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Abstract
Permafrost collapse can rapidly change regional soil-thermal and hydrological conditions,
potentially stimulating production of climate-warming gases. Here, we report on rate and extent of
permafrost collapse on the extensive Tibetan Plateau, also known as the Asian Water Tower and the
Third Pole. Combined data from in situmeasurements, unmanned aerial vehicles (UAV), manned
aerial photographs, and satellite images suggest that permafrost collapse was accelerating across the
Eastern Tibetan Plateau. From 1969 to 2017, the area of collapsed permafrost has increased by
approximately a factor of 40, with 70% of the collapsed area forming since 2004. These widespread
perturbations to the Tibetan Plateau permafrost could trigger changes in local ecosystem state and
amplify large-scale permafrost climate feedbacks.

1. Introduction

Permafrost temperature has increased globally by an
average of 0.29 ± 0.12 ◦C from 2007 to 2016 across
polar and high mountain regions (IPCC 2019). Per-
sistent and widespread warming is causing perma-
frost degradation, which is projected to continue
this century and beyond (IPCC 2019, Turetsky et al
2020). Substantial changes to hydrological condi-
tions and biogeochemical cycling may occur follow-
ing permafrost degradation because of exposure of
previously frozen organic matter and mineral soil,
changes in water balance due to inundation or dry-
ing, and thermal shifts due to changes in snow dis-
tribution and vegetation (Vonk et al 2015, Liljedahl
et al 2016).

In areas with excess ground ice, permafrost thaw
could trigger surface collapse or thermokarst, which
rapidly expose and thaw large quantities of organic
matter, potentially stimulating production of carbon
and nitrogen greenhouse gases (Abbott et al 2015,
Schuur et al 2015, Turetsky et al 2020). An abruptly

increasing frequency and magnitude of permafrost
collapse has been reported for the pan-Arctic regions
of Canada, Alaska, and Siberia (Vonk et al 2012,
Abbott et al 2015, Liljedahl et al 2016, Olefeldt et al
2016, Farquharson et al 2019). In these areas, perma-
frost collapse has altered the frequency and intens-
ity of ecosystem disturbances, potentially creating
significant feedbacks to climate change (Vonk and
Gustafsson 2013, Schuur et al 2015).

Outside of the Arctic and Boreal biomes, the
Tibetan Plateau contains the largest permafrost
region. Also known as the Third Pole and the Water
Tower of Asia, the Tibetan Plateau covers an area of
1.35 × 106 km2 (about one eighth of China’s ter-
ritory), 67% of which is underlain by permafrost
(Zou et al 2017). Additionally, the plateau and its
surroundings are the source of major Asian rivers,
including the Yangtze River, the Yellow River, the
Brahmaputra River and the Ganges River, which
provide water to 1.4 billion people (Yao et al 2019).
Permafrost thaw, retreating glaciers and decreasing
snow cover profoundly influence hydrology in the
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region, impacting regional water quantity and qual-
ity (Yang et al 2014, Gao et al 2019, Daout et al 2020,
Mu et al 2020, Wang et al 2020, Chang et al 2021).

A substantial gap exists in our understanding of
how permafrost degradation affect landforms and
how permafrost degradation distribute and poten-
tially accelerate changes to the cryosphere system of
the Tibetan Plateau. In contrast to the predominantly
flat landscape of Boreal andArctic regionswheremost
research has been carried out, the Tibetan Plateau
has complex and steeper topography with abundant
mountains. This may cause the Tibetan Plateau per-
mafrost system to be more vulnerable to thermokarst
and other landscape collapse processes (Mu et al 2020,
Chang et al 2021). Furthermore, the mean annual
temperature on the Tibetan Plateau has increased by
0.3 ◦C–0.4 ◦C per decade since the 1960s, more than
twice the global average (Chen et al 2015). The accel-
erated temperature increase also contributes to the
significant permafrost degradation (Mu et al 2020).

A new estimate of soil carbon stock on the Tibetan
Plateau down to a 3 m depth was 36.6 Gt C, which
is double to triple the amount predicted earlier by
ecosystem models (Ding et al 2019). Some recent
research demonstrated that permafrost collapse on
the Tibetan Plateau is leading to losses of soil carbon
(Mu et al 2016, 2020, Liu et al 2018, Wang et al 2020,
Chang et al 2021). Effects of permafrost collapse on
changes inmethane flux and soil bacterial communit-
ies have also been observed for the Tibetan Plateau
(Wu et al 2018, Yang et al 2018).

Permafrost collapse is one of the most signi-
ficant degradation processes in the plateau, which
may enhance the carbon release and/or damage
the current permafrost status. Motivated by a need
to quantify permafrost collapse in this vulnerable
region, we used in situ measurements, unmanned
aerial vehicles (UAV), manned aerial photographs,
and satellite images to describe both the current dis-
tribution and variation over recent decades of per-
mafrost collapse in the eastern Tibetan Plateau (see
figure 1(a), Methods in the supplementary inform-
ation and tables S1 and S2 (available online at
stacks.iop.org/ERL/16/054023/mmedia) and figures
S1–S3). Ground ice and soil samples were also collec-
ted along the permafrost collapse systems to invest-
igate the potential impact of permafrost collapse on
carbon release from the world’s highest plateau.

2. Methods

2.1. Study area
The Tibetan Plateau, with an average elevation of over
4000 m a.s.l. and a widespread distributions of cryo-
sphere, is considered as theAsianWater Tower and the
Third Pole (Immerzeel et al 2010, Yao et al 2012). As
one of the important component of cryosphere, per-
mafrost is widespread distributed in this mid-latitude
cryospheric region (Cheng et al 2019). Permafrost has

undergone remarkable degradation in the past dec-
ades due to the climate warming, which may pro-
foundly influence the regional hydrological cycles and
climate change (Kang et al 2010, Yang et al 2019).
In this study, permafrost collapses expedition is car-
ried out in the middle of Qilian Mountain, Lajishan
Mountain, and Animaqin Mountain, mostly located
in the eastern Tibetan Plateau (see figure 1(a); table
S1). A total of 213 collapse events was surveyed and
measured in 2017 covering 17 different sub-regions
(table S1). Surficial material in these areas consists
of quaternary alluvium and moraine gravel in the
region. Fractured ordovician crystalline bedrock lies
below the surficial strata. This region is characterized
by an alpine semiarid climate with cold, dry winters
and hot, rainy summers. Annual average air temper-
ature ranges from−2.6◦C to−1.4 ◦C and annual pre-
cipitation ranges from 200 to 700 mm. Much of the
study area is underlain by discontinuous permafrost
that is near the point of thawing (Zou et al 2017). The
period of freezing usually lasts from October to April
and is characterized by uneven and sporadic snow
cover.

2.2. UAVmeasurements and DSM production
As part of the most recent field investigations in
2016–2019, aircrafts were used to map and gener-
ate orthophoto of permafrost collapse in the eastern
Tibetan Plateau (figure S1). By using the UAV air-
craft (Drones, DJI Inspire 2) with a maximum hover
accuracy of 0.1 m in vertical and 0.3 m in hori-
zontal resolutions, the surveys identified the general
distribution of individual permafrost collapse within
the study area. For vertical aerial photography, we
used a ZENMUSE X4s camera with a resolution of
5472 × 3078 pixels mounted under the UAV. The
horizontal flight height on the top of collapses was
set up as 50 m high above the ground level. In gen-
eral, the average height was relative higher than 50 m,
up to the elevation difference between the top and
bottom of a collapse. UAV images for each collapse
were acquired using the FragMAP software with the
QUADRAT and MOSAIC flight modes (Zhang et al
2018). After aerial photographing, Agisoft Photo-
Scan software (Agisoft. LLC, St. Petersburg, Russia)
was used to generate point clouds for each collapse
(Agisoft. 2017). Then the digital surface model for
each collapse were generated form the point clouds by
using the creating mesh function of CloudCompare
software, which was a 3D point cloud and triangu-
lar mesh processing software (CloudCompare. 2015).
Anchored ground control points were identified in
each collapse by aGarmin eTrexGPS to reconstructed
mosaics and georeference among imageries. A total of
17 sub-regions were investigated on the ground (table
S1 in SI) and each site was surveyed at least twice by
measurement and UAV. In all, a total of 213 collapse
features were investigated in the eastern Tibetan Plat-
eau within different sub-regions.
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Figure 1. (a) Map of studied permafrost collapse features on the eastern Tibetan Plateau; (b) numbers and (c) areas of these
permafrost collapse features during the study periods; distributions of (d) numbers and (e) areas of detected permafrost collapses
in 2017; and changes in rate of (f) numbers and (g) areas of the permafrost collapse features from 1997 to 2017. For (a), study
objects are composed of seven sub-regions located in the Qilian Mountains, four sub-regions located in the Lajishan Mountains,
and six sub-regions located in the Animaqin Mountains. Detailed information for each site is provided in supplementary table S1.
Detailed information for changing rate of area and numbers is provided in the table S3. PF means permafrost. PZI means the
permafrost zonation index. Abbreviations for the collapse sites are described in the table S1 in the supplementary information.

2.3. Manned aerial photographs and satellite
images
To inventory permafrost collapses and estimate the
rate of landscape change, we obtained manned
aerial photos from the 1990s and high-resolution
satellite imagery (GeoEye-1, PLAIADAS-1, Quick-
Bird, Worldview-2) from at least three time periods
(1969, 1997–2004, 2017) for nine sub-regions across
the study areas (sites including EBL, HDS, LMBQ,
SBDB, HTER, LJS, KMD, DWZ, and LQG shown in
figure 1(a)). The information from themanned aerial

photographs and images is shown in table S2 in SI
(photo resolution as high as 0.5–0.6 m). Then we
identified active permafrost collapse features based on
exposed sediments and sparse vegetation (figure S2).
The high-resolution aerial photographs and images
(50 cm per pixel) enable us to observe collapses as
small as 10 m2, which were known to make up a sub-
stantial portion of collapse area.

All collapse features were digitized in each study
area by viewing georeferenced imagery in ENVI
5.1 and ArcMap 10.2. The mean annual rate of
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permafrost collapse area growth for eachmapped fea-
ture was calculated as follows:

Rg =
A2 −A1

t
. (1)

Where Rg is the rate of growth, A1 is the initial area
(m2) (or the initial permafrost collapse numbers, or
headwall retreat), A2 is the current area (m2) (or the
corresponding initial permafrost collapse numbers,
or headwall retreat), and t is the number of years
between images. Permafrost extentwas retrieved from
the 1:4000000 Frozen Ground Map of China (Zou
et al 2017).

During the field work and data processing,
anchored ground control points for each collapse by a
Garmin eTrex GPS were used to reconstruct mosaics
and georeference among imageries. All the imagery
including UAV photos, history aircraft images and
satellite data also have been co-referenced with iden-
tified features.

2.4. Soil organic carbon (SOC) analysis
The permafrost collapse area in this study usually
includ four stages: control, drape, raft, and exposed
areas (figure S3). The drape, raft, and exposed rep-
resent the amount of the natural profile exposed and
the subsidence of the natural profile occurred after the
collapse. The uneven subsidence of the surface result
from thinning of the active layer and ground icemelt-
ing in the upper part of permafrost.

In this study, soil samples were systematically col-
lected at three collapse (HDS, HTER and LJS). For
each collapse, soil samples were collected at a depth
from 0–30 cm to 0–70 cm during the different stages
of permafrost collapse with a resolution of 10 cm for
each sample. For the control stage, the sampling sites
were 20 m from the edge (margin) of the detachment
area. For the drapes, soil samples were taken from the
natural profiles. Before analysis, the soil samples were
dried in the vaccum freezing dryer, and then sieved
through 2 mm to remove coarse roots, handpicked
to remove fine roots, and ground. SOC were determ-
ined for the samples from each layer at the three col-
lapses (HDS, HTER and LJS) by using a SSM-5000A
Shimadzu total organic carbon solid sample module
(Shimadzu Corp, Kyoto, Japan).

Ground ice samples were collected 36 sites within
the different 17 sub-regions across the study area
(table S7). All the samples were collected at the end
of summer and were all located 2 m below the sur-
face of the soil by using a portable electric saw.
Samples were kept in the plastic bags and frozen
until analyzing in the laboratory. Then the ground
ice samples were melt and determined the ground
ice water content (%) and volumetric content (%)
in the laboratory. SOC from the ground ice samples
was also determined by the SSM-5000A solid sample
module. Dissolved organic carbon (DOC) concentra-
tions from the ground ice samples was determined

with a Shimadzu TOC-VCPH analyzer (Shimadzu
Corp, Kyoto, Japan), following filtration through a
polytetrafluoroethylene (PTPE)membrane filterwith
0.45 µmpore size. The SOC and DOC detection limit
of the analyzer was 15 µg C l–1 with standard devi-
ation less than 1.5%. The bulk density of the soil was
measured using the clod method and was expressed
based on the field moisture weight for each sample.

3. Results and discussion

3.1. Permafrost collapse features in the eastern
Tibetan Plateau
For the survey area of the eastern Tibetan Plateau,
we have observed 213 items of permafrost collapse
features which are widely distributed in 17 studied
sub-regions across the highland areas over past dec-
ades (figure 1). All these collapse features vary widely
in both shapes and sizes. The smallest observed fea-
ture covers an area of 32 m2 with a length of 28 m
in Qilian Mountains, while the largest individual fea-
ture covers an area of 25785 m2 with a length of
1084 m also located in Qilian Mountains (figure 2).
More than 50% of the collapse features contain areas
between 500 and 1500 m2. The minimum ratio of
average area to perimeter (2.72) occur in Animaqin
Mountains due to the prevalence of branched mor-
phology. Circular or U-shaped collapses, which in
the Arctic usually have larger ratios of area to peri-
meter (27.5) (Abbott et al 2015), are rare in the east-
ern Tibetan Plateau. Most permafrost collapse fea-
tures instead show morphology that is intermediate
between thermo-erosion gullies associated with ice-
wedge networks and retrogressive thaw slumps asso-
ciated with massive ground ice (figure S4). Features
have substantial headwalls with heights ranging from
1.5 to 7 m (mean = 2.5 m) and indicate a mixture of
exposed and covered ground ice, creating cliffs, pits,
fissures, and draped headwalls (figure S5). Draped
headwalls (covered with intact tundra) are the most
common. There is little water flow in most features
and ground ice is less extensive than in features from
many Arctic and Boreal regions (Ramage et al 2018).
The number and areas of permafrost collapse features
from 1969 to 2017 is highest in the Qilian Moun-
tains survey area (82 features; see figures 1(b) and
(c)), which accounts for 39% of total features detec-
ted in this study (table S3). There are 54 and 77
measured features in the survey regions of Animaqin
and Lajishan Mountains, respectively (figures 1(d)
and (e)). The permafrost collapse features have larger
areas in Qilian Mountains but were more numerous
in the Animaqian and Lajishan Mountains.

Permafrost collapse features are widely distrib-
uted across elevations ranging from 3500 m to more
than 4300 m a.s.l. (figure 2(a)). The lowest eleva-
tion of collapse features is located at Qilian Moun-
tains (figure S6), while the highest elevation is in the
Animaqin Mountains (figure S7). Most features have
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Figure 2. The statistical results of frequency distributions of (a) elevations, (b) areas, (c) aspect, and (d) slope of 213 sites of
permafrost collapse features studied in 2017 across the Eastern Tibetan Plateau.

a northern-facing aspect on slopes ranging from 3 to
7◦ (figures 2(c) and (d)), with fluctuations from dif-
ferent sub-regions. These features vary in distribu-
tion across the landscape, with slides tending to be in
the highest topographic positions, slumps distributed
across elevations, and all gullies on foot slopes or val-
ley bottoms. Feature types are also unevenly distrib-
uted across development stages. Notably, most fea-
tures are not associated with or intersecting a water
body, which is different from permafrost collapses in
upland tundra of Alaska (Abbott et al 2015). Gen-
erally, no flow is observed from stabilized collapse
features.

3.2. Acceleration of permafrost collapse
The number and extent of permafrost collapse fea-
tures on the eastern Tibetan Plateau have increased
since the baseline observations in 1969, with most
new collapses occurring between the 1997–2004 and
the 2017 observational periods (figures 1(b)–(e) and
table S3). From 1969 to 2017, the numbers and
areas of permafrost collapse features have increased
approximately by a factor of 12 and 40, respectively,
and the area and number of permafrost collapses
has increased with a range of 1%–5% per year and
4%–18% per year, respectively (figures 1(f) and (g)).

Only about 8% of the current features are present
in 1969, while 80% are present by the period 1997–
2004, with the remainder of collapsing sites added
since then (table S3). While the total areal extent
of these collapse features increases ten-fold between
1969 and 1997–2004, 70% of the total collapse area in
the study regions has been added since 1997–2004 to
the present (in 2017). Hence, while most new occur-
rences emerge between 1969 to 1997–2004, most of
the areal extent has been added in the most recent
period.

Rates of permafrost collapse formation and
expansion vary by mountain range (figures 1(d) and
(e)), with the retreat rate of headwalls everywhere
being much larger between 1997–2004 and 2017 than
before (figure 3). The rate of permafrost collapse
in the Qilian and Lajishan Mountains has been the
greatest after the 1990s. The rate of permafrost col-
lapse in the LajishanMountains has been consistently
increasing since ∼2010 (figures 1(d) and (e)). Dur-
ing this same period, the rate of headwall retreat
ranges approximately from 3 to 13.5 m yr−1 for indi-
vidual collapse features (table S4), with an average
retreat rate of 7.7 ± 2.9 m yr−1. For instance, at the
Hudasi (HDS) site on the northern slope of theQilian
Mountains (figures 3(a)–(c)), the average retreat rate
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Figure 3. Variations of headwall retreat for permafrost collapse features at HDS, HTER, and LJS during the past decades.
(a), (d), and (g) represented the current stages of the observed permafrost collapse by UAV. (b), (e), and (h) showed permafrost
collapse extent retrieved from satellite images and UAV photographs. Green dots represent the soil sampling sites along the
collapse features that were analyzed for SOC. (c), (f), and (i) illustrated the headwall retreat rates (left axis) and accumulated
retreat (right axis) during the studied periods.

of headwalls and overall expansion rates fluctuates
from 1997 to 2011 were 4.1 m yr−1 and 14.5% yr−1,
respectively. For the period from 2013 to 2017, the
retreat rate of headwalls and rate of expansion are
7.1 m yr−1 and 22% yr−1, respectively. For the col-
lapse at Haitaer (HTER) (table S4 and figures 3(d)–
(f)), the average retreat rate of headwalls and overall
expansion rates during 1997–2017 are 4.1 m yr−1

and 9.6% yr−1, respectively. For Lajishan (LJS) col-
lapse (figures 3(g)–(i)), the headwall retreat rate and
expansion rate during 2001–2017 are 4.9 m yr−1

and 7.8% yr−1, respectively. Taken together, acceler-
ating retreat of the headwall indicates the increas-
ing changes of permafrost collapse over recent
decades.

3.3. Lateral carbon displacement
Permafrost collapse can release organic matter and
nutrients laterally into rivers and lakes. On the
Tibetan Plateau, the collapsemay affect the character-
istics of dissolved organic matter, including its biode-
gradability and molecular characteristics (Wang et al
2018, Wu et al 2018). The organic matter from per-
mafrost collapse can be transported long distances
(up to 1000s of km) away from the original point
of thaw before being either reburied or degraded
and thus constitute a laterally-translocated perma-
frost carbon-climate feedback (Vonk and Gustafsson
2013). Permafrost collapse has been documented to
be an important vector of carbon release in coastal
systems. Coastal erosion of permafrost along the East
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Figure 4. The spatial expansion and content of soil organic carbon (SOC, %) of typical permafrost collapse features during the
past decades in the eastern Tibetan Plateau. (a) SOC for HDS, (b) SOC at HTER, and (c) SOC at LJS, (d) averaged SOC
concentrations (%) for HDS, HTER and LJS (d) from different stage of collapse (control, margin, exposed, raft, and drape), and
(e) a sketch map for the different stage of a specific collapse at HTER. The x axis for the figures (a)–(c) indicated the year when the
typical collapse occurred and developed as shown in figure 3.

Siberian margin caused massive releases of carbon,
with great decreases of WOC content downslope of
exposed fronts of collapsing ice complex deposits
(Vonk et al 2015). Further, in the west Siberian low-
land, abrupt permafrost collapse enhanced organic
carbon transport into surface waters (Loiko et al
2017). Lateral hydrological export can account for
more than 50% of soil carbon loss in thawing tun-
dra (Plaza et al 2019). Combined with rapid temper-
ature increase (Yang et al 2019, Chang et al 2021), the
steeper topography on the Tibetan Plateau may cause
an even bigger risk for such erosional processes with
rapid exposure, thawing, and degradation.

In this study, the substantial SOC loss at dis-
turbed sites over relatively short timescales were
observed. The results indicates that the earlier the
permafrost collapse occurred and thus was exposed,
the less the SOC remained; in the recent years, the
new occurrences of collapses contained higher SOC
(figures 4(a)–(c)). The carbon stocks, for the soils
subject to permafrost collapse, record losses of 23%–
37% of SOC content per decade. This corresponds to
about 10%–20% reduction inC stock of the top 30 cm
of the soils (table S5). For the permafrost collapse at
Hudasi (HDS), Haitaer (HTER), and Lajishan (LJS)

site (figure 1), the average SOC content is 11 ± 3.0%
and 11 ± 2.6% for the 0 to 10 cm and 0 to 30 cm
exposed soils, respectively. For the whole permafrost
profiles, SOC varies from 2.0% to 20% during the
past two decades (figure 4 and table S5). For different
stage of permafrost collapse, average SOC from con-
trol area shows average values of 10%–13% for differ-
ent depths of the soil (figures 4(d) and (e), table S6).
The results indicate that abrupt permafrost collapse
in eastern Tibetan Plateau will cause substantial soil
C loss in a relatively short time, which put the frozen
carbon at risk over the Tibetan Plateau (Wang et al
2020).

Based on the digital elevation model generated
by UAV and spatial analysis by ArcGIS, the calcu-
lated total losses of volume for permafrost collapse at
the investigated sites HDS, HTER, and LJS are 36600,
17430, and 18500 m3, respectively (figure 5). Usually,
active layer thickness is 80–120 cm (with average at
about 100 cm) in the northern Tibetan Plateau (Gao
et al 2016). Our analyses indicate that the volumet-
ric ice contents from ground ice in the study sites are
about 80± 14% (table S7). This suggests that the per-
mafrost collapse regions are ice-rich and thus a large
portion of the lost volume is attributed to loss of the
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Figure 5. Sketch map of volume loss of specific permafrost collapse features in the eastern Tibetan Plateau.

ground ice. As a comparison, in the upper permafrost
of the Beaufort Sea coast of Alaska, the total aver-
age volumetric ice content of ground ice was 77%,
ranging from 43% in eolian sand to 89% in yedoma
(Kanevskiy et al 2013). Besides the decay of SOC at
the actual point of thaw, carbon loss with the ground
ice melt water may play a relatively more important
role for the carbon cycle for the accelerating collapse
regions occurring in the Tibetan cryospheric regions.

DOC concentration in ground ice melt water in
our study averages to be 210± 143 µg ml−1 (figure 6
and table S8). For the permafrost collapse at HDS, the
volumetric ice content from ground ice is approxim-
ately 87%, indicating that the volume of melt water
and loss of soil from ground ice are approcimately
22130 and 6240 m3, respectively. The released DOC
due to ground ice melt is thus in this regime estim-
ated to be about 610 ± 410 t C km−2 during the
past decades. At HTER, average DOC concentration
in ground ice melt water is 260 ± 31 µg C ml−1

(figure 6). The fluvial organic carbon losses are estim-
ated to be about 202 ± 23.5 t C km−2 with the volu-
metric ice content of 76%. At LJS, lost DOC is cal-
culated to be 600 ± 340 t C km−2 based the average
DOC concentration. These results hence reveals that
following collapse when permafrost thaw, DOC run-
off frommelting ground ice is a potentially important
pathway for the dispersion of carbon from collapsed
permafrost systems.

The DOC concentrations in the ground ice were
usually higher than DOC in river water (Gao et al
2019), glacier and snow cover (Zhang et al 2018,
2019), as well as compared to in precipitation at
Qilian Mountains (Gao et al 2021) in the Tibetan
Plateau and its surroundings (figure 6). The nat-
ural abundance radiocarbon signal of DOC in rivers
on the Tibetan Plateau showed that permafrost thaw

releases substantial quantities of carbon to the fluvial
system (Qu et al 2017). DOC in rivers close to
the permafrost collapse region (14 µg C ml−1, at
HDS, HTER, EBL, SBDB, LMBQ, and KKL) were
higher than that described in the Upper Hiehe river
(0.82 µg C ml−1) (Gao et al 2019). Especially when
precipitation occurred, permafrost collapse affected
river water by increasing DOC (for instance at SBDB,
40 µg C ml−1), suggesting a greater influence of C
release from permafrost. Once this DOC was trans-
ported from permafrost into surface waters, it can
be degraded rapidly by sunlight and microbial res-
piration, which will result in CO2 emissions to the
atmosphere (Vonk and Gustafsson 2013, Schuur et al
2015). In the permafrost-collapse-impacted water,
DOC was significantly higher than that in reference
water (figure 6), highlighting the effect of post-thaw
carbon dynamics in this ecosystem.

However, we have to note that there exist uncer-
tainties on these estimations. Firstly, because the
pixels of each photo of UAV are consistent, theoret-
ically, according to a fixed image repetition rate, the
lower the flight elevation, the more photos need to
photograph, and the higher resolution ofOrthophoto
and DSM. Due to the elevation difference between
the upper and lower parts of the specific collapse, the
horizontally flighting UAV would produce elevation
and repetition rate differences between the upper and
lower parts of collapse. In order to ensure the min-
imum repetition rate, the UAV has been set height at
the top of collapse, which may lead to the reduction
of the resolution of Orthophoto and DSM at the bot-
tom. Therefore, the larger the inner elevation differ-
ence of the collapse, the more resolution of Ortho-
photo and DSM decreases. Secondly, the three types
of collapse (raft, drop and margin) often generate
soil caves in the permafrost collapse development in
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Figure 6. DOC in ground ice of different sub-regions of the eastern Tibetan Plateau, and comparison with DOC from river water,
glaciers and precipitations. River water DOC data at HDS, HTYER, EBL, SBDB, LMBQ, and KKL were from our unpublished
data. ∗cited from (Gao et al 2019), # cited from (Zhang et al 2019), and & from our unpublished data in the Qilian Mountains
(Gao et al 2021).

summer, due to the ground ice melting (figure S1).
These caves are difficult to be identified by a hori-
zontal flying UAV, which also result in the decreased
estimation of collapse volume, which could further
cause significant uncertainties on the estimation of
soil C release. Furthermore, the heterogeneity of pre-
cipitation may also induce abrupt landscape collapse
and degradation of deeper organic carbon deposits.
For instance, precipitation DOC in the Upper Heihe
River basin of the Qilian Mountain in the northern
TP ranged from 0.23 µg C ml−1 to 4.81 µg C ml−1,
with an average value of 1.41± 1.09µgCml−1 during
the study period, due to different air moisture sources
(Gao et al 2021). On the other side, permafrost soil
C sink was prone to be increased in the surface 5 cm
layer under warming scenarios, contributed mainly
by plant-derived C and minorly by microbial necro-
mass (Chang et al 2021). These uncertainties could
lead to the differences of our estimations. However,
with these uncertainties, our result provide the gen-
eral understanding on C release due to permafrost
collapse in the plateau.

3.4. Ecosystem implications of permafrost collapse
Permafrost collapses have profound ecosystem
implications under climate change (Wu et al 2018,
Mu et al 2020). Although permafrost collapse fea-
tures were accelerating and were widely distributed
across the eastern Tibetan Plateau, the proportion of
the total permafrost area which has collapsed cur-
rently was still small. However, the exact percent-
age of how much these feature cover on the whole

plateau cannot be estimated based on our limited
survey. Based on our measurements, the collapsed
permafrost features constituted approximately 0.23%
of the entire landscape in each of the large study
regions, with the highest fraction in Lajishan Moun-
tains, where it reached about 0.60% of the studied
basin. In the Arctic regions, landscapes prone to per-
mafrost collapse were estimated to cover about 20%
of the circumpolar permafrost region (Olefeldt et al
2016), which was also only a small portion of that
total area that so far was covered by active collapse
features (Abbott et al 2015, Turetsky et al 2020). The
current study provided a spatially-distributed and
high-resolution estimate of the acceleration of per-
mafrost collapse in the vulnerable Tibetan Plateau
ecosystem.

The acceleration of permafrost degradation has
been observed across the Artic and Boreal regions
since the 1970s and was expected to further acceler-
ate with continued climate warming (Turetsky et al
2020). In Alaska, permafrost collapse has intensified
over the past 60 years due to climate change and
forest fragmentation (Lara et al 2016). The propor-
tion of active retrogressive thaw slumps has increased
rapidly in Yukon Territory, with the number and
the total area of retrogressive thaw slumps increas-
ing by 125% and 160%, respectively, between 1952
and 2000 (Lantuit and Pollard 2008). Such doubling
of permafrost collapse in a large Arctic system may
be contrasted to the factors 7 and 40 increases docu-
mented in the present study for the Tibetan Plateau
since 1969.
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The eventual effect of permafrost thawing on
greenhouse gas releases from a given system was a
product of both its carbon inventory and its vulner-
ability to thawing. Permafrost on the Tibetan Plateau
currently held approximately 25–37 Pg (1Pg= 1015 g)
of organic carbon, accounting for approximately
9%–13% of the total carbon pool in global perma-
frost regions (Ding et al 2019). However, as indic-
ated by the relative rate of increases between the
Arctic and the Tibetan Plateau, the permafrost on
the Tibetan Plateau may be more vulnerable than
permafrost in other systems due to its location in
steeper topography, in lower latitudes and proxim-
ity to population centers and human activities that
add direct disturbance to permafrost through activ-
ities such as grazing and construction. This vulner-
ability was perhaps most convincingly demonstrated
by the rapid acceleration in thaw extent documented
by this study. The recent study on the structure of
bacterial communities in the upper 50 cm of the
soil in a typical permafrost thaw subsidence area on
the southern Qinghai–Tibetan plateau showed that
the organic carbon content in the collapsing areas
was slightly lower than that in the control areas,
while there was a substantial decrease in the subsided
areas, with a loss of 23.6 ± 13.2% of organic car-
bon and with the highest values of microbial car-
bon contents in collapsing areas (Wu et al 2018).
With continuous warming over the Tibetan Plateau
(Yao et al 2019), the active layer was projected to
further deepen and resulted in ∼1.86 to ∼3.80 Pg
permafrost carbon thawing by 2100 under moderate
under different representative concentration path-
ways (Wang et al 2020), highlighting the import-
ance of profound permafrost degradation on the
ecosystems.

4. Conclusions

The Tibetan Plateau cryosphere has been experien-
cing rapid changes due to climate warming. Perma-
frost collapse has in the recent period emerged as a
widespread phenomenon on the plateau, which play
a pivotal role on hydrological and ecological processes
in the cryospheric regions. Our study on distribu-
tion and temporal variations of permafrost collapse
in the eastern Tibetan Plateau extend our knowledge
on rapid permafrost thaw in the third pole region.
For the individual collapse measurements, more than
50% of the lost volume are due to the ground ice
melt. Combined with the permafrost collapse, plenty
of organic carbon was released to the downstream
ecosystems. The rate of permafrost has been accel-
erated since 1970s in the region, further deepening
insights into the linkage between climate change and
permafrost carbon feedback in the future. Long-term
observations of permafrost collapse systems like the
present study are required to improve our ability to
both understand and anticipate their potential impact

on local ecosystems and on the large-scale permafrost
climate feedbacks.
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