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Thermokarst lakes are formed as a result of thawing ice-rich permafrost,
transforming vast permafrost soil into lake sediment and changing the
biogeochemistry of carbon (C), nitrogen (N), and phosphorus (P). Degraded
permafrost soil and thermokarst lake sediment are two distinct fates of pristine
permafrost in the thermokarst processes. However, we do not clearly
understand the differences and relationships between degraded permafrost
soil and thermokarst lake sediment from a stoichiometric perspective. In this
study, 44 thermokarst lakes across the Qinghai-Tibet Plateau were investigated
to collect lake sediment and surrounding degraded permafrost soil. In general,
C, N, and P concentrations as well as C:N, C:P, and N:P ratios in soil and
sediment decreased with increasing latitude, while increased with increasing
mean annual precipitation. The degraded permafrost soil had much higher C, N,
and P concentrations and C:N:P stoichiometric ratios than the lake sediment,
particularly for C. Moreover, the concentrations of C, N, and P, as well as the
ratios of C:P and N:P in sediment showed significant positive relationships with
their corresponding components in soil but with different slopes. Standard
major axis regression showed allometric scaling relationships between C, N,
and P. The C:N:P ratio was 269:18:1 in degraded permafrost soil and 178:15:1in
lake sediment. The results suggest that the process from pristine permafrost to
lake sediment releases more C, N, and P than the process from pristine
permafrost to degraded permafrost soil, and that C changes more
profoundly than N and P. Moreover, thermokarst processes substantially
change the elemental balance and decouple the C:N:P relationship between
degraded permafrost soil and lake sediment, suggesting that the further
transformation from degraded permafrost soil to lake sediment will lose
more C, which can be intensified by increasing precipitation. The results
enriched our understanding of the variations in C, N, and P biogeochemistry
during thermokarst processes.
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Introduction

In cold regions with high latitude or high elevation,
permafrost is one of the most commonly distributed
landscapes. Permafrost underlies about 15% of the land area
in the Northern Hemisphere (Obu, 2021) and about 40% of the
land area on the Qinghai-Tibet Plateau (QTP) (Zou et al., 2017).
The carbon (C) pools of Northern Hemisphere permafrost are
estimated to range from 839 to 1,208 Pg C (Mishra et al,, 2021),
which equals approximately twice the atmospheric C pool
(Schuur et al, 2009; Mishra et al, 2021). In permafrost
regions, climate warming has occurred seriously over the past
decades, with a warming rate of 0.3°C per decade for global
permafrost (Biskaborn et al., 2019). Permafrost is a significant
component of the cryosphere and is sensitive to climate warming
(Wuetal, 2007; Jorgenson et al., 2010), resulting in thermokarst
lake formation following ice-rich permafrost thaw (Kokelj and
Jorgenson, 2013; Farquharson et al., 2016). Thermokarst lakes
are widespread important aquatic ecosystems in the Arctic and
subarctic area as well as on the QTP, experiencing dramatic
changes with increasing/decreasing lake numbers and expansion/
shrinkage of lake areas (Luo et al, 2015; Zhang et al, 2017;
Veremeeva et al., 2021). Given their important roles in global
organic carbon stocks and greenhouse gas fluxes, both
permafrost and thermokarst lakes have been intensively
studied, primarily focused on organic carbon (Du Toit, 2018;
Biskaborn et al., 2019; In’T Zandt et al., 2020; Hughes Allen et al.,
2021). The biogeochemical cycles of carbon (C), nitrogen (N),
and phosphorus (P) are closely coupled in ecological interactions
and processes (Sterner and Elser, 2002). However, the relative
changes of these elements over the transformation from
permafrost soil to thermokarst lake sediments are not well
studied.

In permafrost, microorganisms convert soil organic carbon
(SOCQ) into carbon dioxide (CO,) and methane (CH,), reducing
the SOC stocks and causing positive feedback to climate warming
(Schuur et al,, 2015). Under a warming climate, permafrost thaw
can induce considerable amounts of frozen N release and modify
microbial N transformation, altering soil N stocks and
availability (Salmon et al, 2016; Mao et al., 2020), which is
vital for maintaining permafrost ecosystem functions, such as
plant growth and microbial communities and activities (Mack
et al, 2004; Salmon et al., 2018). Apart from N, soil P is another
essential nutrient in terrestrial ecosystems and usually presents in
low availability, limiting plant growth and microbial functions
(Cleveland et al., 2002; Elser et al., 2007; Hou et al., 2020). In
permafrost, soil P availability has been demonstrated to be more
important than N availability in regulating primary productivity,
and plays a crucial role in altering the permafrost C cycle (Street
et al, 2018; Yang et al, 2021). Higher soil P availability can
enhance permafrost C uptake by promoting plant growth (Yang
et al, 2021). Ecological stoichiometry is the conceptual
framework for studying the balance of energy and multiple

Frontiers in Environmental Science

02

10.3389/fenvs.2022.986879

chemical elements (particularly C, N, and P) in ecological
processes (Sterner and Elser, 2002). Thus, it is necessary to
consider both the concentration of soil organic C, N, and P,
as well as their stoichiometric ratios in understanding the
biogeochemical processes in permafrost soil in facing climate
change.

During the thermokarst processes, the thaw of ice-rich
permafrost forms the incipient sediment and water of the
thermokarst lakes. The collapse of surrounding permafrost
introduces more sediments into the lake (West and Plug, 2008).
Thus, thermokarst processes turn the permafrost soil into
In the transformation of
lake all  the
physicochemical environments and biological communities,

sediments in thermokarst lakes.

permafrost soil to thermokarst sediment,
such as primary producers and decomposers, are changed. For
example, phytoplankton and periphyton are the primary
producers in the water columns and sediments of the
thermokarst lakes, respectively. The stocks and availabilities of
organic C, N, and P are also expected to change. Previously locked
organic materials in frozen soil are sealed underwater and part of
the organic carbon is released into the atmosphere mainly in the
form of CH, (Zimov et al., 1997; Heslop et al., 2020). Surrounding
permafrost soil and thermokarst lake sediments are two distinct
fates of pristine permafrost during thermokarst processes, which
have been intensified by climate warming (Audry et al, 2011;
Loiko et al., 2020; Manasypov et al,, 2022). As a result of persistent
and accelerating climate warming, a large number of new
thermokarst lakes are formed and the old ones are expanding
in coverage (Luo et al, 2015; Veremeeva et al., 2021), indicating
considerable transformation from permafrost soil to thermokarst
lake sediment. However, we do not have a direct understanding of
the transformation consequences from a view of elemental
stoichiometry.

This study investigated C, N, and P concentrations and
stoichiometric ratios in thermokarst lake sediments and
surrounding permafrost soils across the QTP. The study aims
to understand: 1) the spatial patterns and drivers of C, N, and P
concentration and stoichiometry in thermokarst lake sediment
and surrounding permafrost soil; 2) the distinction and relation
of C, N, and P concentrations and stoichiometry between
sediment and soil; and 3) the driving factors of the
The

understanding of the different fates of organic C, N, and P

distinctions. results can provide a stoichiometric

during the thermokarst process.

Methods

Study area, field sampling, and chemical
analysis

This work was conducted on the QTP in July 2021. In total,
44 thermokarst lakes (TLO1-TL44) were investigated spanning an
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FIGURE 1

Map of the 44 sampling sites of permafrost soil and thermokarst lake sediment across the Qinghai-Tibet Plateau. The distribution of the
permafrost was cited from Zou et al,, 2017. The map was cited from Ren et al,, 2022.

extensive area with longitude (LON) from 90.6E to 98.6E,
latitude (LAT) from 30.2 to 35.0 N, and the elevation from
3,569 to 4,959 m above the sea level (Figure 1). The average
elevation of the study sites is 4,426 m. The map of permafrost
distribution (Figure 1) on the QTP (Zou et al, 2017) was
downloaded from the National Tibetan Plateau Data Center.
The spatial dataset of climate on the Tibetan Plateau (Zhou,
2018) was also downloaded from the National Tibetan Plateau
Data Center (https://data.tpdc.ac.cn/en/) and used to extract the
mean annual temperature (MAT) and mean annual precipitation
(MAP) of our study regions.

For each lake, we collected paired samples of lake sediment
and surrounding permafrost soil (Figure 2A). For sediment
sampling of each lake, the top 15cm of the sediment was
collected from three points located 5 m away from the shore
using a Ponar Grab sampler. Sediments were homogenized
immediately and collected in sterile polyethylene bags.
Sediment samples were stored in the dark and shipped on ice
in cooler boxes to the laboratory for chemical analyses. For
three 25m
established perpendicular to the lake shore (Figure 2A). Along

permafrost soil sampling, transects  were
each transect, five topsoil cores (0-15 cm in depth) were collected
by a soil auger (10 cm inner diameter) with the distance to lake

shore of 1, 5, 10, 15, and 20 m, respectively. The soil from one
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transect were pooled into one composite sub-sample (as a
replicate). In the laboratory, the sediment samples and soil
samples were air-dried to determine sediment/soil organic
carbon (SOC), TN, and TP. Soil/sediment organic carbon
(SOC) was measured by the potassium dichromate oxidation
spectrophotometric method (Chinese standard method HJ615-
2011) (Wang et al., 2020; Luo et al., 2021). Total nitrogen (TN)
was measured using the modified Kjeldahl Method (Chinese
standard method HJ717-2014) (Qian et al., 2019; Wang et al,,
2020). Total phosphorus (TP) was measured using the ascorbic
acid colorimetric method after microwave extraction with nitric
acid (Dancer et al., 1998).

Analyses

In this study, SOC, TN, and TP were used to calculate the C:
N:P ratios, which were reported as molar ratios. The differences
of C, N, and P concentrations and ratios between soil and
sediment were tested using the paired t-test. The coefficient of
variation (CV) of C, N, P concentrations and ratios was
calculated as the ratio of the standard deviation to the mean
value. Pearson correlation was used to assess the relationships
between the geographic and climatic variables against C, N, and P
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FIGURE 2

(A) The process of thermokarst lake formation inice-rich permafrost (cited from Ren et al., 2022). The sampling strategy are shown in the middle
plot. (B) A schematic view of the C:N:P stoichiometry in degraded permafrost soil and thermokarst lake sediment.

concentrations and ratios in soil and sediment. Linear regression
was used to assess the relationships of C, N, and P concentrations
and ratios between soil and sediment. To assess the isometric
(proportional) or allometric (disproportional) relationships
between C, N, and P concentrations in soil and sediment, the
log-log function log;o(y) = a x logjo(x) + b was used in the
standard major axis (SMA) regression using the R package
SMART 3.4-8 (Warton et al, 2012). The SMA regression
slope was compared to 1. If the slope does not significantly
differ from 1, then y and x have an isometric relationship;
otherwise, y and x have a non-isometric (allometric)
relationship. All the analyses were conducted in R 4.0.5 (R
Core Team, 2020).

Results
C:N:P of degraded permafrost soil

C, N, and P concentrations varied substantially in degraded
permafrost soil across the QTP. SOC ranged from 1.85 to 283 g/kg
with an average of 61 g/kg, TN ranged from 0.26 to 20.2 g/kg with an
average of 4.6 g/kg, and TP ranged from 0.15 to 1.01 g/kg with an
average of 0.48 g/kg (Table 1). TN had the highest variability (CV =
78.9%) followed by SOC (CV = 68.0%), and TP (CV = 36.3%)
(Table 1). Correlation analyses showed that latitude had significantly

Frontiers in Environmental Science

04

negative relationships with SOC and TN, while MAP had
significantly positive relationships with SOC, TN, and TP (Figure 3).

SMA regression analyses showed that SOC, TN, and TP
across all soil sites had close relationships with each other
(Figure 4 and Table 2). The relationship between SOC and
TN (R* = 0980, p < 0.001) was stronger than the
relationships between SOC and TP (R* = 0.597, p < 0.001)
and between TN and TP (R*> = 0.656, p < 0.001). In addition,
SMA regressions among SOC, TN, and TP had slopes
(Table 2). These
relationships denote disproportionate changes among soil C,
N, and P, suggesting that SOC changed faster than TN and
TP, and TN changed faster than TP.

The ratios of C:N, C:P, and N:P varied from 5.5 to 23, 20 to
778, and 2 to 48, respectively (Table 1). On average, the C:N:P
ratio was 269:18:1 for the degraded permafrost soil in our study
(Table 1). The variation in C:N (CV = 27.2%) was much lower
than that of C:P (CV = 61.6%) and N:P (CV = 67.1%) (Table 1).
C:N, C:P, and N:P were all positively correlated with MAP but
negatively correlated with latitude (Figure 3).

significantly differ to 1 allometric

C:N:P of thermokarst lake sediment

In the thermokarst lakes C, N, and P
concentrations also varied substantially. SOC ranged from

sediment,
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TABLE 1 Basic information of C, N, P concentrations and stoichiometric ratios. The stoichiometric ratios were calculated on a molar basis. The
number of samples is 44.

SOC (g/kg) TN (g/kg) TP (g/kg) CN C:P N:P

Soil Sediment Soil Sediment Soil Sediment Soil Sediment Soil Sediment Soil  Sediment

Min 1.85 0.92 0.26 0.24 0.15 0.15 5.5 15 19.56 14.53 236 1.75
Max 282.73 182.71 20.17 14.05 1.01 0.83 22.83 22.38 778.07 694.59 47.59 45.77
Mean 61.25 33.84 4.6 3.25 0.48 0.43 13.54 11.73 268.51 176.76 17.78 14.55
SD 41.65 20.94 3.63 0.98 0.17 0.05 3.68 13.26 165.5 621.07 11.93 21.32
CV (%) 67.99 61.88 78.9 30.2 36.29 11.9 27.2 113.05 61.64 351.37 67.09 146.57
- < =0. . -
Degraded Permafrost Soil o peoons = wfrmn ‘| Thermokarst Lake Sediment
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versus soil C, N, and P concentrations and ratios soil and sediment soil and sediment versus sediment C, N, and P concentrations and ratios
FIGURE 3

The summary of the patterns of soil/sediment organic carbon (SOC), total nitrogen (TN), and total phosphorus (TP), as well as C:N:P ratios in
permafrost soil and thermokarst lake sediment. The lines on the left and right panels show the relationships between geographic (LON: longitude,
LAT: latitude, ELE: elevation) and climatic (MAT: mean annual temperature, MAP: mean annual precipitation) variables versus soil/sediment C, N, and
P concentrations and ratios. The box plots in the middle show the differences between soil and sediment, tested using paired t-test. The linear
regression plots in the middle show the relationships between soil and sediment. The black solid line represents the 1:1 line.

0.9 to 183 g/kg with an average of 34 g/kg, TN ranged from the highest variability (coefficient of variation, CV = 61.88%),
0.24 to 14 g/kg with an average of 3.2 g/kg, and TP ranged from followed by TN (CV = 30.2%) and TP (CV =11.9%). Correlation
0.15 to 0.83 g/kg with an average of 0.43 g/kg (Table 1). SOC had analyses showed that SOC, TN, and TP were positively correlated
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FIGURE 4
Isometric/allometric scaling of C, N, and P concentrations
concentrations (g/kg) were log-transformed.

in soil and sediment using standard major axis regression. The C, N, and P

TABLE 2 Isometric/allometric relationships among C, N, and P concentrations in soil and sediment according to the function log;o(y) = a X logso(x) + b.

Slope was tested comparing to 1. All the variables have the same unit, g/kg.

y X Regression

R P
Soil
TN soC 0.980 <0.001
TP Nele 0.597 <0.001
TP TN 0.656 <0.001
Sediment
TN SOC 0.887 <0.001
TP SOC 0.502 <0.001
TP TN 0.525 <0.001

with MAP, while SOC and TN were negatively correlated with
latitude (Figure 3). Moreover, TN was positively correlated with
MAT, and TP was negatively correlated with elevation (Figure 3).

SMA regression analyses showed that SOC, TN, and TP
across all sites had close relationships with each (Figure 4 and
Table 2). Allometric relationships presented among SOC, TN,
and TP, (Table 2), suggesting disproportionate changes of
sediment C, N, and P. Specifically, the slopes of SMA
regression (slopes significantly lower than 1) indicated that
SOC changed more profoundly than TN and TP, while TN
changed more profoundly than TP.

In thermokarst lakes sediment, the ratios of C:N, C:P, and N:
P varied from 1.5 to 22, 15 to 695, and 1.8 to 46, respectively
(Table 1). On average, the C:N:P ratio was 178:15:1 for the
sediments in our study (Table 1). The variation in C:N (CV =
113%) was much lower than that of C:P (CV = 351%) and N:P
(CV = 146%) (Table 1). C:P and N:P were positively correlated
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Intercept (b)

—-0.826
—-0.750
—-0.497

—-0.767

—-0.722
—0.486

06

Slope test (slope = 1)

Slope (a) r P
0.847 ~0.746 <0.001
0.264 ~0.897 <0.001
0.324 ~0.873 <0.001
0.834 —0.342 0.023
0.253 ~0.866 <0.001
0.292 -0.833 <0.001

with MAP but negatively correlated with latitude. In addition, N:
P positively correlated with MAT (Figure 3).

Distinctions and relationships between
soil and sediment

Due to the same initial sources (pristine permafrost) of
thermokarst lake sediment and degraded permafrost soil
during the thermokarst process (Figure 2A), sediment and soil
are expected to have both distinctions and relationships in
nutrient concentrations and stoichiometric ratios (Figure 2B
and Figure 3).

In general, soil had a significantly higher concentration of
SOC, TN, and TP than that in sediment (Figure 3 and Table 1),
suggesting massive loss of SOC, TN, and TP during the
thermokarst process. From soil to sediment, the average
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TABLE 3 Correlation relationships between the change rate of
nutrient concentrations and stoichiometric ratios against
geographic and climatic variables. * and ** represent p < 0.05 and p <
0.01, respectively.

BSOC HTN GTP BC:N GC:P GN:P
Longitude -0.117 0.150 -0.086 -0.095 —0.101 0.156
Latitude -0.263 0.112 -0.046 —-0.286 -0.301* 0.080
Elevation 0.305* 0.185 0.426** 0.117 0.189 0.141
MAT -0.044 -0.324* —-0.243 0.131 0.052 -0.279
MAP 0.324* 0.091 0.133 0.209 0.338* 0.121

change (loss) of SOC, TN, and TP was 27.4 + 41.7 g/kg, 1.35 +
3.42 g/kg, 0.05 + 0.14 g/kg, respectively (Figure 3). Regression
analyses showed that the concentration of SOC, TN, and TP in
sediment were strongly associated with their corresponding
components in soil but with different slopes (Figure 3). SOC
had a smaller slope than TN and TP (Figure 3), further suggesting
that SOC lost faster than TN and TP.

In addition, C:N, C:P, and N:P were also significantly higher in
soil than in sediment (Figure 3 and Table 1). From soil to sediment,
the average change (reduction) of C:N, C:P, and N:P was 1.8, 92,
and 3.2, respectively. Regression analyses showed that only C:P
and N:P in sediments were strongly associated with their
corresponding components in soil (Figure 3). Moreover, the
change rate (6, the change in relative to soil) of SOC, TN, TP,
C:N, C:P, N:P was 22.8%, 3.5%, 6.0%, 9.1%, 19.7%, and 3.4%,
respectively. Osoc was positively correlated with elevation and
MAP, Ory was negatively correlated with MAT, 6rp was positively
correlated with elevation, and 0c.p was negatively correlated with
latitude but positively correlated with MAP (Table 3).

Although the overall trend of SOC, TN, TP, C:N, C:P, and N:P
is decreasing from soil to sediment, there were several exceptional
cases. From our studied 44 cases, some cases showed increasing
trend from soil to sediment for SOC (n = 8), TN (n = 10), TP (n =
18), C:N (n = 12), C:P (n = 6), and N:P (n = 11).

Discussion

In our studied regions across the QTP, nutrient concentrations
and stoichiometric ratios in both degraded permafrost soil and
thermokarst lake sediment varied substantially (Table 1), which
were largely associated with latitude and MAP (Figure 3). For
degraded permafrost soil, SOC, TN, C:N, C:P, and N:P were
negatively correlated with latitude and positively correlated with
MAP (Figure 3). For thermokarst lake sediment, SOC, TN, C:P,
and N:P were negatively correlated with latitude and positively
correlated with MAP (Figure 3). At the global scale, large
proportion of SOC and TN in soil are concentrated in the top
layer (Gill et al,, 1999) and vary by orders of magnitude (Cleveland
and Liptzin, 2007). The concentrations of soil C and N were
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determined by the relative changes in accumulation of vegetation
and microbial biomass, as well as the loss in erosion and release to
atmosphere (Trumbore et al., 1996; Schuur et al., 2009; Wang et al.,
2020). In permafrost regions, consistently cold temperatures
suppress biological activities associated with decomposition of
organic matters, preserving large stocks of organic matters in
soil (Mishra et al., 2021). The distributions of N and C showed
consistent spatial patterns due to their similar source, the organic
matters (Fang et al., 2019). The strong coupling relationships
between SOC and TN might reflect the relatively constrained
C:N ratio of biomolecules in primary producers (Kogel-Knabner,
2000; Reich and Oleksyn, 2004). Across a broad latitude gradient,
soil Cand N concentrations usually showed a decreasing pattern as
the increase of latitude (Yuan et al,, 2011; Fang et al., 2019). In
addition, soil C:N:P stoichiometry also showed a latitude pattern
(Figure 3), which could be explained by the latitudinal
compensation hypothesis to primary producers (Yuan et al,
2011). The latitudinal compensation hypothesis proposed that,
across latitudes, organisms in high-latitude environments would
enhance the growth rates in the short growing season to maintain
annual growth rates nearly as high as those in low-latitude
environments (Levinton, 1983; Conover and Present, 1990;
Yamahira et al, 2007; Yuan et al, 2011). According to the
growth rate hypothesis (Elser et al, 2000; Sterner and Elser,
2002), in the short growing season, the fast-growing plants at
high latitude environments are expected to have relatively high P
demand for P-rich RNA to support their high rate of protein
synthesis, thus leading to decreased C:P and N:P along increased
latitude. This disproportionate increase of P content in plant
tissues would be finally reflected as the decreasing C:P and N:P
along increased latitude.

In addition to the latitudinal pattern, the results also showed
a strong MAP pattern for soil C, N, and C:N:P (Figure 3). In our
studied regions, MAP also showed a significant decreasing trend
with increasing latitude (Pearson’s r = —0.718, p < 0.001). Humid
climate usually results in higher biodiversity and productivity
than dry climate, leading to higher soil C and N concentrations at
the regions with higher MAP. In permafrost soils, precipitation
affects SOC through effects on soil moisture, redox potential, and
organic matter inputs (Mishra et al., 2021). MAP rather than
MAT has been demonstrated as a significant controller of SOC
stocks in Tibetan permafrost regions (Yang et al.,, 2008; Wu et al,
2016; Mishra et al., 2021). Soil P concentration, however, was
affected by multiple factors, including geographic, biological,
climatic, and geochemical factors (Walker and Syers, 1976;
Tian et al, 2010; Vitousek et al., 2010). In our study, soil P
had a relative lower spatial variability comparing to C and N and
also positively associated with MAP (Figure 3). In general,
increasing MAP might result in high P weathering and
leaching rate. However, high productivity stimulates high P
uptake, and abundant plant residues promote accumulation of
soil P concurrent with accumulation of soil C and N (Muller,
2003; McGroddy et al., 2004). In contrast, low productivity at low
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MAP regions might lead to relatively low soil P accumulation
(Fang et al., 2019). Moreover, precipitation is also importance in
driving soil stoichiometry by substantial influences on plant
productivity, microbial activity, and soil enzyme activities
(Austin et al, 2004; Delgado-Baquerizo et al., 2013). The
decline trend of SOC, TN, C:N, C:P, and N:P with latitude as
well as the increase trend with MAP mainly imply the integrated
influences of biological, geographic, hydrological, and climatic
variables, particularly the influences of primary production and
latitudinal compensation across the space.

In our study, although degraded permafrost soil C, N, and P
concentration had substantial variations, the C:N:P ratios were
relatively constrained (Figure 4 and Table 2). The relationship
between soil C and N was stronger than the relationships
between soil C and P as well as between soil N and P
(Figure 4 and Table 2). Comparing with the global scale soil
C:N:P ratio 0f 166:12:1 (Cleveland and Liptzin, 2007), the average
C:N:P ratio of our degraded permafrost soil was 269:18:1, which
was higher than the global average, suggesting high C and N
accumulation relative to P in the permafrost soil. In our study,
both degraded permafrost soil and thermokarst lake sediment
had allometric scaling relationships (SMA regression slopes
significantly different from 1) among C, N, and P (Figure 4
and Table 2), indicating disproportional changes among C, N,
and P. Specifically, a small increase (or decrease) in P would lead
to comparatively larger increase (or decrease) in N, and even
stronger changes in C (Figure 4). Thus, the SMA results imply
that SOC changed more profoundly than TN and TP in both
degraded permafrost soil and lake sediment.

Thermokarst lake sediment and degraded permafrost soil are
the two distinct fates of pristine permafrost soil during the
thermokarst process, and the degraded permafrost soil can be
furthered transformed to thermokarst lake sediment as the
continuous of thermokarst process (Figure 2). Due to the
originate of thermokarst lake sediment from permafrost soil,
C, N, and P concentrations as well as C:P and N:P ratios in
sediment were strongly associated with that in degraded
3), although
production adds additional C and N in lake sediment.
Meanwhile, C, N, and P concentrations and stoichiometric

permafrost soil  (Figure autochthonous

ratios in lake sediment had similar latitudinal and MAP
patterns with that in degraded permafrost soil (Figure 3). In
addition to the similarities and relationships, there were
substantial distinctions existed between thermokarst lake
sediment and degraded permafrost soil. Firstly, C, N, and P
concentrations and stoichiometric ratios were much lower in lake
sediment than those in degraded permafrost soil (Figure 3),
suggesting that the process from pristine permafrost to lake
sediment would lose more C, N, and P than the process from
pristine permafrost to degraded permafrost soil. In permafrost
degradation, SOC loss may occur through the emission of
greenhouse gases (CO, and CH,) and hydrological transport
(Plaza et al., 2019). The process from pristine permafrost to lake
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sediment would contribute stronger to climate warming than the
process from pristine permafrost to degraded permafrost soil
(Anthony et al., 2018; Hugelius et al., 2020; In’T Zandt et al,,
2020). In our previous study, bacterial communities in degraded
permafrost soil and thermokarst lake sediment have distinct
functional potentials in metabolism pathways of carbohydrate
metabolism, methane metabolism, and carbon fixation,
suggesting different C fate in soil and sediment (Ren et al,
2022). Secondly, during the continuous thermokarst processes,
the expansion of thermokarst lakes submerges more soil under
the water (Figure 2), releasing more greenhouse gases to
atmosphere (Payette et al, 2004; Turetsky et al, 20205
Veremeeva et al., 2021). From degraded permafrost soil to the
thermokarst lake sediments, the average change (loss) of SOC
was much higher than TN and TP (Figure 3). The absolute
change of C, N, and P was 27.4 g/kg, 1.35g/kg, 0.05 g/kg,
respectively. The relative change (8, change rate) of C, N, and
P was 22.8%, 3.5%, 6.0%, respectively. The results suggested that
there would be large amount of C loss during the transformation
from degraded permafrost soil to lake sediment. Moreover, the
concentrations of C, N, and P in sediment had strong linear
regression relationships with their corresponding components in
degraded permafrost soil, while C had a smaller slope than N and
P (Figure 3), further suggesting that SOC lost faster than TN and
TP. Thirdly, the change rate of SOC (0s0c) was also positively
correlated with MAP (Table 3), suggesting that high precipitation
might also intensify the carbon loss in the transformation from
degraded permafrost soil to lake sediment. In addition to the
changes in C, N, and P concentrations, thermokarst process
substantially changed the elemental balance. The C:N:P ratio in
lake sediment was 178:15:1 but was 269:18:1 in degraded
permafrost soil. C:P had the largest changes from degraded
permafrost soil to lake sediment. Although C:N only had a
small (but significant) change from degraded permafrost soil
to lake sediment, soil and sediment did not have relationships in
C:N (Figure 3), suggesting that the tremendous release of C and
N decoupled the C:N relationship between degraded permafrost
soil and lake sediment. Thus, the distinction of C, N, and P
concentrations and ratios between degraded permafrost soil and
lake sediment suggests substantial ecological consequence of
thermokarst process on C, N, and P biogeochemistry as well
as differential organic C and nutrient processing between these
two fates (degraded permafrost soil vs. lake sediment).

In our study, besides of the overall decreasing trend of C, N,
and P concentrations as well as C:N, C:P, and N:P ratios from soil
to sediment, several exceptional cases were found with an
increase rather than decrease trend. Thermokarst lakes are
usually thought to be a net source of greenhouse gases
(Walter et al., 2006; Brosius et al., 2012; In’T Zandt et al.,
2020). However, it is also found that thermokarst lakes can
sequester carbon (Schirrmeister et al., 2011; Walter et al,
2014). Thermokarst erosion, deposition of terrestrial organic
autochthonous and slow

matter, primary  production,
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decomposition in cold and anoxic lake bottom might lead to C
and N accumulation in lake sediments (Walter et al,, 2014;
Morison et al., 2019). Higher P concentrations in sediment
than in soil could be driven by P delivering from land to
lakes in the form of particulate and soluble P through
shoreline slumping and high rates of soil erosion (Holtan
et al., 1988; Morison et al., 2019; Ren et al., 2019). Moreover,
the different patterns of C, N, and P concentrations and ratios in
soil compared to sediment might also reflect the different stages
of thermokarst processes, which need to be further studied.

Conclusion

This study was among the first to understand the thermokarst
processes from a stoichiometric view by comparing degraded
permafrost soil and thermokarst lake sediment. In summary, the
results revealed that C, N, and P concentrations and stoichiometric
ratios varied substantially in soil and sediment, showing a
decreasing pattern with decreased latitude and an increasing
pattern with increased precipitation. Moreover, C, N, and P
concentrations and ratios were higher in soil than in sediment,
although there were several exceptional cases, particularly for P
concentration. Positive relationships were presented between soil
and sediment in terms of C, N, and P concentrations, as well as C:P
and N:P ratios. In addition, allometric scaling relationships were
presented among C, N, and P concentrations both in soil and
sediment. This study added our knowledge of differences and
relationships between soil and sediment from a view of C:N:P
stoichiometry, promoting our understanding of C, N, and P
changes during thermokarst processes.
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