 7.88  7.89 7.81 7.95 7.65
Bacterial PLFAs (ug 418.83 486.77  432.61 337.11 534.34 675.13  576.37 351.52 451.13 696.81 350.79 305.79 477.56
271 s0C)
Fungal PLFAs (ug g~ ' 73.76  93.27 76.04 51.98 102.59 137.21 112.34 58.21 83.26 149.32  56.50 43.94 88.83
SOC)
F/B 0.17  0.19 0.18 0.15 0.19  0.20 0.19 0.17 0.18 0.22 0.17 0.15 0.18
G-/G + 0.75 0.70 0.75 0.79 081 0.79 0.80 0.84 0.76  0.89 0.75 0.63 0.78
Unspecified PLFAs 127.56 153.21 132.32 97.16 14476 180.16  154.20 99.90 127.36 178.39  100.69 103.00 134.87
(ug g~ SOO)
Total PLFAs (mg g~ 0.62  0.73 0.64 0.49 0.78  0.99 0.84 0.51 0.66  1.02 0.51 0.45 0.70
SOC)
Feq (%) 0.55 049 0.52 0.66 0.54 0.53 0.52 0.58 052 0.54 0.50 0.53 0.54
Aly (%) 0.10  0.08 0.09 0.13 0.09 0.09 0.09 0.10 0.12 0.10 0.12 0.12 0.10
Clay (%) 9.13 543 10.77 11.18 876 7.03 8.05 11.20 7.10 6.74 8.42 6.16 8.39
Silt (%) 28.76 14.14 27.63 44.52 3447 27.32 33.59 42.51 35.29 31.16 47.42 27.29 33.07
Sand (%) 62.11 80.43 61.60 44.30 56.77 65.65 58.37 46.30 57.61 62.10 44.17 66.56 58.54
Clay + silt (%) 37.89 19.57 38.40 55.70 43.23 3435 41.63 53.71 4239 37.90 55.83 33.44 41.46
Aboveground biomass 1.34  1.34 1.34 1.34 123 1.23 1.23 1.23 046 046 0.46 0.46 1.04
(kg m™?)
Belowground biomass 5.73  5.73 5.73 5.73 537 537 5.37 5.37 1.06  1.06 1.06 1.06 4.24
(kg m™?)

G—/G+ is found to be different from the other studies con-
ducted in the northeastern Tibetan Plateau (Chen et al., 2018;
Mao et al., 2019; Zhou et al., 2023). We hypothesized that
variations in permafrost thermokarst landforms across
different locations may result in distinct alterations in both
microbial community composition and microbial biomass,
potentially influenced by specific local environmental factors.

3.3. Dramatic SOC loss

The mean SOC concentration of two permafrost thaw-
subsidences (S and N) decreases from the control stage
(7268 + 1853 mg g ') to the collapsing stage
(6206 + 1591 mg g ') and then to the subsided stage
(31.67 + 8.15mg g~ ") (Fig. 3 and Table 1), showing a 56.4% of
SOC decrease from the control stage to subsided stage. Mean
SOC concentration is higher in 20—40 cm in the control and the
collapsing stage than 0—10 and 10—20 cm. While in the sub-
sided stage, mean SOC concentrations in all depth are low and
in similar levels (28.55—34.39 mg g~ '). The largest loss of
SOC from the control stage to subsided stage is in 20—40 cm
with a rate of 68.5% (Table 1). The dramatic loss of SOC is also

observed in 0—10 cm (47.7%) and 10—20 cm (47.9%) from the
control stage to subsided stage (Fig. 3 and Table 1).

The SOC losing rate is comparable with the results from the
northeastern Tibetan Plateau (Zhou et al., 2023), indicating the
dramatic carbon loss from permafrost over the Tibetan Plateau
during the formation of thaw-subsidence. Mostly based on
SOC and bulk density, mean SOC stock in subsided stages is
lower than the collapsing and the control stages showing a
21.7% decrease of SOC stocks from the control stage to the
subsided stage (Table 1 and Fig. Al). The significant loss of
SOC stock caused by thaw-subsidence differs from other
ecosystems, such as forests, grasslands, and croplands, which
generally witnessed remarkable increase or neutral change
under global warming in SOC stock over recent decades. On a
global scale, the mean annual SOC stock increase rate of these
ecosystems amounts to 1.9%o (Chen et al., 2015).

3.4. Contribution of microbial necromass carbon in SOC
loss

The overall mean concentration of amino sugars in thaw-
subsidence is 60.71 + 24.21 mg g~ ' SOC (Table 1). Amino
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Fig. 2. Changes in total PLFAs, bacterial PLFAs, fungal PLFAs, unspecified PLFA, F/B, and G—/G+ at different depths (0—10, 10—20, and 20—40 cm) during
different stages (control, collapsing, and subsided) of permafrost thaw-subsidence.

sugars concentrations in 0—10 cm (72.32 + 25.39 mg g~ ' SOC)
in three stages are higher than those in 10—20 cm
(6305 + 2223 mg g ' SOC) and 20—40 cm
(46.77 £ 18.07 mg g*1 SOC) (Table 1). During the formation of
thaw-subsidence, stage-mean concentration of amino sugars
significantly =~ decreases =~ from  the  control  stage
(7472 + 2403 mg g ' SOC) to the collapsing stage
(65.61 + 19.58 mg g~ ' SOC) then to the subsided stage
(39.36 = 15.65 mg g{1 SOC) (Fig. 4), showing a 47.3%
decrease from the control stage to the subsided stage. Dramatic
loss of amino sugars is observed from the control stage to the
subsided stage in each depth (0—10 cm: 44.4%; 10—20 cm:
49.5%; 20—40 cm: 48.6%). When looking at the absolute
content of amino sugars in the soil, the decline caused by thaw-
subsidence is more pronounced, leading to significant decrease
from the control stage (5.09 + 0.93 mg g~ ' soil) to the
collapsing stage (3.99 + 1.24 mg g~ ' soil) then to the subsided
stage (1.23 + 0.64 mg g~ ' soil) showing a 75.8% off of ab-
solute content of amino sugars in the soil from the control stage
to the subsided stage.

Compared with amino sugar concentrations in previous
studies (Cao et al., 2023), the amino sugar before thaw-
subsidence formation (the control stage: 5.24 + 1.18 mg g~ ',
concentration is transferred into mg g~ ' to compare with the
results from other studies) is much larger than the highest mean
concentration (temperate forest: 3.76 mg g ') in other
ecosystems  (temperate forest > boreal forest >
wetland > tundra > subtropical forest > temperate grassland >
subtropical grassland > tropical forest > tropical grassland
> shrubland > cropland > bareland > desert). This indicates that
amino sugar has a significantly high proportion in the permafrost,
and it is very likely to dominate the variation of permafrost SOC.
After thaw-subsidence occurs, the amino sugar content in
permafrost at the subsided stage (0.86 + 0.53 mg g~ ') surpasses
only the minimum value observed in other ecosystems
(0.24 mg g~ " in desert) (Cao et al., 2023). This indicates that the
amino sugar concentration undergoes a significant decrease
during the thaw-subsidence process in permafrost, and the
magnitude of this reduction exceeds the gap observed among
different ecosystems.

Subsided Collapsing Control
0-10 | 10-20(20-40( 0-10 [ 10-20|20-40| 0-10 | 10-20 | 20-40
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Fig. 3. Changes in soil organic carbon (SOC) at different depths (0—10, 10—20, and 20—40 cm) during different stages (control, collapsing, and subsided) of

permafrost thaw-subsidence.
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Fig. 4. Changes in amino sugars, microbial necromass carbon (MNC), fungal necromass carbon (FungalNC), and bacterial necromass carbon (BacterialNC) at
different depths (0—10, 10—20, and 20—40 cm) during different stages (control, collapsing, and subsided) of permafrost thaw-subsidence.

MicrobialNC dominates the loss of SOC, accounting for
70.0% of the total lost SOC (from the control stage to the
subsided stage, which amounts to 41.01 mg g~ ') during the
formation of thaw-subsidence, which is much more than
contributions from other components. The overall mean
MicrobialNC in thaw-subsidence is 39.37% + 17.05% SOC,
showing a decrease in the following order: the control stage
(49.61% + 15.84% SOC) > the collapsing stage
(4331% + 13.78% SOC) > the subsided stage
(23.24% + 10.37% SOC) (Fig. 4). The decrease rate of stage-
mean MicrobialNC from the control stage to the subsided
stage is 53.2%. Compared to previous studies (Cao et al.,
2023), the contribution of MicrobiaNC to SOC prior to the
formation of thaw-subsidence (the control stage: 49.61%) is
higher than in the majority of ecosystems and it is comparable
to the highest levels observed in tundra (53.98%) and
temperate grassland (53.23%). However, following the
occurrence of subsidence, the contribution of MicrobialNC to
SOC (the subsided stage: 23.24%) is lower even than the
lowest recorded contribution across all ecosystems (wetland:
29.48%) (Cao et al., 2023). This highlights a substantial loss
of MicrobialNC resulting from permafrost thaw-subsidence.

The overall mean FungalNC (24.49% =+ 10.66% SOC) is

more dominant than BacteriaINC (4.49% + 1.76% SOC)
(Fig. 4). There could be several reasons for higher proportion of
FungalNC than BacteriaNC. Initially, fungi excel in nutrient
acquisition as they can efficiently utilize recalcitrant com-
pounds and those with a high C/N ratio for synthesizing their
biomass, resulting in fungal biomass being three to four times
greater than that of bacteria (Li et al., 2015; Wang et al., 2021).
Moreover, fungal tissue has a higher capacity to store carbon
compared to bacteria tissue when consuming the same amount
of nitrogen (Sylvia et al., 2005; Bahram et al., 2018) and the
presence of melanin in fungal filaments contributes to the
higher stability of fungal residue compared to bacterial residue,
as melanin inhibits the decomposition of organic carbon

(Guggenberger et al., 1999). Similar decrease from the control
stage to collapsing/subsided stage are shown in FungalNC, and
BacterialNC in all three depths as well as MicrobialNC (Fig. 4).

3.5. Correlation of environmental parameters with
MicrobialNC and PLS-PM results

Soil and microbial properties are the major factors influ-
encing the variation of MicrobiaNC (Wang et al., 2021; Cao
et al., 2023). Based on the results of correlation coefficient
and linear fit statistics (Figs. A2 and A3), MicrobialNC is
correlated with soil moisture, bulk density, pH, Alg, Silt, Sand,
Clay + Silt, aboveground biomass, belowground biomass, total
PLFAs, bacterial PLFAs, fungal PLFAs, unspecified PLFAs,
and F/B Among all pentameters, MicrobialNC is positively
correlated with aboveground biomass (r = 0.51, p < 0.05) and
belowground biomass (r = 0.52, p < 0.05), while negatively
correlated with pH (r = —0.68, p < 0.05). Besides, MicrobialNC
is significantly positively correlated with the microbial char-
acteristics (total PLFAs, bacterial PLFAs, fungal PLFAs, un-
specified PLFAs, and F/B). PLS-PM results (Fig. 5) visualized
the impacts from various parameters to the variation of Micro-
bialNC. It is found that permafrost thaw-subsidence exerts a
significant impact on the variation of MicrobialNC (60% of the
variation of MicrobialNC can be explained by thaw-subsidence
formation) (Fig. 5). During the development of permafrost
thaw-subsidence, pH (—0.54, p < 0.05), plant input (above-
ground biomass and belowground biomass, 0.23, p < 0.05), clay
(—0.18, p < 0.05), and microbial properties (0.24, p > 0.05) are
the major influencing factors to MicrobialNC.

4. Discussion
The negative effects of pH on MicrobialNC can be attrib-

uted to its direct impacts on plant biome and soil substrate
availability (Wang et al., 2021). The elevated pH levels
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Fig. 5. Partial least squares path modeling (PLS-PM) showing the effects of permafrost thaw-subsidence on microbial necromass carbon (MNC), and standardized
total effects of soil environmental variables derived from the PLS-PM (Numbers adjoining the arrows indicate standardized path coefficients, and the arrow width is
proportional to the strength of the association. Orange Blue arrows represent positive/negative relationships. The solid/dashed arrows represent significant/non-
significant relationships (*p < 0.05). R? values indicate the variance of variables accounted for by the model. Models were evaluated using the goodness of fit
(GOF) statistics. SOC, soil organic carbon; TN, total nitrogen; AGB, aboveground biomass; BGB, belowground biomass; Aly, dithionite-extractable aluminum;
SM, soil moisture; and BD, bulk density. Type refers to the three stages of permafrost thaw-subsidence: control stage, collapsing stage, and subsided stage).

following thaw-subsidence events might contribute to
increased microbial carbon use efficiency (Jones et al., 2019).
Moreover, the breakdown of fungal necromass rises in corre-
lation with soil pH (Hu et al., 2020). As thaw-subsidence
occurs, soil moisture decreases, pH increases, improving soil
structure permeability, and enhancing microbial decomposi-
tion intensity, potentially resulting in a decrease in
MicrobialNC.

Plant input (AGB and BGB) exhibits a significant positive
effect on MicrobialNC as root exudates and litter from plants
serve as a source of energy, supporting soil microbial activities
(He et al., 2022; Neher, 2010). After thaw-subsidence occurs,
the decreased AGB and BGB limits the energy available for
microbial growth and necromass accumulation, contributing to
the decrease of MicrobialNC, surpassing the effect that more
nutrients can be utilized by microorganisms with fewer plants
competition.

A positive correlation is observed between microbial
properties and MicrobialNC, potentially attributable to the
ability of living microbes to recycle nutrients from degraded
microbial residues. The unutilized portions of these residues
accumulate in the soil as microbial residue (Gupta et al.,
2017). With the occurrence of thaw-subsidence, the iterative
process of microbial biomass and MicrobialNC is altered,
disrupting the previous cyclic balance and probably leading to
enhanced decomposition of microbial residue carbon, result-
ing to the decreased of MicrobialNC. Further research,
including controlled experiments, is warranted to explore the
causal relationship between changes in microbial biomass and
microbial residue carbon at the species level.

The physicochemical protection, facilitated by soil min-
erals such as Fey/Aly and clay fractions, may play a remark-
able role in the stabilization of MicrobialNC. Fey/Al; can

facilitate the conversion of microbial residues into mineral-
bound organic carbon (OC) through processes such as ligand
exchange or co-precipitation (Hemingway et al., 2019; Kleber
et al., 2015; Liitzow et al., 2006). Furthermore, the ample
specific surface area of clay soil materials can facilitate the
development of microaggregates, consequently impeding the
decomposition and utilization of MicrobialNC through phys-
ical occlusion (Lauer et al., 2011; Six et al., 2006). However,
neither clay nor Fey/Aly showed any positive impact on
MicrobialNC and both of clay and Aly showed a negative
correlation with MicrobialNC. This could be due to the great
spatial heterogenies in the soil environments in permafrost
thaw-subsidence among the microfeatures. Some mechanisms
during the thaw-subsidence process have a greater impact
beyond physicochemical protection and merit further
investigation.

The Tibetan Plateau permafrost covers a vast area, exhib-
iting significant variations in soil moisture and thermal con-
ditions across different regions. Based on studies of thaw
slump at Eboling in the northern Tibetan Plateau (Zhou et al.,
2023) and thaw-subsidence at Amdo in the central Tibetan
Plateau in this study (Eboling and Amdo are located respec-
tively at the northern and southern boundaries of the contin-
uous permafrost distribution on the Tibetan Plateau), we found
that both thaw slump and thaw-subsidence result in significant
losses of SOC in permafrost regions, amounting to 61.4% in
the northern Tibetan Plateau and 56.4% in the central Tibetan
Plateau from the control stage to the subsided/exposed stage
(Fig. 6). In Zhou et al. (2023), the SOC content before
permafrost degradation was higher than in this study. Although
the SOC content in Zhou et al. (2023) after thaw-subsidence
remains higher, the decrease in SOC content was slightly
greater than the results of this study. In the aforementioned
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Fig. 6. Changes in soil organic carbon (SOC) at different sites in the central Tibetan Plateau (Amdo) and northern Tibetan Plateau (EBL, Zhou et al. (2023)) during
different stages (control, collapsing, and subsided) of permafrost thaw-subsidence.

studies, the decline in SOC triggered by both thaw slumps and
thaw-subsidence was primarily driven by the rapid decrease in
MicrobialNC (Fig. 7). Furthermore, after rapid permafrost
degradation, the MicrobialNC at the subsided/exposed stage
was at a relatively similar level in both studies. While, pre-
vious studies on permafrost thaw revealed a remarkable
decrease in SOC occurring within a decade after permafrost
thaw in Shaliuhe in the Tibetan Plateau (Liu et al., 2022),
consistent with the findings of this study and Zhou et al.
(2023). However, Liu et al. (2022) found that the proportion
of MicrobialNC experienced a remarkable increase within a
decade after permafrost thaw, which is sharply contrary to the
rapid decline of MicrobialNC observed in this study and in

comprehensively that the rapid permafrost degradation in the
Tibetan Plateau causes substantial losses in SOC. However,
there exists remarkable heterogeneity in SOC component
changes across different regions. This warrants further inves-
tigation into the patterns of soil carbon component changes
induced by permafrost thermokarst landforms. It involves
exploring the influencing factors and analyzing their impacts.
Furthermore, both Zhou et al. (2023) and this study used the
calculation method from Liang et al. (2019) when calculating
MicrobialNC. However, since this method (Liang et al., 2019)
was derived from global temperate agricultural, grassland, and
forest ecosystems and did not include permafrost soils in its
parameter calibration calculations, there is some limitation in

Zhou et al. (2023). The studies above demonstrate the calculation of MicrobialNC in permafrost soils (meadow
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Fig. 7. Changes in microbial necromass carbon (MNC) at different sites in the central Tibetan Plateau (Amdo) and northern Tibetan Plateau (EBL, Zhou et al.,
2023) during different stages (control, collapsing, and subsided) of permafrost thaw-subsidence.
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environments in this study). This requires further improvement
in future research.

5. Conclusions

Dramatic permafrost degradation, such as thaw-subsidence,
observed in the present study has shown significant alterations
to the microenvironment, potentially leading to changes in the
rates of carbon accumulation and decomposition from various
sources. This study highlights the substantial loss of perma-
frost carbon in thaw-subsidence areas, primarily attributed to
the decline of microbial necromass carbon. Our findings
indicate that before the thaw-induced settlement, the perma-
frost had a SOC concentration of 72.68 + 18.53 mg g~ ', with
MicrobialNC accounting for 49.6%. It is found that 56.4% of
SOC is lost in permafrost thaw-subsidence, with microbial
necromass carbon accounting for around 70.0% of the carbon
loss. The substantial reduction in microbial necromass carbon
is correlated with variations in pH, plant input, and microbial
properties in thaw-subsidence. The significant physicochem-
ical protection observed in other studies is not reflected.
Drawing from our investigation and prior research, the thaw-
ing of permafrost in the Tibetan Plateau leads to a consider-
able reduction in SOC. Nonetheless, notable diversity in SOC
component alterations among distinct regions.
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