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ABSTRACT

Peatlands, as a special type of wetland, occupy only 3% of the Earth’s surface, but bear about one-third of the
world’s soil carbon storage and play an important role in the global carbon cycle. The Zoige Wetland is located on the
eastern edge of the Qinghai-Tibet Plateau, and its peat reserves are up to 1.9 billion tons, accounting for more than
40% of the country’s peat resources, which is an important support for China to achieve the “double carbon” goal. This
paper reviews the research status and storage estimation of soil organic carbon in Zoige Wetland. The statistical results
show that there is a large difference in the estimation of carbon storage in the peatland of Zoige (0.43-1.42 Pg). The
reasons are mainly related to marked differences in values reported for soil densities, organic carbon levels, and accu-
mulation rates. There are still great uncertainties in the estimation of wetland carbon stocks, and future studies should
focus on reducing soil carbon sink uncertainties, climate change, the impact of permafrost melting on carbon sink
functions, the impact of degraded ecosystem restoration and sink enhancement pathways, and other greenhouse gas
functions. In order to accurately reveal the current situation and future trend of carbon sink in peat wetlands, a model-
multi-source observation data fusion system was constructed to complement the observation shortcomings in key ar-
eas, and provide reference and support for the construction of carbon neutral ecological civilization.
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1. Introduction on Earth, and 90% of its carbon reserves are stored
in the form of soil organic carbon ', Soil organic
Soil is one of the most abundant carbon reservoirs  carbon (SOC) refers to all carbon-containing organic
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substances in soils in various forms, including all
kinds of animal and plant residues, microbial bod-
ies and various organic substances decomposed and
synthesized in soil. Soil organic carbon is the largest
active carbon pool in terrestrial ecosystems, with a
reserve of about 1500 Pg, about twice that of atmo-
spheric carbon pool and three times that of vegeta-
tion carbon pool. Moreover, the SOC cycle is highly
sensitive to climate change due to the huge capacity
of the SOC carbon pool, which is directly related to
atmospheric carbon pool **. Small changes in soil
carbon pool can cause significant changes in atmo-
spheric CO, concentration .

Soil carbon pool in wetland ecosystems is an im-
portant contributor to “carbon neutral” and “carbon
sequestration end”. As a special type of wetland, the
peatland soil organic carbon storage is significantly
higher than other types of soil . Peatland covers
only 3% of the Earth’s surface, but bears about one-
third of the global soil carbon storage. Peatland has
long played a “climate cooling” role and played a
crucial role in regulating the global climate. Located
on the eastern edge of the Qinghai-Tibet Plateau, the
Zoige Wetland stores up to 1.9 billion tons of peat,
accounting for more than 40% of the country’s peat
resources, making it the largest plateau peat swamp
wetland in the world . Therefore, it is necessary to
further improve the research and exploration of car-
bon storage and soil physicochemical properties in
the peatland of Zoige wetland, so as to provide basic
support for the accurate estimation of organic carbon
storage of Zoige wetland and scientific guidance for
the protection and ecological restoration of Zoige
wetland (peatland). Therefore, the research status
and development direction of soil organic carbon in
the Zoige peat wetland ecosystem affect both the lo-
cal ecological environment, but also seriously affect
and the realization of China’s “double carbon” goal.

In recent years, domestic researchers have carried
out relevant studies on the carbon cycle of Zoige
wetland. This paper summarizes the research status,
main problems and future development prospects
of soil organic carbon in Zoige wetland, in order to
provide a scientific basis for the research on feasible

carbon sequestration policies of wetland ecosystems
and serve the realization of the national “dual car-
bon” strategy. Therefore, the accurate interpretation
of the vertical distribution of soil organic carbon and
its control mechanism in the Zoige Alpine swamp is
not only helpful to better predict the impact of glob-
al change on the soil organic carbon pool, but also
helpful to estimate the deeper soil organic carbon
pool and provide parameters for the global carbon
cycle model.

2. Research status of soil organic
carbon in Zoige wetland

2.1 Research direction

China’s research in the direction of wetland car-
bon is relatively late, generally divided into two
stages, the initial stage and the in-depth multivariate
stage, with 2007 as the boundary. In the initial stage,
the theory and research method of wetland soil or-
ganic carbon triggered discussions among domestic
scholars and gradually carried out exploration and
research. Tian Yingbing first studied the distribu-
tion and flow characteristics of organic carbon in
the alpine swamp ecosystem of Zoige in 2003, and
believed that plant residues were the main source
of soil organic carbon ™. The theory and method
of wetland soil organic carbon research have been
widely concerned and applied, and the corresponding
evaluation model has been gradually applied to this
research field. Gao Junqin studied the spatial distri-
bution characteristics of surface soil organic carbon
in Zoige Alpine marsh, and the results showed that
in 0-30 cm soil layer, the organic carbon content of
Zoige Alpine marsh showed a trend of gradual decline
from the surface layer down, and the soil organic
carbon density was higher than that of other ecosys-
tem types "' Li Li et al. showed through field mon-
itoring experiments that soil organic carbon content
in 0-50 cm soil layer in the alpine peat wetland of
Zoige was exponentially correlated with groundwa-
ter level, and with the decrease of groundwater level,
soil organic carbon content gradually decreased .
Ma Qiongfang estimated the soil organic carbon
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density in 2 m deep soil layer of Zoige Alpine wet-
land based on field monitoring experiment data, and
its value was between 77-276 kg/m’, and made cor-
relation analysis on natural factors (such as altitude,
climate, etc.) affecting soil organic carbon in Zoige
Alpine wetland "*'. Chen et al. estimated the organic
carbon reserves of peatland in the alpine region of
Zoige through field sampling and indoor analysis,
and the results showed that the organic carbon re-
serves of peatland in the alpine region of Zoige were
0.48 Pg Y. Zhou Wenchang et al. studied vegetation
carbon storage, soil carbon storage and ecosystem
carbon storage in peatland under three water level
states in Zoige by using the soil profile method and
vegetation harvesting method """ Liu Lijuan et al.
reassessed the carbon storage of peatland on the
Zoige Plateau based on the area change and carbon
accumulation rate of peatland on the Zoige Plateau
every thousand years, and used the peat decomposi-
tion model and carbon flux reconstruction model to
discuss the dynamics of carbon flux in the peatland
on the Zoige Plateau over the past 15,000 years ",
Dong Lijun et al. used the method of spatial series
instead of time series to study the changes of soil or-
ganic carbon content at different degradation stages
of alpine meadow in Zoige Wetland and the causes ""”.
Wang Wenbo et al. collected soil samples of different
vegetation types (wetland vegetation and grassland)
at different depths to analyze the distribution charac-
teristics of soil organic carbon !'*.

These studies mainly focus on the surface soil,
and there is a lack of regional scale carbon storage

estimation, and the vertical distribution of soil organ-
ic carbon in this region is rarely reported. The deep
soil may also store a large amount of organic carbon.
In addition, the influence of different water environ-
ments, different landforms and climate factors on
soil carbon sequestration in wetlands is still poorly
understood.

2.2 Estimation method

The estimation of soil organic carbon storage
in wetlands is mainly based on the extrapolation
method based on observation data and the ecolog-
ical model simulation method. The extrapolation
method is based on the measured soil organic carbon
density data and area multiplication to obtain the
estimated amount. In most of China, the extrapola-
tion method is used to estimate wetland soil carbon
storage, but the estimated results differ by as much
as four times "*?", as shown in Table 1. The eco-
logical model simulation law is used to estimate the
change of organic carbon storage driven by climate,
soil, grazing management and other factors. The
extrapolation method does not integrate the organic
carbon turnover process in the estimation of organic
carbon storage changes, so it is difficult to obtain
the dynamic “evolution” law of organic carbon, and
cannot predict the “future” carbon storage potential.
The ecological model simulation law integrates the
organic carbon turnover mechanism, and is mostly
used to predict the “future” carbon storage changes
under different hypothetical scenarios.

The statistical results show that there are big dif-

Table 1. Size of soil organic carbon storage in Zoige wetland by different estimation methods.

Soil organic carbon storage in Zoige

provinces and cities

Estimation method Reference
wetland
Estimation of ground carbon 0.477 Pg Chen et al., 2014 "
accumulation rate combined with area | 142 Pg Wang et al., 2014 %
Extrapolation Estimation of peat reserves b .
method P Y 0.71 Pg (710 Tg) Wang Ming, 2012

Years of data combined with peat
volume method were used to estimate

0.63 Pg

Liu et al., 2012 &

. | EPIC model 0.514 Pg (514 Tg) Ma Kun et al., 2016 >
Model simulation 'y Uy 0.435 Pg Liu Xinwei et al., 2016
method
Peat decomposition model 1.4 Pg Liu Lijuan et al., 2018 /¢
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ferences in the estimation of carbon storage in Zoige
Peatland, which is mainly due to the uncertainties of
soil bulk density, peat depth, peatland area, soil car-
bon content and peatland carbon accumulation rate .
As a result, the estimation of organic carbon storage
in peatlands in the same area is quite different, and
the data are not comparable. Therefore, to accurately
estimate global and regional organic carbon reserves,
more detailed remote sensing and measured profile
data should be collected to understand the physi-
cal and chemical properties of peatland area, peat
thickness, bulk density, organic matter content and
their spatial variability, plot the distribution map of
organic carbon reserves in peatland, and provide the
uncertainty range of the estimated data. On this ba-
sis, the organic carbon storage and greenhouse gas
emission inventory of peatland were prepared using
unified technical standards.

It is found that the extrapolation method has the
advantages of being direct, clear and simple, but it
requires a large amount of data support (small or
lack of data will have a great impact on the estima-
tion results), and is limited by a large time scale,
and cannot be estimated for a long period of history
or future situations. The model estimation method,
which includes the influence of climate, soil and
other environmental factors on soil carbon storage,
is the best method to simulate the change of wetland
soil carbon storage in the past or future under the
background of climate change. At present, most of
the models use climate change or wetland degra-
dation and other environmental factors to study the
impact of ecosystem carbon storage changes.

3. Main problems

3.1 Effects of climate change on soil organic
carbon in Zoige Wetland

In the context of global warming, extreme climate
has become more frequent and stronger. The frequent
occurrence of extreme climate will directly lead to
the low survival rate of vegetation and the degrada-
tion of grassland (wetland) and other long-term and
difficult to repair conditions, which will greatly af-

fect the carbon sink function of wetlands. In addition
to human activities, Kingsford (2011) pointed out
that climate change may also pose a threat to wet-
lands. Guo Jie and Li Guoping (2007) used the data
of meteorological stations to study and point out that
the climate of the Zoige Wetland showed a warming
and drying feature of increasing temperature and de-
creasing precipitation at the end of the 20th century *7,
and the soil moisture on the Qinghai-Tibet Plateau
decreased during this period **). However, since the
21st century, the temperature in the wetland area of
the Qinghai-Tibet Plateau has increased, which has
led to the increase of evapotranspiration on the un-
derlying surface and the corresponding increase in
precipitation, resulting in changes in wetland animal

[29]

and plant elements " and a slow increase in soil

moisture .

Current research focuses more on the impact of
drought on the Zoige wetland ecosystem, and the un-
derstanding of the sensitivity, resilience and vulner-
ability of the Zoige wetland carbon sink function in
response to extreme climate is almost blank, which
cannot provide a basis for scientific response to
climate change. Therefore, it is urgent to reveal the
resistance and resilience of carbon source sink func-
tion of peatland in Zoige Wetland to different climate
change events, especially compound extreme climate
change, and its mechanism, and to evaluate climate
change and its impact on the carbon sink function of
wetland ecosystem under different emission scenari-
os in historical period and future.

3.2 Effects of human activities on soil organic
carbon in Zoige Wetland

Wetland drying (trench drainage)

The Zoige area contains the largest alpine swamp
in the world "', To cope with the pressures as-
sociated with population growth, parts of Zoige’s
wetlands have been converted to pasture by artificial
drainage over the past few decades. Trenching and
drainage not only changed the original hydrological
conditions of the Zoige wetland, but also led to a

rapid reduction of the wetland area "
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Wetland drying, soil hydrological environment
is destroyed, and wetland soil organic carbon con-
tent changes. Existing studies on the change of soil
organic carbon content after trenching and drainage
in wetlands generally agree that trenching and drain-
age will lead to the reduction of soil organic carbon
content in wetlands ">, Previous studies believe
that the acceleration of soil microbial respiration
after drainage will enhance the decomposition rate
of soil organic matter, resulting in the reduction
of soil organic carbon content. However, other re-
search reports have drawn opposite conclusions. For
example, Huo et al. found that soil organic carbon
density showed an increasing trend after trenching
and drainage ™. According to Bai et al., the surface
organic matter content of Zoige wetland increased
from 40.8 g/kg to 63.8 g/kg when the surface water

level decreased from 30 to 0 cm P

Overgrazing

Grazing is one of the main controlling factors of
soil organic carbon storage in non-cultivated grass-
land "\, In a higher intensity grazing environment,
the main reason for the higher organic carbon con-
tent in soil is the increase of carbon input through the
improvement of primary productivity **. Grazing
changes the amount of material returned to the soil ™.
A large amount of nitrogen and other nutrients from
livestock manure are returned to the soil as manure.
At the same time, the availability of other nutrients
in the soil is indirectly improved, and the activity of
soil microorganisms is promoted. Other researchers
have come to the same conclusion. Chen Huai et al.
believed that light or moderate grazing reduced the
above-ground biomass of grassland through feeding,
but increased the underground biomass of grassland
to a certain extent, and imported nitrogen-rich ma-
nure into grassland, which helped maintain soil car-
bon and nitrogen storage of grassland *”. Secondly,
grazing directly reduces vegetation coverage, expos-
es the surface, increases the ground temperature, ac-
celerates the mineralization and decomposition rate
of organic matter in the soil, and makes the content
of alkali-hydrolytic nitrogen in the soil under grazing
environment higher than that in the non-grazing area.

Therefore, although overgrazing reduces the return
of vegetation organic residues to a certain extent, the
organic carbon content in soil shows an increasing
trend ",

According to the existing research analysis, there
is still no clear relationship theory between grazing
and soil organic carbon content. Some researchers
believe that grassland ecosystem is quite flexible to
grazing, and grazing has no effect on soil organic
carbon content ”. Some studies also conclude that
artificial grazing reduces soil organic carbon con-
tent . The inconsistent results indicate that there
is a complex relationship between grazing and soil
organic carbon content, and the response of soil or-
ganic carbon content to grazing is affected by many
factors.

Peat resource exploitation

Peat is an important organic mineral resource,
which is widely used in industry, agriculture, medi-
cine, environmental protection and other fields. The
continuous growth of market demand stimulates the
phenomenon of unlicensed mining, indiscriminate
mining and so on. However, peat wetlands can be
carbon “sink” or “source”, which plays an important
role in global climate change. Under natural condi-
tions, peat can accumulate 0.22-1.31 mm per year.
The rate of human destruction of peatland is far
greater than the rate of peat development, and the
protection of peat wetlands is urgent ¥,

4. Discussions on the next research
direction

4.1 Reduce the uncertainty of soil organic
carbon storage estimation

Although a large number of observational stud-
ies on soil carbon pools and their dynamic changes
have been carried out, on the whole, the estimation
technology of soil carbon stocks in Zoige Wetland
has not reached the mature stage, and the estimation
results are highly uncertain.

It is worth noting that the spatial difference of
soil organic carbon is the result of the co-action of
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multiple factors such as climate, vegetation and soil
properties on a 100-year or longer time scale, which
generally leads to the temporal sensitivity of soil or-
ganic carbon to climate factors than the spatial sen-
sitivity. To accurately assess the dynamic changes of
the plateau soil carbon pool in the historical period,
it is necessary to clarify the different organic car-
bon sources of the soil carbon pool, and build a soil
carbon model-satellite remote sensing and ground
inventory fusion system based on microbial dynamic
processes.

4.2 Effects of permafrost melting on soil or-
ganic carbon storage in wetlands

In recent years, the phenomenon of permafrost
melting in alpine wetland has shown a significant in-
crease trend. For example, in the eastern part of the
Qinghai-Tibet Plateau, the thermal karst phenome-
non has increased by 40 times in the past 50 years,
and the frequent thawing of permafrost will exac-
erbate soil carbon loss. Under the climate warming
environment, the status quo of permafrost melting
will become the new normal. To determine whether
permafrost melting will cause a large amount of CO,
gas to be released into the atmosphere, it is neces-
sary to simulate the spatio-temporal pattern under
different emission scenarios and different types of
permafrost melting, and reveal the main ways and
mechanisms of soil carbon loss during permafrost
melting.

At present, the vast majority of studies still lack
the exploration of the carbon cycle process of thaw-
ing permafrost. Some studies have shown that soil
organic carbon stored in permafrost faces a higher
risk of emission, but the estimation of carbon emis-
sions from melting deep permafrost is still unclear.

4.3 Impact of wetland carbon sink in degrad-
ed ecosystem restoration

The wetland (grassland) ecosystem is seriously
degraded, and the restoration of degraded grassland
will significantly enhance the carbon sink of alpine
wetland. However, the current status of wetland

(grassland) degradation is still uncertain. Accelerat-
ing the restoration of degraded wetlands (grasslands)
can help achieve the national 2060 carbon neutrality
strategy target. By comparing the soil organic car-
bon content of degraded and non-degraded wetland
(grassland), the study showed that under the premise
of natural restoration without human interference,
the soil carbon pool of degraded grassland on the
plateau would take 281 years on average to recov-
er to the non-degraded state '**'. According to the
study on the scale of sample plots, the implemen-
tation of different ecological restoration measures
on degraded grassland, such as fencing, no-tillage
reseeding technology, artificial planting and topsoil
transplantation, will accelerate the recovery time of
soil carbon pool and is expected to double the carbon
sink before 2060. It is urgent to reveal the increasing
potential of different ecological restoration measures
and the recovery time of soil carbon pool, evaluate
the increasing potential of existing wetland (grass-
land) ecological projects, and optimize the current
and layout of future major ecological projects of pla-
teau wetlands.

4.4 Functional effects of other greenhouse
gases in the Zoige Wetland

In addition to CO,, methane and nitrous oxide
are also important greenhouse gases. Carbon exists
not only in the form of CO, but also in the form of
methane, so the study on the carbon source and sink
function of methane and other greenhouse gases is
helpful to fully reveal the function and mechanism
of wetland carbon source and sink. The IPCC (In-
tergovernmental Panel on Climate Change) Sixth
Assessment Report singled out methane emissions
reductions as one of the most effective ways to slow
global warming in the coming decades. Inland water
bodies and animal husbandry are important sources
of methane emissions, and plateau lakes, swamps
and peatlands account for 57% and 30% of the coun-
try’s total area, respectively. Therefore, an accurate
assessment of plateau methane source and sink func-

tions is of great significance *.
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5. Conclusions

This paper analyzed and summarized the research
results of different techniques and methods of soil
organic carbon utilization in Zoige wetland. Stud-
ies on ecosystem carbon storage in peatland mainly
focused on soil organic carbon storage, because soil
organic carbon storage in peatland accounted for a
large proportion. The large variation of soil organic
carbon storage in the peatland is due to the lack of
data, and further information acquisition of soil data
in the peatland of the Zoige Plateau needs to be in-
creased.

The continuous warming and humidification of
the future climate and the restoration of degraded
ecosystems are expected to help the plateau terrestri-
al ecosystem double its carbon sink by 2060, which
will make a great contribution to China’s carbon
neutrality. However, due to the structural shortcom-
ings of current observations and models, the risk of
carbon emissions from the melting of deep perma-
frost has not been scientifically assessed. In addition,
Zoige is rich in lakes, rivers, marshes and other re-
sources. As an important carrier of methane and oth-
er greenhouse gas emission sources, how these water
ecosystems will affect the carbon source and sink
function of wetlands is the focus and focus of future
research.

Therefore, in order to accurately estimate the
status of carbon sink in peat wetlands and predict
the potential of future increase in carbon sink, it is
urgent to establish a unified standard observation
system for carbon sink in peat wetlands, make up
for the missing observational data in key areas, and
improve the simulation and reduction ability of bio-
geochemical models in peat wetlands for key carbon
cycle processes in the field. Continue to deepen the
mechanism of dynamic change of carbon source and
sink function in peat wetlands under the influence of
different factors. We should strengthen the research
on carbon in deep frozen soil, greenhouse gas fluxes
in ecosystems with different degrees of degradation,
carbon source and sink processes in water bodies,
including greenhouse gas fluxes at the water-atmo-
sphere interface, and organic carbon burial. At the

same time, attention should be paid to the strong
carbon sequestration ability of peat wetlands, and
systematic and complete protection of wetland eco-
systems such as water, plants and microorganisms
should be implemented to promote the peat wetlands
to maintain a high level of soil carbon sequestration
function.
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